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Abstract

Applying a recent extension (2015) of a structure theorem of Robertson,
Seymour and Thomas from 1993, in this paper we establish Robertson’s magic-
tree conjecture from 1997.

1 Introduction

We begin by explaining our motive for this work. A major motive for this paper is the
Graph Minor Theorem (GMT). In [15], Robertson and Seymour establish Wagner’s
conjecture that finite graphs are ‘well-quasi-ordered’ (wqo) under the minor relation.
This is indeed “among the deepest theorems that Mathematics has to offer” [1]. The
depth and the scope of the theorem can be guessed by the mere fact that a series of
twenty articles, Graph Minors I.-XX. had to appear in the span of two decades for
the complete establishment of the conjecture. However, it is not known if the minor
ideals (sets of finite graphs closed under taking minors) are wqo under the subset
relation. The result in this paper is a preliminary to what we believe will be a proof
of this open problem. Why is this interesting?

Due to Rado’s example, [11], there exists a set @, such that @ is wqo but the set
LQ of ideals of @ (the set of all classes closed under < in @) is not wqo under C.
However, if LQ is wqo under C, then ) is wqo under <. This is easy as shown by
Lemma 3. Rado’s example is very interesting since it shows that Higman’s famous
wqo extension lemma [3] for finite sequences is not generalizable to infinite sequences.
However, if L@ is wqo under C, then by a similar argument as in Lemma 3 one can
easily prove that the infinite sequences of () are wqo under the embedding relation
[2] (similar to Higman’s embedding for finite sequences).

Furthermore, Kruskal has shown by an unpublished example (cited in [6]) that for
each n > 1, there exists a set Q,, such that L"Q,, is wqo, but L"*1Q,, is not wqo.
Also see [2] for a discussion and exercise on this particular problem. So for each n
the wqo condition is increasingly stronger.

Motivated by Kruskal’s examples Nash-Williams proved in [6] that the iterated sets
of topological minor ideals of finite trees ‘L"™F’ is wqo under C, for every integer
n > 1. Nash-Williams in fact expresses his opinion [6] that most ‘natural’ wqo sets



have this extended wqo property, even if we iterate the ideals beyond the finite case.
Iteration by transfinite induction is very interesting from the perspective of a theory
called ‘better-quasi-ordering’ (‘bgo theory’), introduced by Nash-Williams [7], but
for simplicity we will not address this problem in this paper.

In parallel to Nash-Williams’ motive, we are interested in proving that the iterated
graph minor ideals are wqo under C. The result in this paper is a first step towards
this goal. In Graph Minors IV, [14], it is shown that the Friedman gap-condition
imposed on the ‘linked tree-decomposition’ of graphs plays a key role in verifying
Wagner’s conjecture for finite graphs of bounded tree-width. In fact, the authors
prove that finite trees are wqo under a bit stronger form ‘Robertson-Seymour gap-
condition’ (RS gap-condition) to achieve their goal. Without going into technical
details we can state that the RS gap-condition in [14] requires strict equality of
certain edge labels (in addition to the usual gap-condition). There is already a
flavour of the RS gap-condition [14] concept in this paper. That is to say, in this
paper, we allow the vertices of trees to be labelled by an arbitrary wqo set, while
their edges are labelled by a well-ordered set. In [14, 15], the vertex labels correspond
to what the authors call ‘bags’, and the edge labels correspond to the ‘cut-size’ at
each vertex.

A pioneering work on finite structure is given by Robertson, Seymour and Thomas
(RST). In [16], they show that every topological minor ideal Z of finite trees has a
finite ‘structure-tree’ T that contains all structural information about Z. In other
words, the encoded information in 77 enables us to construct an arbitrary element
of Z. This result was recently generalized for Friedman ideals in [8].

To prove that iterated graph minor ideals are wqo, we need to strengthen the finite
structure theorem in [8], so that it is also valid for the stronger RS gap-condition.
In [8], we have given an algorithm that computes the finite structure of a Friedman
ideal Z, given the obstruction set of Z. Currently, we focus on Friedman ideals to
avoid further complication.

Robertson conjectured that perhaps the structure-tree 77 has a more ‘magical’ use
than merely holding instructions on how to construct the trees of Z. This additional
and more dramatic benefit of T7 is known as the ‘lifting property’ of T7. Can an
embedding relation between two finite trees ‘lift’ to imply that two infinite ideals
are related by the subset relation, or is this wishful thinking? We will answer this
question for Friedman ideals and call the tree a “magic-tree” for the purpose of
dramatizing its surprising consequence. Prior to that we define the ‘lifting’ method
formally in (1.1).

The main result of this paper is Theorem 6 which establishes the conjecture of
Robertson discussed above. This is formally stated after some necessary definitions.

1.1 Basic definitions, a brief history and main results

A quasi-order, <, on a set @ is a reflexive and transitive relation. Let I C Q. If for
every y € Q and x € Z such that y < x we have y € 7 then we say Z is an ideal of
Q. Let LQ denote the set of all ideals of @) quasi-ordered (qo, for short) under ‘C’.
As usual, the notation I C I’ means strict inclusion, i.e. I CI' Z I.



If I € LQ and Q any qo, then an obstruction set of I is a maximal set of incomparable
minimal elements of () — I. It is not hard to check that any two obstruction sets are
the same up to equivalence of elements within ). To avoid having to worry about
this triviality, we fix for each ideal I a particular choice of obstruction set, to be
denoted Q(I). For S C Q, we define the ideal Q/S = {q € Q|s £ ¢ for all s € S}.

For basic terminology and notations such as vertex set V, edge set E, a directed
graph D and so forth, we follow standard conventions in [1]. Let N ={0,1,2,...}.
For each m € N, we denote the set {0,1,2,...,m} by [[m]] and assume that both N
and [[m]] are well-ordered by the usual integer inequality. We also use, for a directed
graph D, the following succinct notation inspired by [1]: A directed path from a
vertex v to a vertex w in D is a sequence (vg,v1,...,v,) such that vg = v,v, = w
and for any ¢ with 1 < ¢ < n there is an edge in D from v;_1 to v;. If there
is a unique such directed path, we shall denote it by vDw. For the special case
where V(D) = {wvg,v1,...,v,} and E(D) = {vov1, viva, ..., Up—10,}, we write
D = [vg,v1,...,v,] to be explicit.

1.1.1 Let m € N, and @ be a non-empty qo set. An (m, Q)-tree is a quadruple
T = (V,E,l,r), such that:

(i) Vis a finite set, r € V,and ECV x V|
(ii) for every v € V there is a unique directed path rT'v, and
(iii) [ : V — [[m]] x Q is a labelling function, where I(v) = (Ig(v),ly(v)).

We denote the set of all (m, Q)-trees by F(m, Q).

Remark 1 In this paper we work with (m,Q)-trees almost exclusively. In Section
3 we study ideals of unlabelled trees for simplicity. In this case we ignore all labels,
by assuming m = 0 and Q = {0}, and write F instead of F(0,{0}). However, we
shall ‘represent’ ideals of unlabelled trees by trees in F(2,N). So, even in Section 3,
it is the trees of F(2,N) that are interesting due to Theorem 11 and Theorem 15.

