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Abstract

We study the proof theoretic strength of several infinite versions of
finite combinatorial theorem with respect to the standard Reverse Math-
ematics hierarchy of systems of second order arithmetic. In particular,
we study three infinite extensions of the stable marriage theorem of Gale
and Shapley. Other theorems studied include some results on partially
ordered sets due to Dilworth and to Dushnik and Miller.

1 Introduction

In this paper, we shall study the proof theoretic strength of several combinatorial
theorems in the standard Reverse Mathematics hierarchy of systems of second
order arithmetic, RC Ag, WK Ly, AC Ay, AT Ry, etc. as introduced by Friedman
and Simpson [20]. In section 2, we shall study the proof theoretic strengths of
several infinite extensions of the so-called stable marriage problem introduced
by Gale and Shapley [5]. We will show that there are three natural infinite
extensions of the Gale-Shapley theorem for the existence of stable marriages
that are equivalent to WKLy, ACAg, and AT Ry, respectively, over RC Aj.
We should note that there are a number of papers devoted to studying the
logical strength of various infinite extensions of finite combinatorial theorems in
Reverse Mathematics, see for example [1, 7, 8, 9, 10, 11, 12, 19]. In particular,
a closely related problem, the Philip Hall Marriage Theorem has been studied
by Hirst [8]. It is rare to have one combinatorial problem where there are
natural infinite versions that are equivalent to WK Ly, AC Ay, and AT Ry over
RCAy. We should note that the results of [1, 19] show that another related
theorem, namely the countable version of Konig’s duality theorem, is equivalent



to IT}-C'Ag over RC Ag and hence is proof theoretically stronger than any of the
countable versions of stable marriage problem presented in this paper.

In section 3, we shall show how many standard combinatorial theorems can
code up separating sets for pairs of disjoint r.e. sets. These codings allow
for simple proofs that these combinatorial theorems are equivalent to WK Lg
over RC'Ay. Furthermore, many of the combinatorial problems that we shall
consider have an even stronger property. That is, for any recursively bounded
tree T', there is an instance I7 of the problem P such that there is an effective
1:1 correspondence between the set of infinite paths through 7" and the set of
solutions to Ir. However, there are other combinatorial problems that do not
have this stronger property. For example, we show that there is a combinatorial
matching problem which is equivalent to WK Ly over RC' Ay and which has the
property that for any instance of the problem, there are either finitely many or
2% solutions; hence such a matching problem cannot encode the set of paths
through a recursive tree which has a countably infinite set of paths. Thus there
are combinatorial problems which have the same proof theoretic strength over
RC Ap, but the structure of the set of solutions to instances of the problems are
radically different. These results show that there are inherent limitations in the
equivalence relation of equivalent proof theoretic strength over RC' Ag. Namely,
such an equivalence relation groups together combinatorial problems that can
be easily distinguished via natural properties of the structure of the possible
sets of solutions to instances of the problems.

Before proceeding with our analysis of various combinatorial problems, we
shall state three theorems concerning the equivalence of various results over
RC Ay that we will use in this paper. The proofs of all these results can be
found in Simpson’s book [20].

Theorem 1.1 The following are equivalent over RC Ag.
1. ACAy.
2. If f : N — N is an injection, then the range of f is a set.

3. (Konig’s Lemma) If T is an infinite, finitely branching tree, then there is
an infinite path through T .

Theorem 1.2 The following are equivalent are equivalent over RC' Ag
1. WKLy, i.e. every infinite tree T C {0,1}<N has an infinite path.

2. (Bounded Konig’s Lemma) If T C NN is an infinite tree and there is a
function g such that for all T € T and all m < |7|, 7(m) < g(m), then T
has an infinite path.

3. The completeness theorem for propositional logic with countably many
variables.

4. The compactness theorem for propositional logic with countable many vari-
ables.



5. (Y separation) Let ¢;(n), i = 0,1 be XV formulas in which X is does not
occur freely. If =In(do(n) A ¢1(n)), then

3XVn((¢o(n) = n € X)A(¢1(n) —n ¢ X)).

As pointed out in [20], we can define the notion of a well-ordering in RC Ag
as follows. Let X C N? be reflexive. We say X is well founded if it has no
infinite descending sequence. That is, there is no f : N — field(X) such that
f(n+1) <x f(n) for all n € N. We say that X is a countable linear ordering if
it is a reflexive linear ordering of its field. That is, if the following hold.

1. ViViVk(i <x jAj <x k —i<x k),
2. ViVj(i <x jAj<xi—i=j)and
3. ViVj(i,j € field(X) — i <x jVj<x i).

We say that X is a countable well ordering if it is both well founded and a
countable linear ordering. We let WO(X) be the formula that expresses that
X is a well ordering. The following is proved in [20].

Theorem 1.3 The following are equivalent over RC Ay.
1. Arithmetic transfinite recursion, AT Ry.

2. CWO, the comparability of countable well orderings, i.e. the statement
VXYY (WO(X) AWO(Y)) — (X[ < [Y]) v (Y] < |X])

where | X| < |Y| mean that there is an order preserving isomorphism from
(field(X),X) onto an initial segment of (field(Y),Y).

3. ©1 Separation. Let ¢;(n), i = 0,1 be X1 formulas in which X is does not
occur freely. If =3n(do(n) A ¢1(n)), then

AXVn((¢o(n) = n e X)A(P1(n) = n ¢ X)).

2 The Proof-Theoretic Strength of Infinite Ex-
tensions of the Stable Marriage Theorem

The Stable Marriage Problem was introduced by Gale and Shapley [5] in 1962
and is related to the problem of college admissions. They gave an algorithm for
solving the finite problem, which was later discovered to have been used in the
matching of graduate medical students with hospitals since 1952. Other variants
of the problem have been studied in computer science, economics, game theory
and operations research. For example, Knuth [16] related the stable marriage
problem to finding the shortest path on a graph and to searching a table by
hashing.



An instance of the stable marriage problem of size n is consists of two disjoint
finite sets B = {b1,ba,...,b,} (the set of boys) and G = {g1,92,...,9n} (the
set of girls). In addition, each boy b; has a ranking or a linear ordering <; of
G which reflects his preference for the girls that he wants to marry. That is, if
9; <i gk, then b; would prefer to marry g; over gi. Similarly each girl g; has
a ranking or linear ordering <’ of B which reflects her preferences in the boys
she would like to marry. A matching (or marriage) M is a 1:1 correspondence
between B and G. We say that b and g are partners in M if they are matched
in M and write pps(b) = g and also ppr(g) = b. A matching M is unstable if
there is a pair (b, g) from B x G such that b and g are not partners in M but b
prefers g to pas(b) and g prefers b to pa(g). Such a pair (b, g) is said to block
the matching M and is called a blocking pair for M. A matching M is stable if
there is no blocking pair for M.

One can also consider a stable marriage problem where the two finite sets
B and G have a different cardinalities. For example, suppose |B| < |G|. In this
case, a matching M is a 1:1 correspondence between B and some subset G’ of G
of cardinality |B|. We say (b, g) a blocking pair for M if b prefers g over pps(b)
and either g ¢ G’ or g prefers b over pps(g). Once again a matching is stable
if there is no blocking pair for M. The definition of blocking pairs and stable
marriages in the case where |G| < |B] are defined similarly.

The result of Gale and Shapley is that any finite marriage problem has a
solution. In fact, they give an algorithm which produces a solution in n stages
and takes < o(n?®) steps. As we want to extend this algorithm to the infinite
case, we will give some details here. Let B = {by,ba,...} and G = {g1,92,... }
and assume that |B| < |G].

The matching M is produced in stages M, so that b; always has a partner
at each stage s > t and pay, (by) <¢ P, (b)) <¢ ---. On the other hand, for
each g € G, if g has a partner at stage ¢, then g will have a partner at each
stage s >t and pa, (9) > par,,,(g) =" ---. Thus as s increases, the partners of

bs become less preferable and the partners of g become more preferable.
The Gale-Shapley Algorithm

Stage 1. At stage 1, by chooses the first girl g in his preference list and we
set M1 = {(blag)}

Stage s+1. At the end of stage s, assume that we have produced a match-
ing My = {(b1,9i1,5)),-- - (bs, Gi(s,5)) }. We will say that partners in M, are
“engaged”. The idea is that at stage s + 1, bsy1 will try to get a partner by
“proposing” to the girls in G in his order of preference. When b, proposes
to a girl g;, g; accepts his proposal if either g; is not currently engaged or is
currently engaged to a boy b such that bsq <’ b. In the case where g; prefers
bs+1 over her current partner b, then g; breaks off an engagement with b and b
then has to search for a new partner. To be more precise, we begin stage s + 1
by letting M = M, and letting b* = bs11. Then we apply the following routine.
We have b* propose to the girls in order of his preference until one accepts. Here



g will accept the proposal as long as she is either not engaged or prefers b* to
her current partner pps(g). Then we add (b*, g) to M and proceed according to
one of the following two cases.

Case I: If g was not engaged, then we terminate the procedure and let My, 1 =

Case II: If g was engaged to b, then we set M = (M — {(b,g9)}) U {(b*,9)}
and b* = b and we continue.

It is easy to prove that there is exactly one girl that was not engaged at step
s but is engaged at stage s+ 1 and that, for each girl g; that is engaged in Mj,
g; will be engaged in M, and that pas,,, (9;) <7 pa,(g;). That is, for any girl
g4, once she becomes engaged, she will remain engaged and her partners will
only gain in preference as the stages proceed. Moreover, it is easy to see that
each b need only propose at most once to each g during stage s+ 1, which gives
an upper bound of (s + 1)? steps in the procedure.

We note that if |[B| = n, that at the end of stage n, M, will be a stable
marriage. That is, suppose (b;,g;) is a blocking pair for M,. We claim that
it must be the case that b; proposed to g; during the procedure. That is, b;
proposes to the girls in order of his preference and hence if b; never proposed to
gj, then b; must prefer pys(b;) over g; which would violate the assumption that
(bi, gj) is blocking pair. But now consider the time at which b; proposed to g;.
Then either g; first accepted and then moved to a more preferred partner or
g; did not accept because she preferred her current partner to b;. Since every
time g; changes partners, she moves to a boy which is more preferred than her
current partner, it would follow that pas(g;) <J b; which again contradicts that
fact that (b;,g;) is a blocking pair for M,,. Thus there can be no such blocking
pair and hence M, is a stable matching.

In the case where |G| < |B|, we can simply reverse the roles of the girls and
boys in the above algorithm. Finally, it is easy to check that this proof only
requires XY induction and hence can be carried out in RC Ay.

Next we will formulate several infinite versions of the Gale-Shapley Theorem
for the existence of stable matchings. Throughout this paper, our concern will
be with countable societies so that when we say that a society is infinite, we
mean that either the set of boys B, the set of girls G or both are countably
infinite.

An infinite instance of the stable marriage problem consists of a countably
infinite set of boys B = {bg,b1,b2,...}, a countably infinite set of girls G =
{90, 91, g2, - - . }, preference orders <; for each b; among G, and preference orders
<J for each g; among B. The instance is recursive if B and G are recursive sets
of natural numbers w and the orderings <; and <J are uniformly recursive. The
instance is listed if each ordering <; and <7 has order type w and is effectively
listed if there are functions P(i,n) and Q(j,n) such that for all i and j, gp(; 0y <:
gr@i,1) <i gp(i2) <i --. enumerates the preference order of b; and, similarly,



bq(i,0) <J bq i) <J bq(i,2) <J ... enumerates the preference order of gj-

For an infinite instance of the stable marriage problem, a stable matching
M consists of either a 1:1 mapping M : B — G such that there is no blocking
pair for M or a 1:1 mapping M : G — B such that there is no blocking pair for
M. Thus in a stable matching, either all the boys have a partner or all the girls
have a partner. A stable matching in which every boy has a partner and every
girl has a partner is called a symmetric stable matching.

Theorem 2.1 Suppose that (B, G,{<;}n,en,{<’}q,ec) is an infinite instance
of the stable marriage problem where for all i and j, the order type induced by
the orderings <; and <’ is w. Then there is a stable matching for M.

Proof:  We claim that we can simply extend the Gale-Shapley algorithm to
the infinite case. That is, consider the following construction.

Stage 0. At stage 0, by chooses the first girl g in his preference list and we
let Mo = {(bo, 9)}-

Stage s+1. At the end of stage s, assume that we have produced a match-
ing My = {(b1,9i(1,5))s - - - » (bs, Gi(s,5)) }- We start stage s +1 by letting M = M,
and letting b* = b,41. Then we apply the following routine. We have b* propose
to the girls in order of his preference until one accepts. Here g will accept the
proposal as long as she is either not engaged or prefers b* to her current partner
pa(g). We then have two cases.

Case I: If g was not engaged, then we terminate the procedure and let My, =
M U{(b",9)}-

Case II: If g was engaged to b, then we set M = (M — {(b,9)}) U {(b*,9)}
and b* = b and we continue.

It is easy to prove by induction that there is exactly one girl who is not
engaged at stage s but becomes engaged at stage s + 1 and that, for each girl
g; that is engaged in M, g; will be engaged in M1 and that pyr,,(g;) </
pm,(gj). Thus, for any girl g;, once she becomes engaged, she will remain
engaged and her partners will only gain in preference as the stages proceed.
Hence there will be some finite stage t,, and a boy b(g;) such that for all
s >tg., (b(gs),95) € Ms. Thus we let

M = {(b(g;), g;) : there is a stage s such that g; is engaged at stage s}.

We claim that M is a stable matching. First observe that if there is a
boy b; such that b; has no partner relative to M, then there must be infinitely
many stages s > i such that b; was engaged to pas, (b;) at the end of stage
s, but is not engaged to pas, (b;) at the end of stage s + 1. It follows that b;
must have proposed to every girl in G since every time b; loses a partner, b;
proposes to the next girl on his preference list. But this means that every girl



g; eventually becomes engaged and hence every girl G has a partner under M.
Tt thus follows that either (i) every boy has a partner under M or (ii) every girl
has a partner under M. M is a 1:1 correspondence because at each stage s, M
is a 1:1 correspondence. Finally to see that M is a stable matching, suppose for
a contradiction that (;, g;) is a blocking pair for M. There are two cases. First
if b; has no partner under M, then we can argue as above that there must have
been a stage s such that b; proposed to g;. But then either g; preferred her
current partner to b; at the time b; proposed or g; accepted b;’s proposal and
then latter switched to a new partner which she preferred over b;. In either case,
there is a stage ¢ such that g; preferred pas, (g;) over b;. But then we know that
o, (95) 27 pagey (95) 27 Pty o (95) 27 - Thus by >7 par, (95) 27 pau(gy) and
hence (b;, gj) could not be a blocking pair for M. Hence it must be the case that
b; has a partner relative to M. However, by the same argument above, there can
not be a stage at which b; proposed to g; since the fact that b; is not matched
to g;, implies that either g; rejected b;’s proposal or g; accepted b;’s proposal
but later switched partners. But then we would be able to conclude that g;
prefers pas(g;) over b;. Thus it must be the case that b; never proposed to g;.
But this means that for all stages s > 7, par, (b;) <; g;. Hence pas(b;) <; g; so
that (b;, g;) is not a blocking pair for M.

Thus there can be no blocking pair for M and M is stable matching. [

It is important to note that even a recursive infinite instance of the stable
marriage problem may have no symmetric solution. For example, suppose that
each b, prefers g, first and that each g, prefers b,; first. Then any stable
marriage must match all of these pairs which leaves no partner for by. In this
example, the Gale-Shapley algorithm will have pys, (bo) = g5 for each s and thus
will not converge. In fact, this is a more general phenomenon, as indicated by
the following result.

Theorem 2.2 Let T be a recursive tree contained in w<*. Then there is a
recursive instance of the stable marriage problem (B,G,{<;}n,en,{<'}g,cc)
such that there is an effective 1:1 correspondence between the set of infinite
paths through T and the set of symmetric stable matchings of

<B7 Gv {<i}bi€Bv {<j}ngG>'

Proof:  We let (} denote the empty sequence which is in every tree T C w<¥
by definition. We let B = {b, : n € T} and G = {g,, : n € T — {0} }. Given two
sequences o, 3 € w<¥, we write a3 for the concatenation of o and 3 and we
write i for a™ (). For any «, 8 € w<%, we let |a| denote the length of o and
we write o C G if « is an initial segment of 3.

To define the preference orderings <, and <", we first fix some recursive
w ordering < of the nodes of T. For example, we say that § < 7 for all 5 €
T — {0} and define n = (no,...,Mk) < v = (Yo,--.,7n) if and only if either
(i) Zf:o ni+1 < 3" v+ 1 or (i) Zf:o ni+1=3",v+1andn is
lexicographically less than . We shall specify a preference ordering <, either
by giving a recursive sequence S, = a®, ol ... of nodes of T without repetitions
or by giving a pair (S, d) where S, = a®, a!, ... is a recursive sequence of nodes



of T' without repetitions and ¢ is a node of 1" which is not in \S;,. That is, in the
first case, <, is the ordering defined by setting g3 <, g, if and only if either (a)
BeS,andyeT -8, (b) B=as,and y=ao, and s <t,or (c) B,y T -5,
and B < v. In the second case, <, is the ordering defined by setting gz <, g,
if and only if either (a) § € S, U{é} and v € T — (S, U {d}), (b) B = a, and
y=oand s <t (c) f=asand y=4dor (c) B,y T —(S,U{d}) and 5 < ~.
We shall specify the preference ordering <" in a similar manner.
This given, we define the orderings <, and <" as follows.

1. We let <y be the ordering determined by Sy = (ip), (i1), ... where
1o < i1 < ... consists of the set of all 7 such that (i) is in T. (Thus by’s
preference order starts out with the girls g(), 9(i,), - - -, followed by the
rest of girls in G in the standard order induced by <.)

2. If n # 0, then we let <, be the ordering determined by the pair (S,,n)
where S, = 0749, " %1,... and 49 < i1 < ... consists of the set of all ¢
such that n™¢ are in T. (Thus b,’s preference order starts out with the
girls gn—~iys Gn—~i, - - - followed by g, and then followed by the rest of girls
in G in the standard order induced by <.)

3. Foralln™i € T, welet S7 * = n™i,n. Thus gn—q's preference order starts
out with the boys b,~;, b, and then is followed by the rest of the boys in
B in the standard order induced by <.)

It is easy to see that since T is a recursive tree, (B, G, {<i}p,en. {</}¢,cc)
is a recursive instance of the stable marriage problem. Moreover, we can assume
that T is an infinite tree since otherwise, |B| > |G| so that automatically there
can be no symmetric stable matching.

Let m = (m9 = 0,71, m2,...) be some infinite path through 7. That is, for
each i, |m;| =4 and for all ¢ < j, m; C ;. Then let M, be the matching

{(bﬂn797rn+1) n 2z O} U {(bnagn) neT - 77}'

We claim that M, is symmetric stable matching. That is, suppose for a con-
tradiction that (by,gg) is a blocking pair for M. It cannot be that § ¢ 7 since
otherwise (bg,gg) € M, and bg is the first choice of gg. Thus it must be the
case that 3 = m, for some n > 0. But in that case, gg = g, is married to her
second most preferred partner b, _,. Thus the only way that (b, gg) can be a
blocking pair is if b, = br,. However b, is matched to g, , in M, which he
prefers over g.,. Thus there can be no blocking pair and for each infinite path
7 through T', M, is a stable matching.

We claim that every symmetric stable matching M is of the form M, for some
infinite path through 7. That is, suppose that M is a symmetric stable matching
for (B,G,{<i}y,eB,{<’}4,ec). First we claim that by must be married to g;
for some i € T. That is, suppose for a contradiction that pas(bp) = g(y,,....n1)
for some k > 1. Then we claim that for all j < k, b(,, ... ,,) must be married
t0 g(n,....n;)- That is, since g(,,)’s preference list starts out b(,,),byp and by
prefers ge,,y over ge,....m)> (0o, g(n,)) would be a blocking pair of M unless



(bnys 9(my)) € M. Next assume by induction that pas(be,,.....n.)) = Gen,....m) for
i < s. Then the preference list of g, ....,.) starts out with b, . ».): 0y, m._1)
and b(771’~~~7775—1) prefers 9(n1,-ms) OV G, msn)- Hence (b(m,mmsfl)’g(nlwﬂls))
is blocking pair for M unless par(bay,.....n.)) = 9(m,....n.)- Thus it follows by
induction that b, . . ,) must be matched with g(,,, .. . ,) in M. But then
b(m,-nﬂ]k—l) prefers I(n1,emi) OVEL G, imi—1) and I, mi) prefers b(7717~~-7"7k71)
over by which means that (bg,,,....n.1)s 9(ns,....ne)) 1 @ blocking pair for M. Thus
by must be married to some g(;) for some (i) € T'.

Next, we claim that every boy b, such that n # () must be married to g, or
to a girl g,~; for some n™¢ in T. That is, if b, is not married to g,, then b,
is gy’s first choice and hence (b,, g,) would be a blocking pair for M unless b,
is married to a girl g which he prefers over g,. However the only girls that b,
prefers over g, are of the form g, ~; where nfrowni is in T. Thus since each boy
b, is married to either g, or some girl g,~; and M is symmetric, then each girl
gs—~i must be married to either bg~; or to bg. Now let 7 be the set of nodes n
such that b, is married to a girl of the form g,~; for some i. We claim that 7
is an infinite path through 7" and hence M = M. That is, suppose that there
exist distinct nodes a and 3 in 7 such that neither a C 3 nor 8 C a. Then let
~ be the longest common initial segment of o and 3 and suppose that a =~y
and 3 = v~ v. Then M cannot be symmetric since the || + |u| + |v]| — 1 girls
of the form g,, where 7 C « or  C 3 can only marry the || + |p| + |v| — 2 boys
bs such that § — « or § C . Thus all the nodes in m must be comparable with
respect to C. Now suppose that 7 € m but there is no node of the form n™¢ in
7. But this means that (b,~;,9y,~:) € M for all i such that n™¢ € T. But this
contradicts the fact that b, must be matched to some g,~; for some i. Thus it
must be the case that 7 is an infinite path through T'. O

Let ¢, be the partial recursive function computed by the e-th Turing machine
and W, = {n : ¢o(n) is defined}. Then we have the following corollary of
Theorem 2.2.

Corollary 2.3 The set U of all {(a,b,c,d) such that
(Wa, Wy, AW, () bneWa s {Wsu(n) fnew,) is a recursive instance of the stable mar-
riage problem which has a symmetric stable matching is 1 complete.

Proof: It is easy to see that U is a X1 set. On the other hand, it is well
known that the set In fPath of indices of primitive recursive functions which are
the characteristic functions of trees in w<“ which have an infinite path through
them is X1 complete. Our proof of Theorem 2.2 shows that InfPath is 1:1
reducible to U so that U is X} complete. O

We note that the orderings used in Theorem 2.2 are all well orderings of either
order type w or w + w. If fact, our next results will show that as long as the
preference orderings are well orderings, then any infinite instance of the stable
marriage problems has a stable matching. We start with a very simple version
of this result which will be relevant for our results on Reverse Mathematics.



Theorem 2.4 Suppose that (B, G,{<;}n,en,{<’}q,ec) is an infinite instance
of the stable marriage problem where for all i, <; and <' are countable well
orderings and for alli and j, <;=<, and <'=<J. Then there is a unique stable
matching for M.

Proof: Suppose that <; has order type 3 and <’ has order type o for all
1. Since « and 3 are countable ordinals, then either o < 3 or 8 < a. Suppose
that o < 4. Then we can relabel the boys in B = {b, : n € a} so that for
all v and d in «, by <" bs <= v < 4. Similarly we can relabel the girls in
G = {g, : n € B} so that for all v and ¢ in 3, gy <; g5 <= 7 <90.