As usual, elements of V' are called vertices, and elements of E are called edges of T.
We denote an edge e = (u,v) € V x V by uv (for short). Also, if V(T') = {r}, then
we denote the tree T by [r]. This avoids confusion with the notation r € V(T'). So,
by (1.1.1), [r] = ({r},0,1,7). Also note that [r] is a special case of a directed path
rTr as described above. We write I(r) = (p,q),p € [[m]],q € @, when it is necessary
to be explicit about the labels.

We often write T' without specifying that T' € F(m, @) when it is obvious that we are
considering (m, Q)-trees. The same is true about the notation [r]. When the label
set [[m]] x @ is obvious from the context, we use the term tree for short. The vertex
r is called the root of T. When we need to be more explicit, we use the notation
root(T') instead of r. We call [g(r), the root-edge label. On the other hand, if v is not
a root, then there is a unique vertex u, such that the edge uv is directed into v (so
v is an out-neighbour of w). Then, we can treat [g(v) as labelling the edge e = uv
and will sometimes refer to it as the edge-label of e. Where no misunderstanding



occurs we will write [(e) instead of [g(v), for clarity and emphasis. If v € V(T),
then sometimes we write v € T (as this is widely used). The out-degree of a vertex
v € T is the number of out-neighbours of v. A leaf of T is v € T with out-degree
zero. If v € T is not a leaf, then it is an interior vertex. The height of T', height(T),
is the maximum number of edges in a directed path in T'. If v € T, then T denotes
the maximal subtree of T" rooted at v. Thus, 7" = T, and T = [v] if and only if v
is a leaf of T'. If uv is an edge of T', then T" is a child of u. The set of all children
of u is denoted by Chil(u). If X C F(m,Q), then we define

Chil(X) = | Chil(root(T)).
TeX

1.1.2 Let T,T" € F(m,Q), with roots 7,1, respectively. We say that T is a
topological minor of T' (and write T < T") if there is an injective mapping f :
V(T) — V(T"), such that

(i) for every u,v € T, f(u Av) = f(u) A f(v), (where u A v means the last vertex
that belongs to both rT'v and rTu), and

(ii) ly(v) <g lv(f(v)) for each v € V(T).

Note that the relation < ignores the edge labels Ip(v). Moreover, if T < 7", then
f maps every edge uv = e of T to a unique directed path f(e) = f(u)T"f(v) in T".
Thus, extending f so that it also maps E(T) to a set of directed paths of T, we
define the following:

1.1.3  Let T,7" € F(m,Q), with roots r, 7', respectively. Then, T <p T" if
(i) T =T,
(i) l(e) <U'(€) for all ¢’ € E(f(e)) and l(e) = I'(e”) for the last edge of f(e), and

(iii) Ip(r) <lg(v), for every vertex v in r'T" f(r).

The function f is said to satisfy the Friedman gap-condition, if (i), (ii) and (iii)
of (1.1.3) hold. The set of rooted finite trees without edge labels (but with vertex
labels) is denoted by F(Q).

Remark 2 In (1.1.3)(ii) Robertson and Seymour further assume that equality holds
for the first edge label of f(e) with l(e) (we write T <rs T" when this additional
condition is assumed).

In F(m, @), unless specified otherwise we always assume that trees are ordered by
=<r. A sequence X = (q1,¢2,...) of elements of Q is good if there exist indices 1, 7,
such that ¢ < j and ¢; < gj. Otherwise X is bad. A qo set Q is well-quasi-ordered
(wqo, for short) if every infinite sequence of @ is good.

Suppose that Q, Q" are qo sets such that Q" is wqo. Suppose also that we have a
relation R from @ to @’ such that



1. for any z in @ there is some 2’ in Q" with zRz’.

2. for any z, y in Q and 2/, in Q' with zRx’, yRy' and 2/ < ¢’ we also have
Tz < y.

Then the wqo property of Q' is said to lift to (). This is exactly how we are going
to prove that Friedman ideals are wqo under the subset relation. We start with the
following easy but fundamental lemma.

Lemma 3 Let Q be a qo set. Then, the following are equivalent: (a) Q is wqo
under <. (b) LQ is well founded. (c¢) @Q is well founded and contains no infinite
anti-chain. In particular, if LQ wqgo under C, then Q is wqgo under <.

Proof. The equivalence of (a), (b), and (c) is easy and standard. Next, assume
LQ is wqo and let X = (q1,q2,-..) be an infinite sequence of Q. Let |g¢;] = {q € Q
| ¢ < g;}. Then consider the sequence (1q1l,lg2l,...,) of ideals in LQ. For all 7,7,
$gid C lgird if and only if ¢; < ¢ and thus X is good if LQ is wqo. O

The following theorem of Kruskal [5] is generalized by Friedman as Theorem 5 and
by Robertson and Seymour as Theorem 5.

Theorem 4 (Kruskal, [5]) Let Q be wqo. Then F(Q) is wqo under <.

Theorem 5 (Friedman, [13]) Let Q be wqo and m € N. Then F(m,Q) is wqo
under <p.

Theorem 5 (Robertson and Seymour, [14}]) Let @ be wgo and m € N. Then
F(m, Q) is wqo under <Rs.

In Section 2 we prove Theorem 15. In Section 3 we prove the following theorem
which was a conjecture of Robertson, [12].

Theorem 6 Let m € N and let Q be a wqo set. Then there is an m' € N and a
qo set @', so that for every T € LF(m,Q), there is a tree Tr € F(m, Q") with the
property that Ty <p Tx implies J C K, for all ideals J, K of F(m, Q). Moreover,
if LQ 1is wqo, then Q' can be chosen to be wqo.

Remark 7 In [9], we conjecture that no finite necessary and sufficient characteri-
zation of the subideal inclusion by finite tree inclusion exists.

To explain Remark 7 in more detail we note that the construction we give later will
not have the property that if Z C 7 then T7 <r T'7. We believe there is no way to
improve the construction to gain this additional property.



2 Robertson-Seymour-Thomas (RST) Finite Structure

The three authors are the original architects of a finite structure for every topological
ideal of finite trees, [16]. We owe it to the remarkable original work given by them
that we are able to produce the results presented in this paper and in [8].

The labels on the edges of trees become a powerful tool when we impose the ‘gap-
condition’, [13]. For simplicity, until Section 4 we assume trees have no labels and
are ordered by the topological embedding <. To make this paper self contained
we introduce each concept assuming no prior knowledge. In Section 4 all the new
concepts introduced here will be easily extended for F(m, Q).