This given, it is then easy to see that M, = {(by,,9,) : 7 € a} is a stable
matching and that it is the only stable matching. That is, suppose that M is
a stable matching. Now if (bg, go) € M, then (bg, go) will be a blocking pair for
M since g is bg’s first preference and bg is gg’s first preference. Now assume by
induction that for all v < 4, (by,gy) € M. Then we claim that (bs, gs) must be
in M since otherwise (bs, g5) would be a blocking pair for M. That is, if (bs, gs)
is not in M, then either bs; has no partner in M or is married to some g, such
that 6 < n. Similarly, either g; has no partner in M or is married to some b,
such that § < . It is then easy to see that under such circumstances, (bs, gs)
would be a blocking pair for M. Thus it follows that M = M,

In the case where § < a, we can show that Mg = {(b,, g,) : n € B} is the
unique stable matching. O

Finally, our next result will show that if the orderings <; and <* are well
orderings for every 4, then we can show that there is a transfinite version of the
Gale-Shapley algorithm that will produce a stable matching.

Theorem 2.5 Suppose that (B, G,{<;}»,eB,{<’}q,ec) is an infinite instance
of the stable marriage problem where for all i and j, the orderings <; and <’
are well-orderings. Then there is a stable matching for M.

Proof: Let B = {bo, bl,bg, ‘e } and G = {90791792; ‘e }

We define the stable matching M by transfinite induction. For any ordinal
«, we will have a set M® C B x GG of partners at stage a and a set R* C Bx G
of rejected proposals. At stage 0, R® = () and M° = {(by, g)}, where g is the
least girl relative to the ordering <g. In general, at any successor stage a+1, we
check whether there is a b € B without a partner at stage a such that there is
some g € G such that (b,g) ¢ R®. If not, then we will terminate the procedure
and M will be the desired stable matching. For the sake of completeness, we
let Mt! = M< and R®*! = R® and terminate the procedure. If there is such
a boy, then let b = b; where i is the least k such that by has no partner at
stage M* and there is some g € G such that (bx,g) ¢ R*. Then let g = g;
be the <;-least member of G — {g : (b,g) € R*}. Then at stage o + 1, b
proposes to g with three possible outcomes. First if ¢ has no partner in M,,
then we set My11 = M, U{(b,g)} and Ra41 = Ra. Second, if g has a partner
in M, but pr. (g) <’ b, then we set Moy = M, and Roi1 = Ry U {(b,9)}.
Third, if ¥ = par,(g) >7 b, then we set M1 = (MU {(b,g)}) — {(t/,9)}
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and R*t1 = R* U {(¥,g)}. For limit ordinals ), we let R = Uy<y\R® and
M® = limg_xM®. By this limit, we mean that (b,g) € M* if and only if there
exists # < A such that (b, g) € M« for all a > 3.

Next observe that for a < 3, Range(M®) C Range(M?) and for any
gj € Range(M®), par,(9;) <J pa,(g5). It then easily follows by cardinality
arguments, that there must be a countable ordinal  such that Dom (M *+1) =
Dom(M"), Range(MY*!) = Range(M7") and R**! = RY.

We claim that M = M7 is a stable matching. It is clear from the construction
that M is a partial matching, that is, each b € B is paired with at most one
g € G and vice versa. Suppose by way of contradiction that there is a blocking
pair (b;,g;) for M. If b; has no partner in M, then it must be the case that
(bi,g;) € R,. But the only way that (b;,g;) can turn up in some R, is if
there is some stage a + 1 with o < + and (b;,g;) € Rat+1 — Ro. But this
means that g; has a partner in Myqq and pag, ., (9;) <? b;. It follows that
par, (95) <7 P (g5) <’ by Thus b; must have a partner in M,. But then we
can argue exactly as above that it cannot be the case the (b;, g;) € R,. However
if (bs,g5) ¢ R, then it is easy to see that pys (b;) <; g;. Thus, in fact, (bs, g;)
is not a blocking pair for M. O

Next we want to consider the proof theoretic strengths of the Theorems 2.1,
2.4 and 2.5 in the standard systems of second order arithmetic considered in
Reverse Mathematics.

First we observe that we can express the concept of having order type w
in a weak second order system by just mimicking the axioms for the natural
numbers. To be more precise, the preference order of <; has order type w if the
following are all true.

1. WO(<;), i-e., <; is a well ordering, and

2. if gi, is not the most preferred partner of b;, then there exists some g; <; gx
such that g is the most preferred partner of b; after g;.

We shall say that an infinite instance of the stable marriage problem is N-listed if
B, G C N and all the orderings <; for b; € B and all the orderings <’ for g; € G
are of order type w. Moreover, we assume that we can uniformly compute B,
G, and the orderings <; and <’ for all i € B and j € G. That is, we assume
that there is a single recursive set D C N2 such that B = {n : (0,n)inD}, G =
{n:(1,n) € D}, and foralli € Band j € G, <;= {(a,b) : {{a,}),2(i+1)) € D}
and <= {{a,b) : ({a,),2(j +1) + 1) € D}.

Theorem 2.6 (RC'Ay) The following are equivalent:
1. ACAy;
2. Any N-listed stable marriage problem has a solution.

Proof:  To prove that (1) implies (2), we use the Gale-Shapley algorithm.
Given that the stable marriage problem is N-listed, we use AC' Ay to find a listing
for each <; and <J. That is, P(i, 1) is the unique g; such that (Vk)g; <; gx and
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then P(i,n+1) is the unique g; such that for all g5, other than P(7,0),..., P(i,n),
9; <i gr. Thus the Gale-Shapley algorithm can be applied. Now let pys, :
{b1,b2,...,bs} — G be the mapping defined by stage s and define a partial
matching M by M (b;, g) if lims—copar, (b;) = g. This definition is arithmetical
and hence can be done in AC Ay. Our proof of Theorem 2.1 shows that M is a
stable matching.

For the reverse direction, suppose that every N-listed stable marriage prob-
lem has a solution. By Theorem 1.1, it suffices to show that the range of an
arbitrary function f mapping N one-to-one into N is defined. We construct an
instance of the stable marriage problem such that f may be defined from any
solution. The construction is a variation of one that given by Hirst [8].

First we let B = G = N. To avoid confusion, we shall use b; in place of i when
we are considering boys and use g; in place of i when we are considering girls.
There are several cases in the definition of the orderings <; and </ for each i and
j. Much like in the proof of Theorem 2.2, we shall fix a standard ordering of the
girls and boys to be the usual ordering of N. We shall then specify a preference
ordering for b; by giving a finite sequence of girls S; = g;,, g5,,---,9;,- That is,
we define g <; ¢’ if and only if either

1'g€Siandg/€G—Si7
2. 979/€G—Siandg<g’or
3. g :gjk, and g/ = gJ’ and k < l

We shall specify a preference order for g; in a similar manner by specifying a

sequence S7 = b;,, b, ,. .., b; .

Case 1. For i = 2m, S; = gon+1,gom if there is an n such that m < n and
f(n) =m and S; = gap, if there is no n such that n > m and f(n) = m.
That is, if there is an n such that n > m and f(n) = m, then go,,41 is the
most preferred girl of b;, followed by ¢2,,, who are then followed by the
rest of the girls in standard order. If there is no n such that m < n and
f(n) = m, then ga,, is the first girl preferred by b; who is followed by the
rest of the girls in standard order.

Case 2 If i = 2n+ 1, S; = gom, gan+1 if f(n) = m < n and S; = gopyr if
f(n) > n. Thus if f(n) = m < n, then g, is the most preferred girl
of b;, followed by go,,+1, who are then followed by the rest of the girls in
standard order. If f(n) > n, then go,; is the first girl preferred by b;
and then the rest of the girls follow in standard order.

Case 3 If j = 2m, then <’ is defined by setting S7 = bay, 11, b, if there is an
n such that m < n and f(n) = m and setting S7 = by, if there is no n
such that n > m and f(n) = m. Thus if f(n) =m < n, then by, 41 is the
most preferred boy of g;, who is followed by b2, who are then followed
by the rest of the boys in standard order. If there is no n such that n > m
and f(n) = m, then then by, is the first boy preferred by g; who is then
followed by the rest of the boys in standard order.
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Case 4 If j = 2n+1, then <7 is determined by the sequence S7 = by,,,, boyp 41, if
f(n) =m < n and is determined by the sequence S7 = by, 11 if f(n) > n.
Thus if f(n) = m < n, then by, is the most preferred boy of g;, who
is followed by bo,+1, who are then followed by the rest of the boys in
standard order. If f(n) > n, then by, is the first boy preferred by g; who
is then followed by the rest of the boys in standard order.

It is easy to see that our definitions yield an N-listed stable marriage problem.
Hence, by assumption, there must be a solution. Let M be any stable marriage
for this problem. We claim that m is not in the range of f if and only if
(bom, 92m) € M and there does not exist an p such that p < m and f(p) = m.
That is, suppose there is no n such that n > m and f(n) = m. Then go,
is the most preferred girl of by, and bs,, is the most preferred boy of go,.
Since either bo,, or gs, must have a partner in M, (bam,, gam) would be a
blocking pair for M unless (bom,g2m) € M. One the other hand, if there is
an n such that m < n and f(n) = m, then go,,41 is the most preferred girl of
bam, and ba,, is the most preferred boy of ga,41 so that by the same argument,
(bom, 92nt+1) € M. Thus (bam, gam) € M if and only if there is no n such that
n > m and f(n) = m. Thus if (bam, gam) € M, then m in is the range of f if
and only if m € {f(0),..., f(m)}. It follows that we can define the range of f
from any solution M of our stable marriage problem. 0

Next we consider results about stable marriage problems which are equiv-
alent to AT Ry. Let us say that an instance of the stable marriage problem
P = (B,G,{<¢}bi€B,{<j}gj€G>‘is ordered if B,G C N and for all i and j,
<;=<; is a well ordering and <*=<’ is a well ordering. We say that P has
levels if B, G C N and there are countable well-orderings <p of order type § on
B and <¢ of order type v on G such that

(i) for each limit ordinal A\ < +, every boy b € B prefers any girl g € G with
lgle < A to any girl ¢’ with |¢'|¢ > A and vice versa, for each limit ordinal
A < B, every girl g € G prefers any boy b € B with |b|g < A to any boy ¥/
with [b'|g > X\ where |b|g is the order type of {0’ € B : ¥/ <p b} and |g|¢
is the order type of {¢’ € G : ¢’ <¢ g},

ii) for each girl g; and each limit ordinal A, the restriction of the preference
girl gj
order <7 to the set of boys in {b: A < |b|p < X\ + w} is of order type w,
and

(iii) for each boy b; and each limit ordinal A, the restriction of the preference
order <; to the set of girls in {g: A < |gl¢ < A+ w} is of order type w.

Theorem 2.7 The following are equivalent over RC Ay.
(i) ATRy.

(i) Any stable marriage problem with levels has a solution.
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(iii) Any ordered stable marriage problem has a solution.
Proof:  The implication from (ii) to (iii) is immediate.

To show that (iii) implies (i), we use the equivalence of AT Ry with the CWO
principle that any two well-orderings are comparable. Let <(;) and <(3) be two
well-orderings of N and define the stable marriage problem P so that B=G =N
and each b; € B has order <;=<(y) and each g; € G has order <j=<(1). This
is an ordered stable marriage problem. Hence, by assumption, there must be a
solution. Our proof of Theorem 2.4 shows that there is a unique stable match-
ing in this case, which either induces an order isomorphism from (N, <(;) onto
an initial segment of (N, <(2)), or induces an order isomorphism from (N, <(2))
onto an initial segment of (N, <(1y).

To prove that (i) implies (ii), suppose that we are given

P =(B,G,{<i}nen.{<}gec)

satisfying the hypothesis of (ii). Let <p and < be the associated well-orderings
of B and G respectively. Suppose that 3 is the order type of <p and + is the
order type of <g. We can assume that both B and G are infinite since otherwise,
the result follows by applying a finite version of the Gale-Shapley algorithm. We
shall also assume, without loss of generality, that G < . Then for each a < (3,
let b, be the boy b € B such that |b|p = «. Similarly for each § < 7, let gs be
the girl g € G such that |g|g = §. Finally for each A, we let B(A) = {b, : @ < A}
and G(\) = {g5 : 0 < A}

We then use a modified version of the Gale-Shapley algorithm to construct
a stable matching for the given instance of the stable marriage problem.

Stage 0. Consider the society

<B(w)a G(W), {<1[ G(w)}biEB(w% {gj f B(w)}gj EG(w)>'

This is a society where all the orderings are of order type w so that we can
run the infinite version of the Gale-Shapley algorithm of Theorem 2.1 to pro-
duce a matching My. Then by the proof of Theorem 2.1, we know that either
Dom(My) = B(w) or Range(My) = G(w). We set Gy = 1 if Dom(Mp) = B(w)
and [y = 0 otherwise. Similarly, we set 79 = 1 if Range(My) = G(w) and
Yo = 0 otherwise.

There are a couple of crucial properties about M, that follow from our proof
of Theorem 2.1. Namely, if Dom(Mj) # B(w), then every girl g € Range(My)
prefers her partner in My over all boys in B(w) — Dom(Mp). Similarly, if
Range(My) # G(w), then every boy in Dom(My) prefers his partner in My
over all girls in G(w) — Range(G). Finally we claim that M, is in fact a stable
matching for P in the sense that there can be no blocking pair (b, g) where either
b € Dom(My) or g € Range(My). That is, we know that there is no blocking
pair in B(w) X G(w) so that either (i) b € B — B(w) and g € Dom(My) C G(w)
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or (ii) b € Dom(My) C B(w) and g € G — G(w). But case (i) cannot hold
because pyr, (9) € B(w) and, by assumption, g prefers any boy in B(w) over any
boy in B — B(w). Similarly, (ii) cannot hold since then pyy, (b) € G(w) and, by
assumption, b prefers any girl in G(w) over any girl in G — G(w).

Stage o0 + 1. We assume that we have constructed a matching M, such that
there are ordinals (3, and ~, such that their ordinal products with w, B,w and
Yow are such that either

1. Dom(M,) = B(Bsw) and Range(M,) = G(vy,w),

2. Dom(M,) = B(f,w) U B} where B} C B(f,w + w) — B(f,w) and
Range(M,) = G(y,w) or

3. Range(M,) = G(yow) U G} where G C G(v,w + w) — G(y,w) and
Dom(M,) = B(Bow)

Moreover we assume that M, is stable for P in the sense that there is no blocking
pair (b, g) where either b € Dom(M,) or g € Range(M,). This implies that for
any b € Dom(M), b prefers his partner in M, over all girls in G — Range(M,).
Similarly any g € Range(M), g prefers her partner in M, over all boys in
B — Dom(M). Then we have several cases.

Case 0. Either B = B(f,w) or G = G(y,w).
In this case, we terminate the construction since M, is a stable matching for
<B> G, {<i}bi€B7 {<j}ngG>'

Case 1. B — Dom(M,) and G — Range(M,) are both infinite.
There are three subcases here.

Subcase 1A. B(B,w + w)) — Dom(M,) and G(y,w + w) — Range(M,) are
both infinite.

In this case, we consider the society where the boys are B’ = B(8,w + w) —
Dom(M,) and the girls are G’ = G(y,w +w) — Range(M,) and the preference
orders are the restrictions of the preference orders from P. Our assumptions
ensure that the restricted preference orders are all of order type w so that we
can apply the infinite version of the Gale-Shapley algorithm of Theorem 2.1.
This will produce a relative stable matching M such that either Dom(M) = B’
or Range(M) = G'. We then let My 11 = M, UM. We also let 8,41 = 5, + 1
if Dom(M) = B" and $,41 = B, otherwise. Similarly, we let v541 = v, + 1 if
Range(M) = G" and we let v,41 = 7, if otherwise.

Next we observe that M, is stable in the sense that there is no blocking
pair (b;, g;) for My41 such that either b; € Dom(My41) or g; € Range(My41).
That is, suppose for a contradiction that there is such a blocking pair (b;, g;).
First we claim that it cannot be the case that b; € Dom(M,). For if b; €
Dom(M,), then it cannot be the case that g; € Range(M,) since other-
wise (b;,g;) would be a blocking pair for M,. However it cannot be the
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case that g; € G — Range(M,) because b; prefers his partner to all girls in
G — Range(M,). Next suppose that b; € Dom(M). Thus pas,_ ., (b;) is in
G’ = G(y,w + w) — Range(M,). Then it cannot be that g; € G — G(yow + w)
since by the definition of levels, b; prefers every girl in G(y,w+w) to every girl in
G — G(Yow +w). Similarly it cannot be that g; € G’ since M is a stable match-
ing in our restricted society. Thus it must be the case that g; € Range(M,).
But then by our assumption, we know that g; prefers her partner b in M, to b;.
Thus (b;, g;) cannot be a blocking pair. The argument that g; ¢ Range(My41)
is similar.

Subcase 1B. B(f,w + w) — Dom(M,) is finite.

Then (2) holds where (B(8,w 4+ w) — B(B,w)) — B is finite and Range(M,) =
G(v,w). In this case, we consider the restricted matching problem on B’ =
B(fyw + 2w) — Dom(M,) and G’ = G(y,w + w) — G(y,w). Again we see that
each preference order has order type w. In particular the preference order of
each g; begins with a finite sequence from B(f,w + w) — B} and is followed
by an w-sequence from B(f,w + 2w) — B(fsw + w). The Gale-Shapley algo-
rithm can thus be applied to produce a relative stable matching M such that
either Dom(M) = B’ or Range(M) = G’. In this case, it is important to note
that the finite set B(B,w + w) — Dom(M,) is included in Dom(M). To see
this, first observe that since G’ is infinite and B(8,w +w) — Dom(M,) is finite,
there must be some pair (b, g) € M such that b € B(G,w + 2w) — B(f,w + w).
Choose such a pair (b,g) and suppose for a contradiction that there is some
b; € (Bow + w) — Dom(M,) which is not in Dom(M). Then we claim that
(bi, g) is a blocking pair for M. That is, by our definition of levels, g prefers
b; to b and hence (b;,g) is blocking pair because we are assuming that b; has
no partner. We now let M,1 = M, UM. We also let 5,41 = (s + 2 if
Dom(M) = B" and B,4+1 = B, + 1 otherwise. Similarly, we let y541 = 75 + 1 if
Range(M) = G’ and we let 7,41 = 7, if otherwise.

Next we show as in Subcase 1A that M, is stable in the sense that there
is no blocking pair (b;,g;) for M,41 such that either b; € Dom(M,41) or
gj € Range(Myy1). The stability of M, implies that b; ¢ Dom(M,) and
g; ¢ Range(M,). If b; € Dom(M), then we can argue as before that since
P, (b)) € G(vow 4+ w) — Range(M,), it cannot be that g; € G — G(Y,w +w)
by the definition of levels, it cannot be that g; € G = G(yow + w) — Dom(M,)
since M is a stable matching in our restricted society, and it cannot be that
g; € Range(M,) by the stability of M,. Thus there can be no such blocking
pair (b;,g;) with b, € Dom(M,1). Finally, suppose that g; € Range(M).
Then pas, ., (95) € B(Bsw + 2w) — Range(M,). Since b; ¢ Dom(M,), we must
have either b; € B’ or b; € B— B(,w+w +w). The former is not possible since
M is a stable matching and the latter is not possible by the definition of levels.

Subcase 1C. G(y,w + w) — Range(M,) is finite.

Then (3) holds where (G(v,w + w) — G(v,w)) — G% is finite and Dom(M,) =

g
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B(f,w). As above, we let M,41 = M, U M where M is produced by the
Gale-Shapley algorithm applied to the restricted preference orders on B’ =
B(fow +w) — Dom(M,) and G’ = G(yow + 2w) — Range(M,). The details are
similar to Subcase 1B.

Case 2. Either B — Dom(M,) is finite or G — Range(M,) is finite.
Subcase 2A. B — Dom(M,) is finite and |B — Dom(M,, )| < |G — Range(M,)|.

Let B = B—Dom(M,) and n = |B’|. Our idea is to let M,y = M, UM where
M is the matching that results by running n steps of the Gale-Shapley algorithm
for a restricted society whose set of boys is B’, whose set of girls is some appropri-
ate subset of G(y,w+2w) — G(v,w), and where the ordering are the restrictions
of the ordering from our original ordered society (B, G, {<;}v,en,{</}g,eq). If
we are in cases (1) or (2), then Range(M,) = G(v,w) and hence we can let
G’ = G(yow +w) — Range(M,). That is, in these cases, our assumptions guar-
antee that |G'| > |B’| and that any boy in B’ prefers any girl ¢’ € G’ to any girl
g € G—G(yyw+w). Moreover the restrictions of the ordering <; and </ will ei-
ther be finite or of order type w. If we are in case (3), then there are two possible
subcases. That is, it could be that the cardinality of G(y,w 4+ w) — Range(M,)
is greater than or equal to n in which case we let G’ = G(v,w+w)— Range(M,)
as we did in cases (1) and (2). If the cardinality of G(y,w + w) — Range(M,)
is less than n, then we let G’ = G(y,w + 2w) — Range(M,). In this situation,
again it is easy to see that our assumptions guarantee that |G'| > |B’| and that
any boy in B’ prefers any girl ¢’ € G’ to any girl g € G — G(y,w + 2w). More-
over the restrictions of the ordering <; and <7 will either be finite or of order
type w. In any case, we can run the Gale-Shapley algorithm for the restricted
society determined by B’ and G’ and construct a stable matching M such that
Dom(M) = B’. We then let M,.1 = M, UM and we terminate the algorithm.

Since Dom(M) = B’, it is clear that Dom(M,41) = B. We claim that
M, 1 is a stable matching for (B,G,{<i}y,eB,{<’}4,ec). That is, suppose
that (b;, g;) is a blocking pair for M,41. Then since the domain of M,41 = B,
either b; € Dom(M,) or b; € Dom(M). By assumption, M, has no blocking
pair (b,g) with either b € Dom(M,) or g € Range(M,), so that we cannot
have b; € Dom(M,). Thus it must be the case that b; € Dom(M). Then it
cannot be that g; € G, or (b;,g;) would be a blocking pair for M. Also, g;
cannot be in Range(M,) since this would make (b;, g;) a blocking pair for M,.
Thus the only possibility left is that g; € G — (G’ U Range(M,)). But then
pam(b;) € G, so that by our observations above, b; prefers pa(b;) to g;. It
follows that there can be no blocking pair for M, and hence M, is a stable
matching of (B, G, {<i}p,eB, {<’ }g,eq)-

Subcase 2B. G — Range(M,) is finite and |G — Range(M,)| < |B—Dom(M,)|.