2.1 What is a tree-sum?

The null-graph, T', is defined by V(I') = E(T') = (. Clearly, I" is not a tree as it has
no root. However, just as it is convenient to allow 0 as a natural number in order
to have an additive identity, it is helpful to use I' formally as the identity for the
following ‘tree-sum’:

2.1.1 Let 11,15, ...,T,,n > 0, be pairwise vertex disjoint trees or I'. A tree-sum
of T1,T5, ..., T, is a new tree

T =Tree(Th,Ts,...,T,),

where V(T') = V(T1)U---UV(T,)U{ro}, 1o = root(T) is a new vertex and E(T) =
E(Ty)U---UE(T,) U{roroot(T;); T; # I',i = 1,2,...n}. So each T; is a child of rg.

Note that Tree(I") is the vertex tree with no child.

2.2 What is a bit?

We now define a basic constructive tool called a ‘bit’, introduced in [16].

2.2.1 B=(T1,Is,...,Iy; k;T,+1) is said to be a bit, if
(i) n>0and for 1 <i<n+1,Z; € LF, and
(ii) ke N.

If 1 < i < n, then Z; is called a left component of B and Z,,11 is the right component
of B, and k is the width of B. We do not distinguish between bits differing only by
a permutation of their left components

2.3 What is I(B)?

We define a special ideal denoted by I(B) where B is a set of bits. Three examples
that can help grasp the definition of I(B) easily are presented following (2.3.1).



2.3.1 Let B be a finite set of bits. Then, a set S C F is said to be B-closed if
the following two conditions hold:

1. f B=(Th,Zs,...,In; k;Zpy1) € B, then Z; C S, for alli =1,2,...,n+1, and

2. for every integer s > 0 and bit B = (Z1,Zs,...,Zn; k; Zht1) € B, every tree
T =Tree(Th,Ts, ..., Thikts), which satisfies, (a)-(c) belongs to S, where

(a) fori=1,2,...,n,T; € Z; U{T},
(b) fori=1,2,....kTyhyi € SU{T},
(C) fOT"i: 1,2,...,$,Tn+k+i EITH_l.

2.3.2  We define I(B) to be the intersection of all B-closed sets. We will show
below that I(B) is always an ideal.

Example 2 Let P denote the ideal of all finite directed paths. Consider the bit B =
(;1;0). Any {B}-closed set must contain the ideal {T'ree(T"), Tree(Tree(T')),...} =
P, and P itself is { B}-closed. Hence I({B}) = P, is the path ideal.

Example 3 Let S denote the ideal of all trees of height at most 1. Consider the
bit B’ = (;0;{[v]}), where {[v]} is the singleton vertex tree ideal. Any {B’}-closed
ideal needs to contain the ideal {Tree([vi],[va],...,[vs])| for i = 1,2,...,s,[v] €
{[v]},s € N} =S, and S itself is {B’}-closed. Hence I({B’}) = S, is the star ideal.

Example 4 Consider the set of bits { B, B}, where B = (;1;0) and B’ = (;0; {[v]}).
Let Z be the set of all trees obtained by taking each P € P, each S € §, and gluing
root(S) to the leaf of P. Any {B, B'}-closed ideal needs to contain Z, and Z itself is
{B, B’}-closed. Hence, I({B, B'}) = Z, is the broom ideal. As yet another example,
let Z/ =P US, (the union of paths and stars), and let B” = (P;0;0). It is trivial to
see that I({B’,B"}) =T".

2.4 What does conforming to a bit mean?

As we construct trees using bits, we need a terminology to relate a tree T" and a bit

B that is used to construct it.

2.4.1 Let T be a tree and B be a set of bits and B = (Z1,Zs, ..., Zy; k; Zp41) € B.
1. f T eZ;, for 1 <i<n+1, then we say that T' conforms to B by base, and

2. if T'= Tree(T1,Ts, ..., Tht+kts) and it has three parts as listed in (2.3.1)(2),
(a), (b) and (c), such that the trees in (b) are in I(B) U {I'}, then we say that
T conforms to B in I(B), by tree-sum.

We also say T' conforms to B in I(B), (when specifying “by base” or “by tree-sum”
is not necessary).

Lemma 8 [16] Let B be a set of bits. Let T be a tree. Then, T € I(B) if and only
if T conforms to B in I(B), for some B € B.



Proof. First, suppose that T' conforms to B in I(B) for some B € B. For any
B-closed set X the set I(B) is a subset of X and so T" also conforms to B in X and
so (since X is B-closed) T is in X. Since X was arbitrary, it follows that T' € I(B5).

Conversely assume T € I(B) and define Y to be the set of all trees conforming to
B in I(B) for some B € B. Then any tree conforming to B in Y for some B € B
also conforms to B in I(B), and so is in Y. Thus Y is B-closed and so must be the
whole of I(B). Thus if T is in I(B) then it is in Y and so it conforms to B in I(B)
for some B € B. O

Lemma 9 For any set of bits B, 1(B) is an ideal.

Proof. Suppose not for a contradiction, and let T' € I(B) be a tree with |T'| minimal
such that there is some tree 7" <p T and T" & I(B). Let f be the map witnessing
T' <p T. By Lemma 8 T conforms to B in I(B), for some B € B, and it cannot
do so by base since in that case so would 7”. Thus T conforms to B by tree-sum:
say T = Tree(Ty,Ta, ..., Thikts) with three parts as listed in (2.3.1)(2) (a), (b) and
(c) such that the trees in (b) are in I(B) U {I'}. By minimality of 7', f must map
the root r’ of T" to the root r of T. For any ¢ with 1 < ¢ < n + k there is at most
one out-neighbour 7 of v’ such that f(r}) is in T;; if there is such a neighbour then
we set T/ := (T")" and otherwise we set T/ := T'. Let Tkt 1s - Tnykps D€ the
remaining out-neighbours of  and for n +k+1 <i < n+4k + s set T/ := (T')".
Say B = (71,Ts,...In; k; Zy1). Then for 1 < i < n we have T/ € Z; U {T'} since
7; is an ideal, for 1 <4 < k we have T}, € I(B) by the minimality of 7" and for
1 < i < &' there is some j with 1 < j < s such that f(r],,.;) € Thyry; and so
T! € I, 41 since Z,4q is an ideal. Thus T” conforms to B in I(B) by tree-sum and
so since I(B) is B-closed we have T" € I(B), contradicting our assumption. O

2.5 RST proper description
The following tool called a ‘proper description’ of a tree ideal is a basic tool that

lets us represent ideals by finite label trees. Recall that X C Y means X CY ¢ X.

2.5.1 (A proper description) Let Z be a topological tree ideal. Let B be a
finite set of bits. Then, B is a proper description of T if

(N1) If (Z1,Zs, ..., Zp; k; Zppyq) € B, then Z; C Z, for all i = 1,2,...,n+ 1.
(N2) I(B) =T.

Example 5 Let By = (;0;0). Note that {Bp} is the proper description for the
singleton ideal {[v]}, as By has nothing in its base, and I({By}) = {Tree(I')} =

{[vl}-

Theorem 10 [16] Every Z € LF has a proper description B.



2.6 Representing topological ideals by labelled trees

Now, using Theorem 10 we show that for every Z € LF there is at least one tree
T € F(2,N) U{I'} that represents Z. We do not construct this tree. In a platonic
sense, it already exists by Theorem 11 below. In this section we work only with
proper ideals Z C F.

2.6.1 Let T € LF. If T = (), then we represent Z by I'. Otherwise, a tree
T € F(2,N) represents Z € LF if T' = Tree(Th,T»,...,Ty) is a tree-sum of ¢ trees
with ¢ > 1 such that

(i) T3, fori=1,2,...,qrepresents a bit B; where B = {B1, Ba, ..., By} is a proper
description of Z, lg(root(T)) € {0,1}, and

(ii) a tree S € F(2,N) represents a bit B = (Z1,Z2,...,Zy; k;Zp41), if S =
Tree(S1,S2,...,5,+1) is a tree-sum of n+1 trees representing Z1,Zs, ..., Zp41
in B, such that [g(root(S,+1)) =1 and I(root(S)) = (2, k).

Any other label not mentioned here is taken to be 0.

Theorem 11 For every ideal T € LF, T ¢ {0, F} there exists a tree T € F(2,N)
representing I.

Proof. Suppose the contrary and by Lemma 3 and Theorem 4 choose Z to be a sub-
set minimal counterexample. Let B = {B;, Ba,..., By},q > 1 be a proper descrip-
tion of Z, where i = 1,2,...,q, and B; = (73,7, ..., T ?ki?IriLi+1)~ By (N1), for all
1=1,2,...,n;+1,Z; C T and hence by minimality of 7 we have a tree T} € F(2,N)
representing Z. Therefore, for all i = 1,2,...,q with I(root(5")) = (2,k;) the tree
St =Tree(T{,Ty,..., T} 1) € F(2,N) represents B;. Then with I(root(T)) = (2,0)
the tree T = Tree(St, S?,...,59) € F(2,N) represents Z, contrary to the assump-
tion. The result follows. O

Remark 12 For the rest of Section 2 we will use the notation “I't” for a tree
representing I (instead of repeating the phrase “T' is a tree representing Z”). Though
it is not unique there is at least one by Theorem 11. The layers in this tree are of
two alternating kinds. Starting with an ideal-layer, the odd level vertices are bit-layer
vertices. For a bit-layer vertex u, lg(u) = 2. For an ideal-layer v, 0 < lg(v) <1
and so the following is easy.

Lemma 13 Let Z,7' € LF and T7,Tr € F(2,N) be given. If f is a witness
to Tr =g Tr, then for any edge e € E(T7), if l(e) = 2, then f(e) = € where
e e E(TI/).

Remark 14 Thus, while normally f(e) can be a long directed path, by Lemma 13,
if l(e) =2, then f(e) is an edge. It also follows that f is layer preserving. That is,
f sends an ideal- to an ideal- and a bit- to a bit-layer vertex.

Theorem 15 Let Z,7' € LF and Tz, Ty € F(2,N). If T <p T, then T CT'.
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Figure 1: T7 < Tz (see dotted lines) despite T & Z'. Nevertheless T7 Ap T7.

The edge labels play a key role here: if we used < rather than <g then Theorem 15
would no longer hold, as the following example shows:

Example 6 Let 7,7',B,B’, and B" be as defined in Example 4. Then, Tr =
Tree(Tp,Tp') = Trr = Tree(Tgn, Tg'), but T € T'. However, T7 Ar T as the edge
labelled by 2 is mapped to a long path violating (1.1.3)(ii) (see Figure 1).

Proof. (of Theorem 15) Let Z,7' € LF be a pair and T7, T € F(2,N). Suppose
that Tr <p T7 by an embedding f. For a contradiction, assume that Z ¢ 7’. By
Lemma 3 and Theorem 4, we may take Z to be a subset minimal counterexample.
Let B and B’ be the proper descriptions of Z and Z’, respectively that correspond
to T7 and T according to (2.6.1).

Let rz = root(Tr) and rzv = root(Tr). Since Z # (), we have B # (). So rz has at
least one incident edge, say rzrp, labelled 2, where B € B and root(T5) = rp and
Tp represents B. By Lemma 13, f(rz) is an ideal layer vertex. We may assume
f(rz) = rz by assuming 7’ subset minimal. Since I(rzrp) = 2 by Lemma 13 we
have f(rzrg) = rprp for some B' € B'. Say, B = (11,Ts,...,Zy; k;Z,41) and
B'=(11,15,...,1); kI, ). From Iy (rg) < Iy (rp:), we have

k<K, (1)

Let r; = root(T;) for i = 1,2,...,n + 1 such that T; represents Z;. Similarly, let
ri =root(T}) for i = 1,2,...,n 4+ 1 such that T} represents Z/. By (1.1.3), there is
an injection ¢ : {1,2,...,n+ 1} = {1,2,...,n' + 1} such that

Tj =r T}y, (2)
for j =1,2,...,n+ 1. Since ly(r,4+1) =1 > 0, we have

t(n+1)=n"+1. (3)
For each j =1,2,...,n+1, by (N1), Z; C Z. Then, by (2) and by minimality of Z,

IJ-QIZ(]-) for j=1,2....n+1. (4)

10



Let T € T — T’ be a tree of minimal height h, h > 0. We may assume that T
conforms to B in I(B), as B is arbitrary. By (4), T' cannot conform to B by base as
' D IZ(]‘) D7 forall j=1,2,...,n+1, and so has to conform by tree-sum. That
is, (2.4.1)(2) holds so that T'= Tree(T1,Ts, ..., Thik+s), such that

(a) fori =1,2,...n,T; € Z; U{T'},

(b) for i =1,2,...,k,Tp+; € ZU{I'}, and

(c)fori=1,2,...,8 Tnikri € Tnt1.

In (a), by (4), we may replace Z; by IL’(Z.); in (b), by minimality of h, T),4; € Z'U{T},
for alli =1,2,...,k. Also, by (1), k <k’ and so, in (b) replace Z by Z'; in (c) by
(3) and by (4), replace Z,41 by Z;,. ;. So, T conforms to B’ in I(B’). By Lemma 8

and by (N2), T € 7/, contrary to the choice of T'. The result follows. O

Corollary 16 LF is wqo under ‘C°.

3 From unlabelled to labelled tree ideals, tiny changes

In this section, we slightly modify each RST tool that we introduced in (2.1)-(2.5),
by (3.1)-(3.5), respectively and generalize Theorem 15 by Theorem 6.

3.1 From tree-sum to labeled-tree-sum, a tiny change on (2.1)

The tree-sum we defined in (2.1) had nothing to do with labels. As in (2.1) the root
r of a tree-sum is a new vertex, but we have to be clear about I(r). The null-graph,
I, with V(I') = E(T") = () is exactly as defined in (2.1).