Let G’ = G — Range(M,) and n = |G’|. Our idea is to let My11 = M, UM
where M is the matching that results by running n steps of the Gale-Shapley al-
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gorithm with the roles of the boys and the girls reversed for a restricted society
whose set of boys B’ is some appropriate subset of B(f,w + 2w) — B(B,w)
and the ordering are the restrictions of the ordering from our original or-
dered society (B,G,{<i}y,eB,{<’}4,ec). If we are in cases (1) or (3), then
Dom(M,) = B(B,w) and hence we can let B’ = B(B,w+w)— Dom(M,). That
is, in these cases, our assumptions guarantee that |G'| < |B’| and that any girl
in G’ prefers any boy ' € B’ to any boy b € B — B(f,w + w). Moreover the
restrictions of the ordering <; and <7 will either be finite or of order type w.
If we are in case (2), then there are two possible subcases. That is, it could be
that the cardinality of B(f,w 4+ w) — Dom(M,) is greater than or equal to n
in which case we let B’ = B(f,w + w) — Dom(M,) as we did in cases (1) and
(3). If the cardinality of B(B,w 4+ w) — Dom(M,) is less than n, then we let
B’ = B(B,w + 2w) — Dom(M,). In this situation, again it is easy to see that
our assumptions guarantee that |B’| > |G’| and that any girl in G’ prefers any
boy v/ € B’ to any boy b € B — B(f,w + 2w). Moreover the restrictions of
the ordering <; and </ will either be finite or of order type w. In all cases, we
can run the Gale-Shapley algorithm for the restricted society determined by B’
and G’ with the roles of the boys and the girls reversed and construct a stable
matching M such that Range(M) = G’. We then let My, = M, U M and we
terminate the algorithm.

Since Range(M) = G’ it follows that Range(My4+1) = G. We claim that
M1 is a stable matching for (B, G,{<;}y,ep,{<’}4,ec). That is, suppose
that (b, g;) is a blocking pair for M, 1. Then since the range of M,1; = G,
either g; € Range(M,) or g; € Range(M). By assumption, M, has no block-
ing pair (b, g) with either b € Dom(M,) or g € Range(M,), so that we cannot
have g; € Range(M,). Thus it must be the case that g; € Range(M). Then
it cannot be that b; € B’, or (b;,g;) would be a blocking pair for M. Also,
b; cannot be in Dom(M,) since this would make (b;,g;) a blocking pair for
M. Thus the only possibility left is that b; € B — (B’ U Dom(M,)). But then
pm(gj) € B, so that by our observations above, g; prefers pas(g;) to b;. It
follows that there can be no blocking pair for M, ; and hence M,4; is a stable
matching of <B7 Gv {<i}bi€B’ {<j}g_7'€G>'

Stage A, A a limit ordinal

In this case, let A\g < A1 < ... be a sequence of ordinals such that lim;\; = A.
Then we let My = J, My, Bx = lim;3x, and yx = lim;7,,. We can assume by
induction that if o < 7 < A, then M, C M,,. Hence it follows that if it is the case
that for infinitely many ¢, Dom(M),) = B(f,w), then Dom(M,) = B(fBw).
Similarly, if for infinitely many i, Range(M),) = G(vz,w), then Range(M)y) =
G(yaw). Since for each i, either Dom(My,) = B(fx,w) or Range(M),) =
G(ya,w), it follows that either Dom(My) = B(fBw) or Range(My) = G(y\w).
Now suppose that there is some n > 0 such that for all m > n, 8y, = [\ and
Dom(M,,) = B(Bw) U By, where B} C B(f\w + w) — B(f\w). Then we let
U, BX, = By C B(fz\w +w) — B(Bw). Then clearly Dom(M,) = B(B\w)U B}
and it must be the case that Range(M)) = G(y w). Similarly, if there is some
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n > 0 such that for all m > n, v5, = 75, Range(My,) = G(yaw) U G}, where
Gy, € Gnw+w) —G(nw), welet |J; G}, = G C G(yaw+w) —G(yaw). Then
Range(My) = G(yw) UG5 and it must be the case that Dom(My) = B(yw).

We claim that there can be no blocking pair (b;, g;) such that either b; €
Dom(My) or g; € Range(M)). That is, if there is such a blocking pair (b;, g;),
then first consider the case where b; € Dom(M,). Then b; € Dom(M,,) for
some k. But then (b;, g;) would be a blocking pair for M}, , contrary to our in-
ductive assumptions. Similarly, if g; € Range(My), then g; € Range(M), ) for
some k, so that (b;, g;) is a blocking pair for M}, , contradicting our assumptions.

This completes the construction. It is easy to see by induction that for
all o < n, we either have 8, < 3, or v, < 7, and that for all o, we must
have 3, < 8 and v, < 7. Furthermore, if ¢ < 7, then (8y,7,) < (Gr,7,) in
the usual lexicographic order on (8 x , which has order type 8v. Thus the
construction will stop after at most v steps and produce a stable matching
for (B,G,{<i}v,eB,{<’}g,eq). Since we have a well-ordering long enough to
accomplish the construction, it follows that arithmetical transfinite recursion
(ATRy) is enough to imply the existence of our stable matching. (|

To ensure that an infinite instance, (B, G, {<i}p,eB,{<’}4,eq), of the stable
marriage problem has a symmetric stable matching or a stable matching M
with domain B, we need some additional hypotheses. We consider the following
conditions.

Condition 1(a) For each boy b € B, there exists finite sets
B(b) = {b=1b;,,bi,,...,b;,,} € B and G(b) ={9j,,9js:---,95.} < G such
that, for each k < n, B(b) is the set of the first n most preferred boys of
i

Condition 1(b) For each girl g € G, there exists finite sets
B(g) = {bi, biy,...,bi,} € Band G(9) = {9 = 9j,:9js,-- 95, + G such
that, for each k& < n, G(g) is the set of the first n most preferred girls of
bjy.-

We will say that a stable marriage problem is B-bounded if it satisfies Condi-
tion 1(a), G-bounded if it satisfies 1(b) and bounded if it satisfies both conditions.
If there is a function which gives the finite sets described above from the inputs
b and/or g, then the problem is said to be highly B-bounded (highly G-bounded,
highly bounded). Note that for an N-listed problem, we can always find the de-
sired finite sets for b € B (g € G) if they exist by searching through all possible
sets and checking against the list.

Our example in the proof of Theorem 2.6 is in fact highly bounded if f is
recursive and has a recursive range. That is, if m is not in the range of f, then
G(bam) = G(92m) = {g2m} and B(bam) = B(gam) = {bam} satisfy conditions
1(a) and 1(b). If m is in the range of f, then we can find n such that f(n) = m.
If f(n) = m < n, then the sets B(bap+1) = B(bam) = B(g2n+1) = B(gam) =
{92n+1,92m} and G(bans1) = G(bam) = G(gan+1) = G(92m) = {b2n+1,b2m}
satisfy conditions 1(a) and 1(b). Finally if f(n) > n, then the sets B(bznt1) =
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B(gont1) = {bant+1} and G(bani1) = G(gan+1) = {gant+1} satisfy conditions
1(a) and 1(b).

A special case of being B-bounded is when, for each ¢, there is a j such
that g; prefers b; first because in that case we can simply let B(b;) = {b;} and
G(bs) = {95}

Our next two results concern properties of either B-bounded or bounded
instances of the stable marriage problem.

Theorem 2.8 (RC'Ay) The following are equivalent:
1. ACAy

2. Every B-bounded N-listed stable marriage problem has a solution with do-
main B.

3. Bvery bounded N-listed stable marriage problem has a symmetric solution.

Proof:  Given that the problem is B-bounded, the Gale-Shapley algorithm
will produce a stable matching as above. We claim that the domain must be all
of B. To see this, we show that the sequence pys(b) converges for each b € B.
Let B(b) = {b;,,...,b;,} and G(b) = {g;,,.--,9;,} be the sets which witness
that condition 1(a) holds for b. Suppose by way of contradiction that some b;,
is not in the domain of M for some k < n. Then each of the g;,’s must reject b;,
at some stage s. But this can only happen if g;, prefers pas(g;,) over b;, for each
I < n since in the Gale-Shapley algorithm, the preferences for g;, only improve.
But the boys that g;, prefer over b;, must be among B(b) — {b;, }. However this
is impossible since the n girls in G(b) cannot all be matched to the n — 1 boys
in B(b) — {b;, }

For the symmetric solution, we add the assumption that the problem is
also G-bounded. Then we claim that the matching produced by the Gale-
Shapley algorithm will be symmetric. That is, fix any girl ¢ € G and let
B(g) = {bi,,...,b;,} and G(g) = {gj,,--.,9j,} be the sets which witness that
condition 1(b) holds for g. Suppose by way of contradiction that some g, is
not in the range of M for some j < n. It follows that, for each k < n, b;,
never proposed to g;,, which means that for each k < n, b;, prefers pas(b;, ) over
gj,- But this means ps(b;,) must be in G(g) — {g;,} which is impossible since
[B(g) =n > [Glg) — g} =n—1

For the reverse direction, note that by our remarks preceding this theorem,
the construction of the society S¢ = (B, G, {<;}n,en,{<’}¢,ec) given in The-
orem 2.6 which allows us to construct the range of a function f : N — Nis a
bounded instance of the stable marriage problem. 0

Theorem 2.9 (RCAg) The following are equivalent:
1. WKL
2. Every highly B-bounded, effectively N-listed stable marriage problem has

a stable matching with domain B.
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8. BEvery highly bounded, effectively N-listed stable marriage problem has a
symmetric stable matching.

Proof: Fix some highly B-bounded effectively N-listed infinite instance of
the stable marriage problem, S = (B, G, {<i},en,{<’}g,ec). Let B = {by <
by <...}and G ={go < ¢1 <...}. We first show how to find stable matching
with domain B using Bounded Konig’s Lemma.

Fix b; € B and let B(b;) and G(b;) be the finite sets associated with b; by
the B-boundedness condition. Let L(b;) = {g; : g € G(bi)(g9; <i 9)}. We
claim that in any stable matching M, pa(b;) € L(b;). That is, suppose for
a contradiction that pas(b;) ¢ L(b;), then for each g € G(b;), (b;,g) is not a
blocking pair for M and hence g must marry some boy b which she prefers
over b;. But by assumption, each the boys that g prefers over b; must be in
B(b;) — {b;}. But this is impossible since the number of boys in B(b;) — {b;} is
less than the number of girls in G(b;). Moreover since S is highly B-bounded
and effectively N-listed, we can effectively find L(b;) from b;. Similarly, if S is
highly G-bounded and effectively N-listed, then in any stable matching M of S,
it must be the case that each girl g; must marry some boy b in L(g;) = {b; €
B :3b e B(gj)(b; <7 b)} and we can effectively find L(g;) from g;.

Thus we can construct an effectively bounded tree T from S such that for
all n € T, the set of immediate successors of n in T are precisely n™j such
that g; € L(bj,/). We can then interpret a path 7 = (mg, 71, ...) through T' as
specifying a mapping M, : B — G where M(b;) = gr,. Of course, it is not
necessarily the case that M, is even a 1:1 correspondence much less a stable
matching of S. However we can trim 7" to a tree Ts such that the paths through
T correspond exactly to the stable matching of S. That is, we say that a node
7= (no,-..,Mn) in T is an element of Ts if and only if only if

1. the map M, = {(b;,gy,) : @ < n}is a 1:1 correspondence and

2. there is no k < n such that there is a girl g; with g; <x g,, and either (a)
(bi,gj) € M, and by, <’ by for some [ < n or (b) g; is not in the range of
M, but t = maz{i: b; <’ by} < n.

It is easy to check that condition (1) ensures that any path 7 through Ts,
M, is a matching for § with domain B and that condition (2) ensures that any
path 7 through T is a stable matching. Moreover it is easy to check that that
if M is a stable matching, then m = (pas(bo), pasr(b1),...) is an infinite path
through Ts. Finally for any n, we can let t, = maz{j : 3¢ < n(g; € L(b;))}
sp = maz{i : 3j < t,3k < n(b; <J by)}, and let u,, = t, + s,. Then we
can use the finite version of the Gale-Shapley algorithm restricted the boys b;
and girls g; with 4,7 < w, and their restricted preference orders. It is then
easy to see that if NV is any stable matching for this restricted society, then
(pn(bo), - ..,pNn(by)) will be a node in Ts. Thus Ts will be an infinite bounded
tree so that by Bounded Konig’s Lemma, Ts has an infinite path 7 and hence
S has a stable matching M, with domain B.