3.1.1 (Labeled-tree-sum) Let p € [[m]], ¢ € Q and T3, T5,...,T),, be pairwise
vertex disjoint elements of F(m,Q) U {I'} where n > 0. Then, we say that T is a
labelled-tree-sum of Ty, T5, ..., Ty, if

T =Tree(Th,Ts,...,Ty)

such that (as in (2.1.1)), V(T) =V (Th)U---UV(T,) U{ro}, ro = root(T) is a new
vertex and E(T) = E(Th) U ---U E(T,) U {roroot(T;),T; # I';i = 1,2,...,n}. The
labels of the children 71,75, ...,T,, remain as given, and [(rg) = (p, q). For the rest
of the paper, (unless specified otherwise) by writing T = Tree(Ty,Ts,...,T),), we
mean that 7T is a labelled-tree-sum of 17,75, ...,T,. When we need to be specific
about the root label, we will explicitly write down the root labels. Mostly, however,
we can be less specific and only need to specify from which ideal the labels come.
See (3.3.1)(2)(d), for example.

3.2 From a bit to a rooted-bit, a tiny change on (2.2)

When we work with F(m, Q) we introduce one more component on bits, called ‘root
component of a bit’ besides the familiar left and right components.
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3.2.1 B = (Zo;Th,Io, . .., In; k; Iy 41) is said to be a rooted-bit, if
(i) n>0and for 0<i<n+1,7; € LF(m,Q),
(ii) k € NU{oo}, and

(iii) every tree in Zy has height zero.

Ty is called the root component of B, and k is the width of B.

Remark 17 In contrast to (2.2.1), here we allow k = co. In (2.2.1) allowing k = oo
is not interesting as such a bit simply constructs every tree in F. In F(m,Q), we
may have a bit B of width oo, and yet we cannot construct every tree of F(m,Q),
unless the root component of B allows every possible labelling from [[m]] x Q.

From now on by a bit it is understood that we mean a rooted-bit. For emphasis,
however, at times we use the word rooted-bit. We also continue to assume that bits
are invariant under permutation of their left components.

3.3 Revising /(B), a tiny change on (2.3)

We specify how we use a rooted-bit. In particular the use of a root-component, and

a bit of width oo will be elaborated here as these are new concepts.

3.3.1  Let B be a finite set of rooted-bits. Then Z € LF(m,Q) is said to be
B-closed if the following two conditions hold:

1. If B=(Z0;T1,Z2, ..., In; k; Tns1) € B, then T; C T, for alli = 1,...,n + 1.

2. For every s,k € N and B = (Zo; 11, Lo, . . ., I k3 Znt1) € B, and every tree
T =Tree(Ty, T3, ..., T, ;. ), which satisfies (a),(b),(c) and (d) belongs to Z,
where k < k and

(a) fori=1,2,...,n,T; € Z; U{T},

(b) fori=1,2,... .k, Tphi;i € TU{T},
(c) fori=1,2,...,8T, ;.. €Lns1,
(d) [root(T)] € Zy.

We define I(B) to be the intersection of all B-closed sets.

Remark 18 In (3.3.1)(2)(b), if k = oo, then k < k as k € N. This is necessary
since we work with finite trees only. Note also that we have a new condition (d).

3.4 Revising ‘conforming to a bit’, a tiny change on (2.4)

From (2.4) a couple of changes are added as follows:
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3.4.1 Let T' € F(m,Q). Suppose B is a set of rooted-bits and B = (Zy;Z1,Zs,
coisInik; htq) € B. Then,

1. if T €Z;,1 <i<n+ 1, then we say that T' conforms to B by base, and

2. if T = Tree(Ty, T3, ..., T, ;. ), k € N, k < k, has four parts as listed in

(3.3.1)(2), (a), (b), (c), and (d), such that the trees in (b) are contained in
I(B), then we say that T' conforms to B by labelled-tree-sum in 1(B).

We also say T' conforms to B in I(B), (when specifying “by base” or “by labelled-
tree-sum” is not necessary). Observe that the new condition in (3.4.1) that is not in
(2.4.1) is that we add condition (d) and also we have to choose k € N, since k = co
is a possibility now.

In (3.4.1)(1), we put ¢ > 1 because if T' € Zy, then height(T) = 0 and T conforms
to B by labelled-tree-sum in I(B) as T satisfies (3.4.1)(2) trivially. Explicitly, if
T = [root(T)], then (3.3.1)(a)-(c) are satisfied vacuously, whereas [root(T)]| € Zy,
thus also satisfying (d). Now we have analogs of Lemma 8 and Lemma 9 with similar
proofs.

Lemma 19 Let B be a set of rooted-bits. Let T be a tree. Then, T € I(B) if and
only if T conforms to B in I(B), for some B € B.

Lemma 20 For any set of rooted-bits B, I(B) is an ideal.

For any nonempty set X C F(m,Q), let u(X) = max{lg(root(T)) | T € X}, and
let €(X) = min{lg(root(T)) | T € X}. For X =0 let u(X) =¢(X) =0.
3.5 Proper description of (2.5) generalized

3.5.1 LetZ e LF(m,Q) such that u(Z) = m. Let B be a finite set of rooted-bits.
Then, B is a proper description of Z if it satisfies the following;:

(N1) If (Zo;Zh,Zo, ..., Iny ks Zpv1) € B, then Z; C Z,Vi,0 <i <mn+ 1.

(N2) I(B) =T.

(3.5.1") Let Z € LF(m, Q) such that u(Z) < m. Then, we define {(;0;Z)} to be the
proper description of Z.
3.6 A Structure Theorem

3.6.1 A structure theorem from [8] We will rely on the following structure
theorem given in [8].

Theorem 21 [8] For any ideal T € LF(m,Q) with u(Z) = m there is a proper
description B of T such that for any T € T we have one of the following:

(a) there exists a bit B € B—{tsb(Z)} where T conforms to B in I(B) by a tree-sum,
or

(b) lg(root(T)) < lg(root(S)) for some S € Q(I).
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3.6.2 For every ideal 7 one canonical proper description B(Z) From this
stage onward, for every Z € LF(m, Q) with u(Z) = m we fix one canonical proper
description as specified by Theorem 21 and use the notation B(Z) to refer to it.
If 4(Z) < m, then it is easy to see that there is a unique J € LF(m,(Q) such
that u(J) = m and Z = ||J||yz)+1- Hence we associate Z the number u(Z) along
with B(J). This is free from ambiguity as B(Z) is derived from (Z). That is, for
any Z € LF(m,Q) as we have a fixed 2(Z) that unambiguously identifies Z by
obstruction (from without), so do we have a fixed proper description B(Z) given by
Theorem 21 that unambiguously identifies Z by structure (from within). For the
special case where Z = F(m, @), we have the following.

Proposition 22 F(m, Q) has a canonical proper description
B(F(m,Q)) = {(Po; §;00;0)},

where Py is the ideal of all height zero trees of F(m, Q).

4 Refraction of ideals

Our construction will rely on an important operation, which we call refraction of
ideals relative to other ideals. Before introducing this operation, we will need two
simpler operations on ideals: truncation and refraction (but not relative to other
ideals).

Definition 23 Let Z € LF(m,Q) be an ideal and let 0 < i < m. Then we define
the i" truncation ||Z||; of T to be the ideal containing all trees in T whose root edge
label is less than 1.
We define the i*t refraction R;(Z) to be the ideal containing all trees T such that
if the root edge label I of T is lowered to min(i,l) then the resulting tree is in Z.
If T = R;(T) then we say that T is i-refracted.

Remark 24 If 7 is i-refracted then the root edge label of any element of Q(Z) is
necessarily at most i. This allows us to prove the variant of Theorem 21 which we
will need for our construction.

Theorem 25 Let T be any i-refracted ideal and let T € Z. If Ig(root(T)) = i, then
w(Z) = m and there is a bit B € B(Z) such that T conforms to B in I by tree-sum.

Proof. As Z is i-refracted we have i > p(€2(Z)). So the tree obtained from T by
replacing the root edge label with m is also in Z. We have u(Z) = m. So we may
apply Theorem 21 to Z and T. Alternative (b) cannot hold since for any S € Q(Z)
we have [g(root(T)) =i > lg(root(S)). So alternative (a) must hold, as required.
g

We can now also define refraction of an ideal relative to another ideal.

Definition 26 Let J C T be ideals of F(m,Q). Then the i" refraction R;(J,T)
of J relative to I is
Ri(T) U IIZ]];

14



Note that R;(J,Z) is an ideal as it is a union of two ideals. Clearly R;(J,Z) is
i-refracted.

Lemma 27 Let J C T be ideals of F(m,Q). If i < u(J) then u(Ri(J,Z)) = m.

Proof. For brevity set £ = R;(J,Z). By assumption i < u(J), and so we can
choose a tree T' € J with root-edge label 7. By definition J € K and so T € K.
Next let T* be the tree obtained from 7' by changing the root-edge label of T to
m. Since by Remark 24 we know that K is i-refracted, we have T* € K, that is
w(K) = m as required. O

Lemma 27 assures us that Theorem 21 will yield a proper description of the refraction
Ri(J,Z) for all ¢ € [[m]] and all J C Z of F(m, Q). There will be some values of 4
for which these refractions will be particularly useful in our later constructions.

Definition 28 For ideals J C I of F(m,Q) we define A(J,I) to be the set of
i € [[(T)]] for which there is at least one tree with root edge label i in T — J.

For i € A(J,Z), there is a clear sense in which the refraction R;(J,Z) is simpler
than Z.

Definition 29 For any ideal T € LF(m, Q) we define the truncation sequence ts(Z)
of I to be the sequence (||Z||1,||Z]l2,---,||Z|lm+1). We then say that T IT' if ts(1)
is less than ts(Z') in the lexicographic order defined with respect to the subset order
on LF(m, Q).

Remark 30 The order < is wellfounded since the subset order on LF(m,Q) is.
Further, by construction we have R;(J,Z)<Z for anyi € A(J,T).

4.1 Trees representing ideals, truncated ideals and bits

Our next aim is to explain the construction of trees representing ideals. However,
the construction is a little involved, and proceeds by means of a definition of various
different kinds of representation by a mutual nested recursion. We will define what
it means for a tree 1" to represent an ideal, a refraction of an ideal or a bit. In
the cases of an ideal or a bit, for technical reasons the representation will be given
relative to another ideal.

More precisely, we will now explain when a tree counts as a representation of a bit
B relative to an ideal Z. We will then explain when a tree counts as a representation
of an ideal J relative to another ideal Z. Finally, we will explain when a tree counts
as a refraction-representation of an ideal Z. The representations of ideals will be
divided into two kinds: righty and lefty. All of these definitions will be given in terms
of each other, which may at first appear circular. But in fact, to determine if a tree
is a representation of one of these kinds, it will only be necessary to check whether
children of that tree are representations of the other kinds. Thus by induction on
the heights of the trees involved all the notions given below are well-defined.

Now we are ready for the main construction.
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First of all, we say that a tree Tg 7 with root r is a representation of a bit B =
(Zo, ..., Zn; k; I 41) relative to an ideal Z if it is of the form Tree(T1,Ts, ..., Tht1),
where each T; is a representation of Z; relative to Z, righty if ¢ = n + 1 and lefty
otherwise, and we have:

lv(T) = (k:,Io) and lE(T) =m+1.

Secondly, for an ideal J we say that a tree T'7 7 with root r is a representation
of J relative to an ideal Z if it is of the form Tree(Ty,T5,...Ty), where each T;
is an i-refraction representation of the ith refraction R;(J,Z) of J relative to Z if
i€ A(J,T) and is T otherwise and we have

ly(r)=(u(J),A(T,Z),0) and lg(r) =m +1,

where 6 € {0,1}. We say the representation is lefty if 6 = 0 and righty if § = 1.

When we talk of representations of an ideal without explicitly saying which other
ideal they are relative to or whether they are righty or lefty, we always mean lefty
representations relative to F(m, Q).

Finally for any i € [[m]] and for any i-refracted ideal Z with ©(Z) = m and
with proper description {B1, By ... By} we will say that a tree T7; with root r is an
i-refraction-representation of Z if it is of the form Tree(Ty, T1,...Ty), where each T}
is a representation of B; relative to Z and we have

lv(’r’) = lE(T) =9.

It follows straightforwardly from the construction that any ideal has at most one
representation, which if it exists we will call the representation of the ideal and will
denote by T7. Our next aim is to show that such representations always exist.

Lemma 31 For anyl € [[m]] and any l-refracted ideal T in F(m, Q) with u(Z) = m
there is an l-refraction-representation Sz of 1.

Proof. Suppose not for a contradiction, and choose Z to be <-minimal such that
this fails. Let B = {Bj, Ba,... B} be the canonical proper description of Z. For
each 1 <i<gqlet B; = (Z},... ,If%;ki;I;iH).

Forany 1 <i<¢q,0<j <n;and ! € A(Z;,Z) we have R;(Z},T) 9T by Remark
30. Furthermore, since A(I]Z:,I) - [[,LL(I;)H we have [ < M(I;) By Lemma 27
w(Ry (I;,I)) = m, and so by our minimal choice of Z there is a tree T} ; [-refraction-
representing R; (I;,I).

Now following the recipe above we may construct for each 1 < ¢ < ¢ and each
0 <j <n;+1 atree T;; representing I]i- relative to Z, righty if j = n; + 1 and lefty
otherwise. Following the recipe above again we may find for each 1 < i < ¢ a tree
T; representing B; relative to Z. Following the recipe one final time we may now
construct a tree St ; i-refraction-representing Z, giving the desired contradiction. O

Corollary 32 For any ideal Z of F(m, Q) there is a tree Tt representing L.

Proof. For any i € A(Z,F(m,Q)) C [[(Z)]], by Lemma 27 we have the equa-
tion p(R;(Z, F(m,Q))) = m, and so by Lemma 31 there is a tree T; ; [-refraction-
representing R;(Z, F(m, Q)).