In the case that S = (B, G, {<i}»,eB, {<’ }¢,ec) is a highly bounded effective
N-listed instance of the stable marriage problem, we can modify the construction
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of T and Ts as follows. First for each n € T, the set of immediate successors
of n in T are precisely ™ j such that g; € L(by,/2) if length of 7 is even. If
|n| = 2n + 1, then the immediate successors of i are all nodes of the form 1™
such that b; € L(g,) We can then interpret a path m = (m, 71, ...) through T as
specifying a mapping M C B x G where (b, gr,,) € Mr and (br,,,,,9i) € M.
Of course, again it is the case that M, may not even even a 1:1 correspondence
much less a stable matching of S. However we can trim 7T to a tree Ts such
that the paths through T correspond exactly to the stable matching of S. That
is, we say that a node n = (1o, ...,n,) in T is an element of Ts if and only if

1. the map M, = {(bi,gn.;) : 20 < n} U {(byyiy,>9:) 1 20 +1 < n}isa l:1
correspondence and

2. there is no k such that 2k < n such that there is girl g; such that g; <x gy,
and either (a) (b, g;) € M, and by <’ b; or (b) g; is not in the range of
M, but t = 2max{i: b; <I by} < n.

3. there is no k such that 2k + 1 < n such that there is boy b; such that
b; <" by,,., and either (a) (b;, ;) € M, and g, <; g, or (b) b; is not in
the domain of M,, but t = 2maxz{s : g; <; gp} +1 < n.

It is easy to check that condition (1) ensures that any path 7 through
Ts, M, is a matching for & with domain B and range G and that condi-
tions (2) and (3) ensure that any path 7 through Ts is a stable matching.
Moreover it is easy to check that that if M is a stable matching, then 7 =
(par(bo), par(g0), par(b1), par(g1), . ..) is an infinite path through Ts. Finally for
any n, we can let t,, = maz{j : 3 < n(g; € L(b;))} sp = max{i: 3j < ¢,3k <
n(b; <7 by)}, pn = maz{i : 3j < n(b; € L(g;))} gn = maz{j : Fi < p,Ik <
n(g; <:; gr)} and let u,, = t;,+ 5, +pPn+¢n. Then we can use the finite version of
the Gale-Shapley algorithm restricted to the boys b; and girls g; with ¢, 5 < uy,
and their restricted preference orders. It is then easy to see that if N is any sta-
ble matching for this restrict society, then (pn(bo), pn(g0),---,Pn(bn), PN (gn))
will be a node in Ts. Thus Ts will be infinite bounded tree so that by Bounded
Konig’s Lemma, T's has an infinite path 7 and hence S has a symmetric stable
matching M.

For the reverse direction, we shall show how to use the existence of symmetric
stable matchings in highly bounded effectively N-listed instances of the stable
marriage problem can be used to prove Xy separation. That is, suppose that
we are given two XY formulas ¢o(z) = Jy1 ... Jypto(y1, ..., Yp,x) and ¢y (z) =
Jz1...329)¥(z1,. .., 2¢, ) such that X does not occur freely and —3In(¢go(n) A
¢1(n)). We can then construct two increasing sequences of sets {A;}sew and
{Bs}scw where

As={z <s: 3y <s)...(Fyp < 8)o(vh,- - -, Yp, ) holds}

and
By ={x <s:(3z1 <s)...(3z4 < s8)¢o(21,..., 2, x) holds}.
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Conceptually, it will be useful in the following argument to consider the sets
A = U,eco, As and B = |J,,, Bs. Of course, we are working RC'Ag so that A
and B are merely defined by ¥ formulas and hence we can not necessarily prove
their existence in RC'Ag. The existence of the sets is not used in the following
argument. We only use the fact that we can effectively compute A; and B
uniformly in s. Nevertheless, we shall refer to A and B to help motivate our
construction.

Next we construct a highly bounded effectively listed instance of the stable
marriage problem. First we let B = G = w. To avoid confusion, we will let
b; stand for ¢ if we are thinking of ¢ as an element of B and let g; stand for
if we are thinking of ¢ as an element of G. Let Z denote the integers and let
(,) : Z X w — w be some fixed recursive pairing function. To determine the
preference orderings <; and <7, we shall specify finite sequences S; and S7 of
pairwise distinct elements. That is, given S; = (io,...,in), we define <; by
declaring g5 <; g; if and only if

(i) s =1, and t =iy where p < ¢ < n,
(ii) s =1, for some p <n and t ¢ {ig,...,in}, Or
(iii) s,t ¢ {ig,...,in} and s < t.

Similarly given S7 = (jo, ..., jp), we define <’ by declaring that bs <7 b if and
only if

(i) s =jp and t = j, where p < ¢ <mn,
(ii) s =jp for some p <mn and t & {jo,...,jn}, or

(iii) s,t ¢ {Jjo,--.,jn} and s < t.

Now fix k. We shall define the orderings <, »y and <k} Our idea is the
following. Suppose that k ¢ AU B. Then for each n, we will set

Stky = Gink)s Jin—1,k) (1)
SR = bty by (2)
Note that for each n, b, ) is the most preferred boy of some girl, namely
9(n—1,k)y- Hence we can find the sets B(bi, k) and G (b, k) required by the B
boundedness condition by setting B(b(n,xy) = {bn,k)} and setting G(ben 1)) =
{9(n-1,k}- Then by our earlier remarks we know that b, 5y must marry some
gitl in L(bey k) = {9(n—1,k)> 9(n,ky }- Similarly g, ) is the most preferred girl
of some boy, namely b, ). Hence we can find the sets B(g(, xy) and G(gn k)
required by the G-boundedness condition by setting B(g(nk)) = {bn,k)} and
setting G(g(n.k)) = {g(nky}- Then by our earlier remarks we know that g, 1)
must marry some girl in L(g¢, xy) = {(n+1,k)> O(n,ky }- These choices are pictured
as in Figure 1 which we call the basic two-way infinite chain.

It follows that all elements in this basic chain must map to the two elements
to which it is connected in the diagram and hence there are precisely two pos-
sibilities for any stable matching M on this chain, namely
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Figure 1: The basic two-way infinite chain

(A) (bin,kys Iin,ky) € M for all n € Z or
(B) (b(n,k), Gn—1,k)) € M for alln € Z.
Our idea is to modify this basic chain so that only (A) is possible if k € A and
only (B) is possible if k € B.

Formally, for each k, we start by defining S k) = 9nk),9(n—1,k) and
STR) = b1 k) bngy for all m < 0. Then for all n > 0, we have three
cases. Let A_;1 =B_; =0.

Case 1. Define S(n,@ = 9(n,k)» 9(n—1,k) and S<n’k> = b(n+1,k)ab<n,k) if k ¢
A, UB,.

Case 2. If k € A,, then define S, 1)y = gink), and Sk} — bin,ky- (Note
that in this case, pas (b)) = g,k for any stable matching M.)

Case 3. If k € By, then define S, xy = g(n—1,x), and Sink) — bint1,ky- (Note
that in this case, pas(b(n,ky) = g(n—1,xy for any stable matching M.)

Thus we have to consider three cases. Namely if it is never the case that
k € A, U By, then we will be in the situation of the basic two-way infinite
chain described above. That is, if either n < 0 or k ¢ A, U B,, then the
sets B(bn,ky) = {bmky} and G(bey k) = {g(n—1,k)} will witness that the B-
boundedness condition holds for b, xy. Similarly the sets B(gnxy) = {0k}
and G(g(nk)) = {9(nk)} will witness that the G-boundedness condition holds
for gn k-

Ifk € Ap,—An_1, then g, 1y is the most preferred girl of by, 1y for all m > n.
It follows that the sets G(g(m.x)) = {9(m.ky} and B(gmy) = {bmky} will
witness that G-boundedness condition for g, )y holds for all m > n. Similarly
for all i > n, by; ) is the most preferred boy of g(; xy so that B(byx)) = {bgiky }
and G(b(; xy) = {9¢i,k) } and will witness that B-boundedness condition for by; 1)
holds. Thus the conditions for being highly bounded holds for elements of the
basic chain determined by k. Moreover, b(; xy must marry g xy for i > n since
they are the most preferred partner of each other. But this will force b; xy to
marry gy for all i € Z.

Finally consider the case where k € B, — B,,_1. First note that b, 1, is the
most preferred boy of g, —1 1 for all m > n. It follows that the sets B(b(m,k)) =
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{bim iy} and G(bim ky) = {g(m—1,k) } Will witness that B-boundedness condition
for b(; k) holds for all m > n. Similarly for i > n, g¢; xy is the most preferred girl
of biit1,ky s0 that G(g(ixy) = {96,k } and B(ggiky) = {bi+1,k) } Will witness that
G-boundedness condition for g; ry holds. Thus the conditions for being highly
bounded holds for elements of the basic chain determined by k. Moreover, b(; 1)
must marry g¢;—1 )y for i > n since they are the most preferred partner of each
other. But this will force b(; xy to marry g¢;_1 ) for all i € Z.

It follows that any stable matching M has the property that M is symmetric
and that if & € A, then by must marry gy and if k € B, then by must
marry g(_1x). Thus the set X consisting of all k¥ € w such that (b ), g(0,k)) €
M is separating set for A and B. O

3 Combinatorial Problems equivalent to W K L,

In this section, we shall consider several combinatorial problems which are equiv-
alent to WK Ly over RC Ay. We shall start by considering a simple version of
Cantor-Schroder-Bernstein Theorem. The Cantor-Schroder-Bernstein Theorem
states that if B and G are sets and f : B — G and g : G — B are 1:1 functions,
then B and G have the same cardinality. Banach strengthened this result by
showing that B can be partitioned into two sets B; and By such that the func-
tion h which is equal to f on By and g~' on By is a bijection from B onto G.
Thus we will consider the the following restricted version of this problem.

Problem 1 Suppose that B.G C Nand f : B — G and g : G — B are
1:1 functions such that the sets f(B) and g(G) exist. The problem is to parti-
tion B into two sets By and By such that the function h = f | ByUg™! | By is
a bijection from A onto B where we write f [ By for the function f restricted
to Bl-

We note that problem 1 is a special case of the standard marriage problem
of Philip Hall. That is, suppose that we think of B as set of boys and G as a
set of girls. For each boy b; € B, we say that b; knows f(b;) and knows g~ (b;)
if g71(b;) is defined. Similarly, for each girl g; € G, we say that g; knows g(g;)
and knows f~!(g;) if f~'(g;) is defined. Thus in problem 1, if B, f(B), G and
g(G) are recursive sets and f and g are partial recursive functions, then we will
get a highly recursive society S = (B, G, K) where K C B x G is the relation
of knowing. That is, S will have the property that

1. each boy b; € B knows at most two girls and we can effectively find the
set of girls that b; knows from b;,

2. each girl g; € G knows at most two boys and we can effectively find the
set of boys that g; knows from g;,
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3. for each finite set of boys B’ C B, the cardinality of the sets of all girls G’
which are known by at least one boy in B’ is greater than or equal to the
cardinality of B’ and

4. for each finite set of girls G’ C G, the cardinality of the sets of all boys B’
which are known by at least one girl in G’ is greater than or equal to the
cardinality of G'.

A society S is a recursive society if B, G and K are recursive sets. We will call
a recursive society S which satisfies (1)-(4) a degree < 2 highly recursive society.
This given, problem 2 is the following.

Problem 2 Given a degree < 2 highly recursive society S = (B, G, K), find a
symmetric marriage M, i.e. find a bijection M : B — G so that for all b € B,
(b,M() e K.

We then have the following result about the set of symmetric marriages of
a degree < 2 highly recursive society.

Theorem 3.1 1. If S = (B,G,K) is a degree < 2 highly recursive society,
then S has either finitely many symmetric marriages or has 28° symmetric
marriages.

2. If Ag and A1 are any pair of disjoint r.e. sets, then there is a degree < 2
highly recursive society S = (B, G, K) such that there is an effective 1:1
degree preserving correspondence between the set of all X C N such that
Ao C X and X N Ay = 0 and the set of symmetric marriages of S.

Proof:

For the proof of (1), it is easy to see that the knowledge relation can be
decomposed into chains of four types as pictured in Figure 2. That is, we can
form a graph K from K whose vertex set is BUG and whose edges are sets of the
form {b,g} where (b, g) € K. Then the connected components of K will break
up into four types, namely, (i) a cycle, (ii) a one way infinite chain starting with
a boy b, (iii) a one-way infinite chain staring with a girl g or (iv) a two-way
infinite chain.

It is then easy to see that for the one-way infinite chains, there is only one
choice for the symmetric marriage M. That is, in Figure 3, M must map b; to g;
for all 7. However for the cycles or two way infinite chains, there are two choices
for a symmetric matching M. Thus if K has only finitely many cycles and two-
way infinite chains, then S will have only finitely many symmetric marriages
while if there infinitely many chains which are cycles or two-way infinite chains
in IC, then S has 2%0 symmetric marriages.

For (2), fix a pair A and B of infinite disjoint r.e. sets and recursive enu-
merations {A®}se,, and {B®}s¢c, such that, for all s, A°, B®* C {0,1,...,s} and
there is at most one element of A U B which comes into AU B at stage s.
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Figure 2: Chains for

We first partition w into a recursive sequence (Go, By, G1, By, .. .) of infinite
recursive sets . For any fixed i, let ¢ < g} < ... and b < b} < ... list the
elements of G; and B; in increasing order. Our symmetrically highly recursive
society S = (B, G, K) will be thought of as a bipartite graph with B = U;B;
and G = U;G;. The idea is to construct a connected component of S with vertex
set G; U B; for each i. We construct the i-th component in stages, so that at
stage s, we determine the edges out of g¥ and b¥ for k < 2s. We begin as if we
are going to construct the two-way infinite chain in which ? is joined to g9 and
g} and such that, for each n > 0, b?" is joined to g?" 2 and ¢?" and b7" ' is
joined to g?"_l and gf”“. See Figure 3.

Observe that there are exactly two possible surjective marriages f for such
a component depending on whether f(bY) = ¢? or f(b?) = g}. A marriage
f:B — G for S will code a separating set Cy for A and B by letting i € C} if
and only if f(bY) = g}. Then it is easy to see that all we need to do to ensure
that each marriage f of S corresponds to a separating set Cy for A and B is
to construct the i-th component so that it is a one-way chain starting in B; if
i € A, a one-way chain starting in G; if i« € B, and the full two-way infinite
chain if ¢ ¢ A® U B®. Thus we build the chain until we see that i € AU B at
some stage s. That is, at each stage t, we add bf and gf for k € {2t,2t + 1}
as pictured in Figure 3. Then if i € B® omit b7" and g?" from the chain for
all n > s so that the chain will be a one-way infinite starting a girl g?S_Q. If
i € A%, then add b?* and we omit g2* plus all boys and girls of the form " and
g#" for n > s from the chain so that the chain will be a one-way infinite chain
starting at b?°.
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Figure 3: Generic component of the symmetric society

We note that we can consider this example as a recursive version of problem
(1) by simply directing the edges of the graph down the left hand side of the
graph and up the right hand side of the graph. That is, we can define the
function f : B — G by saying that f(b*) = g* is there is a directed edge from
b* to g* in some component and define the function g : G — B by saying that
g(g*) = b* if there is a directed edge from ¢g* to b* in some component. O

Next we consider versions of problems 1 and 2 that are equivalent to WK Ly
over RC' Ag. We note that Hirst [8] considered versions of problems 1 and 2 that
are equivalent to AC Ag over RC Ay.

Theorem 3.2 (RCAg) The following are equivalent.
1. WKLy

2. For any sets B,G C N such that there are 1:1 functions f : B — G and
g : G — B where f(B) and g(G) exists, there exists a partition By and
By of B such that h= f | B Ug~! | By is bijection from B onto G.

3. For any degree < 2 society S = (B, G, K) such that B,G C N and there
are functions Kg and Kg such that for allb € B, Kg(b) is the set of girls
that b knows and for all g € G, Kg(g) is the set of all boys that g knows,
there is a symmetric marriage.

Proof:  Our proof of part (ii) of the Theorem 3.1 can easily be modified to
show that both (2) and (3) imply £ separation which implies W K Lg. Moreover
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our remarks at the start of this section show that (3) implies (2). Thus we
need only show that WK Ly implies (3) over RCAy. We know that WK Ly is
equivalent to the Bounded Konig’s Lemma over RC A so that we shall show
that Bounded Konig’s Lemma implies (3).

Thus suppose that S = (B, G, K) is a degree < 2 society such that B,G C N
and there are functions Kp and K¢ such that for all b € B, Kpg(b) is the set
of girls that b knows and for all ¢ € G, Kg(g) is the set of all boys that
g knows. Let B = {igp < i1 < ...} and G = {jo < j1 < ...}. To avoid
confusion, we shall let by stand for iy, and gi stand for ji for £k =0,1,.... We
define a bounded tree T' C w<% as follows. First we put () in 7. Then we let
n = (m,...,m) in T if and only if for all 4, g,,, € Kp(b;) and b,,,,, € K(g;).
We can then interpret an infinite path @ = (71, ma,...) through T as specifying
a relation My = {(bi, gry,) : @ € W} U {(bryiyr»9i) 1 @ € w}. Of course, My is
not necessarily a symmetric marriage but we do know that our definition of T'
ensures that (b;, gr,,) € K and (bn,,,,,9:) € K for all i. We can however trim
T to get a tree Ts so that the infinite paths through Ts correspond exactly to
the symmetric marriages of T by saying that a node (my,...,7,) is in Ts if and
only if {(bs, gry,) : 20 < n}U{(bryyy,9i) - 20 +1 < n}is a 1:1 correspondence.
Finally, we can use the functions Kp and K to start to construct 2n steps
of the chains in the graph IC associated with the knowledge relation K which
start at b; and g; for all ¢ < n as we did in the proof of part (i) of Theorem
3.1. In the worst case, there will be one chain of length 2n, but in any case,
we will be able to use these chains to find finite sets B’ C B and G’ C G such
that {b; : i < n} C B, {g; : i < n} C G, and there is a 1:1 correspondence
M : B" — @' such that for all b € B’, (b, M (b)) € K. We can then use M to
construct a node (M (by), M~ (go),..., M(b,), M~1(g,)) € Ts. Thus Ts is an
infinite bounded tree and hence by Bounded Konig’s Lemma, Ts has in infinite
path which corresponds to a symmetric marriage of S. O

We pause at this point to make an interesting contrast between problems 1
and 2 and other combinatorial problems such as the problem of showing that
any highly recursive graph G for which every finite subgraph of G is k-colorable
is k-colorable. Remmel [18] showed that up to a permutation of the colors, for
every highly recursive tree T C w<%, there is a highly recursive graph G such
that there is an effective 1:1 correspondence between the set of infinite paths
through T and the set of k-colorings of G. Thus the k-colorings of a highly
recursive graph G can represent any recursively bounded I1{-class P. Cenzer
and Remmel referred to the ability of specific recursively presented instances
of a combinatorial problem P to be able to represent an arbitrary recursively
bounded TIY class in the sense above by saying that P strongly represents every
recursively bounded TIY class. Note that the symmetric marriages of any degree
< 2 society as in (3) above clearly cannot strongly represent an arbitrary recur-
sively bounded IIY class since there are recursively bounded I1{ classes which
have countably infinitely many elements.

Hirst [11] showed that the theorem
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(4) Any graph G such that there is a function N such that for any vertex v
of G, N(v) equals the set of neighbors of v in G and any finite subgraph of G is
k-colorable is itself k-colorable.

is equivalent to WK Ly over RC' Ag. Thus (3) is equivalent to (4) over RC'Ag
and yet there is a real mathematical contrast between theorems (3) and (4) in
the sense that any instance of (3) has either finitely many or 2% solutions while
there are instances of (4) which have a countably infinite set of solutions. This
shows that in some sense, the system W K Lg is insensitive to the ability of a
problem to represent a recursively bounded I1{-class with a countably infinite
set of solutions as far as the logical strength of theorem is concerned. It would
be interesting to know if there is some weaker version of RC' Ay over which this
natural mathematical distinction is reflected in differing logical strengths.

We end this section by considering the proof-theoretic strengths of several
results on infinite partially ordered sets (posets). That is, suppose that we start
with a poset A = (A, <?), which consists of a subset A of N and an ordering
relation <4. The width of A is the maximum cardinality of an antichain in A
and the height of A is the maximum cardinality of a chain in .A. The poset
A = (A, <4) is said to be n-dimensional if there are n linear orderings of A,
(A,Ly),...,(A, L), such that <A= L; N---N L,. The dimension of A is the
least n such A is n-dimensional.

The first theorem we consider is Dilworth’s theorem [3], which states that
any poset A of width n can be covered by n chains. The problem here is to find
such a covering of A by n chains and the set of solutions corresponds to the
various coverings of A by n chains. The effective version of Dilworth’s theorem
has been analyzed by Kierstead in [13], where he showed that every recursive
poset A of width n can be covered by (5™ —1)/4 recursive chains, while for each
n > 2, there are recursive posets of width n which cannot be covered by 4(n—1)
chains. See Kierstead’s article [15] for details.

There is a natural dual to Dilworth’s theorem which says that every poset
of height n can be covered by n antichains. The problem again is to find such a
covering. The effective version of the latter theorem was analyzed by Schmerl,
who showed that every recursive poset of height n can be covered by (n? +n)/2
recursive antichains while for each n > 2, there is a recursive poset of height n
which cannot be covered by (n? +n)/2 — 1 recursive antichains. Furthermore,
Szeméredi and Trotter showed that there exist recursive partial orders of height
n and recursive dimension 2 which still cannot be covered by (n? 4+ n)/2 — 1
recursive antichains. These results are reported by Kierstead in [13].

The notion of the dimensionality of posets is due to Dushnik and Miller, who
showed in [4] that a countable poset (A, R) is n-dimensional if and only if it can
be embedded as a subordering in the product ordering Q™, where Q is the set
of rational numbers under the usual ordering. A (recursive) poset (A, R) has
(recursive) dimension equal to d, for d finite, if there are d (recursive) linear
orderings (A4, L1),..., (A, Lg) such that R = L1N---NLg, but there are not d—1
(recursive) linear orderings (A4, L}), ..., (4,L, ;) such that R = Lin---NL,_,.
In [14], Kierstead, McNulty and Trotter analyze the recursive dimension of

30



recursive posets and show that in general, the recursive dimension of a poset is
not equal to its dimension.

Theorem 3.3 (RCAy) The following are equivalent:
1. WKLy

2. Dilworth’s Theorem: Any poset of width k can be covered by k chains.

Proof:  First we show that the decomposition theorem follows from W K L.
Let A = (A, <4) be a poset of width n. Suppose that A = {ag < a; < ...} CN.
Let T be the infinite n-ary branching tree. We can think of any infinite path
7 = (mo, 71, . ..) as representing a partition (Aj,..., A,) of A where A; = {a,, :
7 = 1}. We can trim the tree T' to construct a bounded tree T4 by saying that
anode n = (no,...,n,) € T is in T4 if and only if (A7,..., A7) is a collection
of chains in A where A7 = {j < k : n; = i}. It is then easy to see that any
infinite path through T4 corresponds to a decomposition into n chains. Finally,
it follows from Dilworth’s theorem for finite posets that for all k, there is node
of length k£ in T 4. We note that it is easy to check that that the proof of
the finite version of Dilworth’s theorem requires only % induction and hence
can be carried out in RC'Ag. Thus Bounded Konig’s Lemma suffices to prove
Dilworth’s theorem over RC'Ay.