Now following the recipe above we may construct a tree T representing Z. O
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4.2 Well-quasi-ordering )y (the label set of trees representing 7)

For an integer d > 1 and a qo Q, let Q¢ denote Q@ x Q x - - - x Q (with d coordinates).
For any m € N define ||m[[= {0,1,...,m} to be a set qo under equality so that for
all 7,7 €]lm[[, ¢ < jin]Jm[[ if and only if i = j in N so that |]m][ is an anti-chain. Let
N = NU {oc}. Recall that Py = {T € F(m,Q), height(T) = 0.}. If Q1,Qo,...,Q;

are sets such that each Q); is qo under <g,, then Q1 x Qa2 x---xQ, = {(z1,22,..., ;)

| i € Qi} is qo by (@1, 2, ..., z,) < (2], ), ..., ) if and only if z; <g, «} for all

T
i1 =1,2,...,7. The following is an easy folklore lemma.

Lemma 33 Fori=1,2,...,7r if each Q; is wqo under <;, then Q1 X Q2 X ...Q, 18
wqo under <.

So, trivially LPy is wqo if and only if LQ is wqo, by Lemma 33 (by viewing LP, as a
label ideal rather than as a tree ideal). The label sets Q1, Q2, Q3 below (highlighted
by bullets) correspond to labels defined in Subsection 4.1 such that @) is a label set
for bit-layer vertices, whereas ()2 is for ideal-layer vertices, and Q3 is for refraction-
layer vertices. For Q)2 we use an arbitrary identification of the subsets of [[m]] with
the numbers from 0 to 2™*! — 1. Their quasi-order, ‘<¢’, is defined below in (4.2.2).
4.2.1 Let Qo = Q1 U Q2 U Q3 where

e Q1 =N x LP,,

o Q2 =[Jm[[x]]2™*! — 1[[x]]1[[, and

o Q3 =|m][[.

Let us define a quasi-order < on Qg as follows.

4.2.2  Let z,2’" € Qo. Then x <( 2’ if and only if either
(a) z,2' € Q,z = (k,Zp), 2" = (K',Z}),k < k' and Zy C I, or
(b) z,2' € Q2 UQs, 2 =1'.

Lemma 34 Qg is wqgo under <qg if and only if LQ) is wqo under C. O

4.3 Proof of the lifting

Our aim in this section is to show that that Z C 7’ follows from 77 <p Ty for
ideals Z and Z’. Before doing this, we must first establish a more technical result
in a similar vein about refraction-representations. However, we begin with a small
lemma which will be useful both for this technical interlude and for the final proof.

Lemma 35 Let A be any finite totally ordered set and let g: A — A be any injective
function with g(i) > for alli € A. Then g is the identity on A.

Proof. For any i € A, let [i] be {j € A: j > i}. Then g||; is an injective map

from |i] into itself and so must be a bijection. But the only element of || which
can possibly map to ¢ is 4, so we must have g(i) = i as required. O
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Theorem 36 Let 0 < i < <m. Let T € LF(m,Q) be an i-refracted ideal with
w(Z) =m and let T' € LF(m, Q) be an i'-refracted ideal with u(Z') = m. Let T and
T in F(m+1,Qq) be trees i- and i'-refraction-representing T and I’ respectively,
and suppose that T <p T'. Let T* € T with lg(root(T*)) = i. Suppose further that
for any tree T** € I of smaller height with lg(root(T**)) < i we have T** € T'.
Then we also have T* € T'.

Proof. Suppose not for a contradiction. Let (Z,Z',T,T’,T*) be a five-tuple wit-
nessing this with the height of T* minimal and, subject to this, with the height of
T’ minimal. Let f be a map witnessing T' < T”. Let r and ' be the roots of T'
and T".

Case 1: f(r) =r': We have ' = ly(r') = ly(r) =i and so 7' is i-refracted.
Claim 1 For any tree T** € T of height less than that of T*, we have T** € T'.

Proof. This is true by assumption if {g(root(T**)) < i. Otherwise, let T*** €
7 be the tree obtained from 7™* by reducing the root edge-label to i. By the
minimality of the height of T* we have T*** € 7', and so since 7’ is i-refracted
we have i > p(Q(Z')) and so T** € Z'. O

By Lemma 25 we know that there is a bit B € B(Z) such that 7™ conforms to
B in T by tree-sum. Let u be an out-neighbour of  such that T" represents B
relative to Z. By construction u has at least one out-neighbour v. For any such
v the path obtained by concatenating f(ru) with f(uv) is a path beginning at
r’ in which all edges have label m + 1, and so has length at least two. But any
such path in 7" has length at most two, so it must have length exactly two.
This implies that f(u) is an out-neighbour of ' and f(v) is an out-neighbour
of f(u). In particular, (T")/(®) represents some bit B’ € B(Z') relative to Z'.

Say B = (Lo, ..., In; k;Iny1) and B' = (Zy, ..., T, k5T, ). Since Iy (u) <
ly(u') we have k < k' and Zp C Z|. By construction we can index the out-
neighbours of u as v1...v,41 where T represents the ideal Z; relative to 7
and is lefty for ¢ < n and righty for ¢+ = n 4+ 1. Similarly we can index the
out-neighbours of v as v} ... v;,, ; where (T")¥i represents the ideal Z'; relative
to Z’ and is lefty for i < n/ and righty for i = n’ + 1.

Since Iy (vn) < ly(f(vn)), it follows that (77)/(*») is righty and so f(v,) =
v!,. Since we consider bits to be invariant under permutation of their left
components we may also assume without loss of generality that f(v;) = v} for
any 1 < n.

Claim 2 For 1 < i < mn, any tree T™* € I; with height strictly less than that
of T* is also in I}.

Proof. Since ly(v;) < ly(v]) we have u(Z;) = p(Z}) and A(Z;, T) = A(Z], 1),
and we call these common values 1 and A respectively.
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For each j € A, let w; be the out-neighbour of v; with Ig(w;) = j. By Lemma
35 the function g sending each j in A to the label of the first edge vgw;- of the
path f(v;wj) is the identity. That is, that label is simply j.

Now fix j = lg(root(T™**)). We must have j < p.

If 5 € A then note that for any tree T%** € R;(Z;,Z) of height less than
that of 7™ with [g(root(1T***)) < j we have T"** € T and so by assumption
T** € I'. Hence, T*** € ||Z'||; € R;(Z!,T’). By construction, T is a j-
refraction representation of R;(Z;,Z) and (1" )wé‘ is a j-refraction representation
of R;(Z],7') and f|pw; witnesses that T <p (T')"“5. Since T** € R;(Z;,T),
by the minimality of the height of T* in any five-tuple we have T** € R;(Z],T').
Since lg(root(T**)) = j, we know that T** ¢ ||Z’||;, Hence T** € R;(Z}) by
Definition 26. Next, by Definition 23 for j = lg(root(T**)) we have T** € T/.

On the other hand, if j € A then since T** € Z; C T we have T** € 7’ by mini-
mality of height(T™*). But then, by Definition 28, j ¢ A and lg(root(T**)) = j
implies that T** € Z]. O

A similar argument shows that any tree T** € Z,,,; with height strictly less
than that of 7% is also in Z/, ;.