For the reverse direction, we show that Dilworth’s theorem implies %9 Sep-
aration. That is, we need only show that the set of decompositions of a poset
of width n into n chains can represent the class of separating sets for any pair
of disjoint r.e. sets. Fix a pair A and B of infinite disjoint r.e. sets and 1:1
enumerations g4 and g, of A and B respectively.

First consider the case k = 2. We begin with the poset Dy consisting of two
one-way chains {a; ; : 4 =0,1 A j€N}and {b;; :i=0,1 A j € N}, where
we have as ; <P a; ) and bs; <P° b, ) whenever j < k and s,t € {0,1} and
ao,; <P° a1 j and by ; <P° by ;. The two chains are linked by having ag; <P°
bl,j and similarly b()J' SDO ay,j5- We call the elements {a07¢,a1,i,bo7¢,b1,i}, the
i-th block of the poset Dy. The i-th block of Dy is pictured in Figure 4(A).

Our final poset D = (D, <P) will consist of the poset Dy together with an
infinite set F whose relations to the elements of Dy and among themselves is
to be specified in stages. Now it is clear that a decomposition of this poset, up
to renaming the chains, is completely determined by the choice, for each i, of
either

(a) putting ag,; and a1 ; in one chain and by ; and b ; in the other, or
(b) putting ag; and b1 ; in one chain and a; ; and by ; in the other.

Thus we can think of a chain decomposition h : D — {1,2} as coding up a
set C}, where i € C}, if and only if we use choice (b) for the i-th component,
that is, if and only if h(ag;) = h(b1,;). Now the idea is to define the relations
between the elements Dy and remaining set E so that we introduce an element
f € E, at stage s, in the i-th component between ag; and a;; if 7 comes into
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Figure 4: Blocks for width 2 poset

B at stage s, i.e., if gg(s) =14. See Figure 4(B). This will force f, ap; and a1
to be in the same chain. We introduce an element e € F in the i-th component
between bg; and aj; if ¢ comes into A at stage s. See Figure 4(C). This will
force f, bo,; and a;; to be in the same chain. Finally we have no new element
in the i-th component if ¢ ¢ AU B. Now suppose that h is a decomposition of D
into two chains. We define a separating set S for A and B by putting ¢ into S if
and only if h(ag ;) = h(a1,). Furthermore, there is a one-to-one correspondence
h — C}, between the decompositions of D into two chains and the separating
sets of A and B.

For the case where k > 2, one simply adds to the poset described a set of
k — 2 infinite one-way chains so that any two elements from different chains are
incomparable and any element in these k — 2 chains are incomparable with any
element in D. g

Theorem 3.4 (RCAg) The following are equivalent:
1. WKL
2. Any poset of height k can be covered by k antichains.

Proof:  First we show that the decomposition theorem follows from W K L.
Let A = (A, <#) be a poset of height n. Suppose that A = {ag < a; < ...} CN.
Let T be the infinite n-ary branching tree. We can think of any infinite path
7 = (mo, 71, ...) as representing a partition (Aj,..., A,) of A where A; = {a,, :
Tn = i}. We can trim the tree T' to construct a bounded tree T4 by saying
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Figure 5: Height 2 poset

that a node n = (no,...,nmk) € T is in Ty if and only if (A7,... ;A7) is a
collection of antichains in A where A] = {j < k : n; = 4}. It is then easy to
see that any infinite path through 74 corresponds to a decomposition into n
antichains. Finally, it follows from the fact that any finite poset of height n can
be decomposed in the n antichains that for all k, there is node of length k in
T4. Again, one can easily check that the proof that every finite set of height
n can be covered by n antichains requires only X¢ induction and hence can be
carried out in RC Ay. Thus Bounded Konig’s Lemma suffices to prove that any
poset of height n can be decomposed into n antichains over RC Ay.

For the reverse direction, we show that our dual to Dilworth’s theorem im-
plies ¥¢ Separation. That is, we show that the set of decompositions of a poset
of height n into n antichains can represent an the class of separating sets for
any pair of disjoint r.e. sets. Fix a pair A and B of infinite disjoint r.e. sets
and 1:1 enumerations g4 and gg of A and B.

Again we shall initially consider the case n = 2. The poset D = (D, <p)
will consist of two parts. The first part of the poset will consist of an an-

tichain cg,cq, ..., and the second part will consist of two antichains ag,ay, ...
and bg,b1,... where ag <p by and, for each i, a; <p b; and a; <p b; 1. See
Figure 5.

We will complete the partial ordering on D by specifying the relations be-
tween the two parts in stages. Clearly, up to renaming the antichains, there
is a unique decomposition of the second part of the poset into two antichains.
We can then think of a decomposition f : D — {0,1} of D into two antichains
as coding up a set Cy by specifying ¢ € Cy if and only if f assigns ¢; to the
same antichain as the a’s. The construction is simple in this case. For each i, we
define ¢; to be greater than as if g4(s+1) = ¢ and incomparable to ay otherwise.
Similarly we define ¢; to be less than by if gg(s+ 1) = ¢ and incomparable to b
otherwise. It is easy to check that the resulting poset is of height 2. Now sup-
pose that f is a decomposition of D into two antichains. We define a separating
set S for A and B by putting ¢ into S if and only if f(¢;) = f(ag). Furthermore,
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up to renaming the antichains, there is a one-to-one correspondence f — Cf
between decompositions of D into two antichains and separating sets of A and
B.

For the case where k > 2, one simply adds to the poset described a set of k—2
recursive infinite antichains, all of whose elements are comparable with every
element of D and so that elements from different antichains are also comparable
O

Finally we consider a results on dimension of posets that is equivalent to
WK Lg over RCAg. We say that a poset A = (N, <4) has local dimension < d
if for each n, the restriction A [ n of A to {0,1,...,n} has dimension < d.

Theorem 3.5 (RCAg) The following are equivalent:
1. WKLy
2. Every poset A = (N, SA) of local dimension < d has dimension < d.

Proof:  First we show that (2) follows from WK Lg. Let A = (N,<%) be
a poset of local dimension < d. We can code a set of d linear orderings of
A, (A, Ly),...,(A,Ly) as a path through a bounded tree as follows. Given d
linear orderings of {0,1,...,n — 1}, there clearly are (n + 1)¢ ways to extend
these d linear orderings to d linear orderings on {0, 1,...,n}. One can fix some
effective enumeration of these extensions for each n, so that it then becomes
possible to code each d-tuple of linear orderings by a function f : A — N where
f(n) < (n+1)%—1 for all n. Thus the set of solutions for the d-dimensionality
problem of a poset A can be represented as the set of all f: A — N such that
f(n) < (n+1)% —1 for all n and for all k, f(1),...,f(k) codes an n-tuple
of linear orderings , ({0,...,k},L1),...,({0,...,k}, L,) whose intersection is
({0,...,k}, <4). This set can clearly be represented as the set of infinite paths
through a bounded tree T4. Moreover, since A has local dimension < d, the
tree will be T 4 infinite. Thus Bounded Konig’s Lemma suffices to show that A
has dimension < d.

For the reverse direction, we show that the dual theorem implies ©¢ Sepa-
ration. That is, we show that the set of d linear orderings whose intersection is
a poset of local dimension < d can represent the class of separating sets for any
pair of r.e. sets A and B. So fix a pair A and B of disjoint r.e. sets and recursive
enumerations {A®}sc., and {B®}¢c, such that, for all s, A%, B C {0,1,...,s}
and there is at most one element of A U B which comes into AU B at stage s.

We consider the case of two dimensional partial orderings. First we partition
N into two infinite recursive sets C = {cgp < ¢1 < ---}and D ={dy < dy < --- }.
For each i, we let C; = {¢si, C5it1, Cpit2, C5it3, Csita}. We shall define a recursive
partial ordering <p on N in stages. Given any two sets E and F, F <p F will
denote that, for any e € F and f € F, e <p f. We start by defining <p so
that Cy <p C1 <p Oy <p ---. This means that if <; and <, are two linear
orderings such that <; N <;=<p, then the only difference between <; and <,
on C is how <7 and <5 order the elements within the blocks C;. For each block
C;, <p is defined so that we have the Hasse diagram in Figure 6(A).
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Figure 6: The i-th block of the dimension 2 poset

It is then easy to check that, up to a permutation of the indices of the linear
orderings <; and <s, there are precisely two ways to define <3 and <5 on Cj
so that <; N <3 equals <p restricted to A;, namely,

(I) c5i <1 5041 <1 Csi42 <1 C5i43 <1 C5i+a and
Csi+2 <2 C5i+4 <2 C5i4+3 <2 C5; <2 C5i41, O

(IT) 55 <1 Csig1 <1 Csit2 <1 Csita <1 C5i43 and
Csi+2 <2 C5i+3 <2 C5i+4 <2 C5; <2 C5i41-

Note that the difference between (I) and (II) is that in the ordering where
the elements C54, C5i+1 precede the elements C5i4+2, C5i+3, C5i+4, W€ have C5i43
preceding cs;y4 in (I), while in (IT) ¢5;44 precedes cs;it3.

We can thus use a pair of linear orderings <; and <5 such that <; N <s=<p
is defined within the blocks C; to code a set S(<1,<2) C N by declaring i € S
if and only if <; and <5 are of type (I) on C;.

The key to our ability to code up a tree of separating sets for a pair of disjoint
r.e. sets A and B is the following. If we add an element d to the Hasse diagram
as pictured in Figure 6(B), then only linear orderings <; and <y of type (I)
can be extended to C; U {d} so that <; N <3=<p and if we add an element d
to the Hasse diagram as pictured in Figure 6(C), then only linear orderings <;
and <s of type (II) can be extended to C; U {d} so that <3 N <a=<p.

That is, it is easy to check that, up to a permutation of indices there is only
one way to define linear orderings <; and <2 on C; U {d} so that <; N <o=<p
if <p has the Hasse diagram as pictured in Figure 6(B), namely
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(I"): €5 <1 d <1 C5i41 <1 Cpit2 <1 Csit3 <1 Csita and

Cit2 <2 Csiya <2 d <2 Csi43 <2 C5i <2 Chit1-
Similarly, up to a permutation of indices, there is only one way to define linear
orderings <; and <3 on C; U {d} so that <; N <9=<p if <p has the Hasse
diagram as pictured in Figure 6(C), namely

(IT"): 5 <1 d <1 C5i41 <1 Cpit2 <1 Cita <1 Csit3 and

Crit2 <2 Csiq3 <2 d <2 Csi4a <2 C5; <2 C5i41-
Now to complete our definition of <p on N, we proceed in stages as follows.

Stage 01If i € A° let C;_1 <p {do} <p Ci,1, and define <p on C;U{do} so that
we have a Hasse diagram as in Figure 6(B). If i € BY, let C;_1 <p {do} <p Cit1
and define <p on C; U{dp} so that we have a Hasse diagram as in Figure 6(C).
If AU BY =0, define {dy} <p C. Note this defines <p on all of C' U {dyp} by
transitivity.

Stage s > 0. Assume we have defined <p on C U {dp,...,ds_1} so that for
all j < s, Ci1 <p {dj} <p Oi+1 ifi € (Aj UBj) \ (Ajil UBjil) and {dj} <p
CU{do,...,dj_1} otherwise. Then ifi € A%\ A%~ let C;_1 <p {ds} <p Cit1
and define <p on C; U {ds} so that we have a Hasse diagram as pictured in
Figure 6(B). If i € B\ B*~! let C;_1 <p {ds} <p C;y1 and define <p
on C; U {bs} so that we have a Hasse diagram as pictured in Figure 6(C). If
(A*U B®) \ (A5t u Bs71) = 0, define {ds} <p C U {dp,...,ds_1}. Again this
defines <p on all of C' U {dy,...,ds} by transitivity.

This completes our definition of <p on N. It is easy to see that the definition
of <p is completely effective. Given our remarks prior to our definition the
stages, it is routine to check that up to a permutation of indices, if <; and <s
are two linear orderings of N, then <; N <3=<p if and only if A C S(<1, <)
and BﬁS(<1,<2>:@. O
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