Since T™* conforms to B in J by tree-sum, it must be of the form

TTGB(Tl, T27 cee >Tn+l~q+s)

with £ € N and k < k < k&’ and such that:

)
b) fori =1,2,...,k Thpi € TU{T},
(c) fori=1,2,....8 T ;. . €Tni1,
(d) [root(T™*)] € Zy.

We now take T} to be T; for i <n, to be I' for n < i <n', and to be T;_ ()
for n’ < i <n'+k+ s. Since the height of each Tj is strictly less than that of
T*, the argument above shows that (a) and (c) hold with the Z; and T; replaced
by the corresponding Z! and 7;. The minimality of the height of 7" implies
that (b) holds with Z replaced by Z’' and the T; replaced by the corresponding
T!. Finally, comparing the vertex labels of u and f(u) implies that Zy C ZJ,
so that (d) holds with Zy replaced by Zj,. Thus T™ also conforms to B’ in 7'
by tree-sum, and it follows that T* € 7/, contradicting our choice of the tuple
(Z,7',T,T',T).

Case 2: f(r) # r’: Since there is a path of length 2 beginning at r in which both
edges have the label m + 1, the same must be true of f(r). This implies that
the path from ' to f(r) in 7" has length at least 3. Let the first four vertices on
this path be 7', u,v,w in that order. Then f also witnesses that T' <p (T")".
By construction there is an ideal J C Z’ such that (7”)" represents J relative
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to Z' and there is some j € A(J,Z’) such that (7")" j-refraction represents
R;(J,T'). Since vw lies on the path from 7’ to f(r) we have j > lg(r) = i.

For any tree T** € Z of smaller height than 7% with [g(root(T**)) < i we
have T** € 7’ by assumption and so T** € R;(J,Z’) since j > i and ||Z'||; C
R;(J,T'). Thus the five-tuple (Z, R;(J,Z"), T, (T")*,T*) fulfills the conditions
of the statement, and so by the minimality of the height of 7" we have T* €
R;(J,T'). Now since ¢ < j, either T* € ||Z'||; and so T* € I’ as required,
or T* € Rj(J). Then, ¢ = min(i, j) and Definition 23 imply that 7% € J as
required since J C 7.

Theorem 37 Let Z and I’ be ideals of F(m,Q). If Tr <p Tr then T CT'.

Proof. Let f be a map witnessing that Tr < T7/. Let r and r’ be the roots of T'
and T" respectively. Since lg(r) = m + 1 but the label of any edge out of r’ is at
most m, we must have f(r) = r’. Comparing the labels of these vertices, we see that
also u(Z) = p(Z') and A(Z, F(m,Q)) = A(Z', F(m,Q)) and we call these common
values p and A respectively.

For each i € A, let u; be the out-neighbour of r with lg(u;) = i. By Lemma 35
the function g sending each 7 in A to the label of the first edge of the path f(ru;) is
the identity. That is, that label is simply 3.

Now let T* € Z and set i := lg(root(T*)). Thus i < u. If i ¢ A then it follows
that every tree of F(m, Q) with root edge label i is in Z’, and so in particular T* € 7.

If instead ¢ € A then let r'u be the first edge of the path f(ru;). Then T% i-
refraction-represents R;(Z, F(m,Q)) and (17")" i-refraction-represents R;(Z’, F(m, Q)).
The restriction of f to T% witnesses that T% <p (T')*. For any tree T** €
Ri(Z,F(m,Q)) of smaller height than T* with lg(root(T**)) < ¢ we have T** €
Ri(Z', F(m,Q)) because T** € F(m, Q). By Theorem 36 follows T* € R;(Z’, F(m, Q))
and so T* € 7' in this case too, completing the proof. O

5 Conclusion

It is now easy to prove recursively for each n € N that if L"Q is wqo, then L™ F(m, Q)
is wqo, because we can represent every ideal Z € LF(m,Q) by a finite tree T €
F(m + 2,Qp) such that if LQ is wqo, then Qo wqo. So studying ideals of ideals of
trees reduces to studying ideals of trees except for the fact that the labels are taken
from a more complicated wqo set. This generalizes a theorem of Nash-Williams in
[6]. It is however more interesting to prove that iterations that are not bounded by
any n € N are wqo. For this purpose we need to relax some of the strict quasi-orders
we introduced in (3.8). See [2] for a deeper theory that involves a concept known
as ‘better-quasi-ordering’, (bqo, for short). The concept of bqo was introduced by
Nash Williams [7] in preparation for a proof that infinite trees are wqo under <.
However the proof becomes quite complicated. A goal of this paper is to pave the
way for an easier finite tree representation of infinitely iterated ideals of finite trees
so that we will have a better understanding of bqo theory.

20



References

[1] R. Diestel, Graph Theory, Springer-Verlag, Heidelberg, 4th Ed., 2010.

[2] R. Fraissé, Theory of Relations, Studies in Logic and the Foundations of Math-
ematics, North-Holland, Amsterdam, Revised Ed., 2000, pp 221-222.

[3] G. Higman, Ordering by divisibility in abstract algebras, Proc. London Math.
Soc. 3 (1952), 326-336.

[4] D. Koénig, Sur les correspondances multivoques des ensembles, Fundamenta
Mathematicae 8 (1926), 14-134.

[5] J.B. Kruskal, Well-quasi-ordering, the tree theorem, and Vazsonyi’s conjecture.
Trans. American Mathematical Society, 95 (1960), 210-223.

[6] C.St.J.A. Nash-Williams, On well-quasi-ordering lower sets of finite trees, Proc.
Cambridge Phil. Soc., 60 (1964), 369-384.

[7] C.St.J.A. Nash-Williams, On better-quasi-ordering transfinite sequences, Proc.
Cambridge Phil. Soc., 64 (1968), 273-290.

[8] Y. Nigussie, Finite structure for Friedman ideals of finite trees, J. Combin. The-
ory Ser. B 111 (2015), 221-233.

[9] ———, On the converse of the magic-tree inclusion, (Manuscript).

[10] ———, Graph minors vs. iterated tree ideals, (Manuscript).

[11] R. Rado, Partial well-ordering of sets of vectors, Mathematika 1 (1954), 89-95.
[12] N. Robertson, (Combin. Seminar), Ohio State University, Columbus, 1997.

[13] Simpson, Stephen G., Nonprovability of certain combinatorial properties of fi-
nite trees, in Harrington, L. A.; Morley, M.; Scedrov, A. et al., Harvey Fried-
man’s Research on the Foundations of Mathematics, Studies in Logic and the
Foundations of Mathematics, North-Holland, (1985), 87-117.

[14] N. Robertson and P.D. Seymour, Graph Minors.IV. Tree-width and well-quasi-
ordering, J Combin Theory Ser B 48 1990), 227-254.

[15] N. Robertson and P.D. Seymour, Graph Minors, .XX., Wagner’s conjecture, J
Combin Theory Ser B 92 (2004), 325-357.

[16] N. Robertson, P.D. Seymour, and R. Thomas, Structural descriptions of lower
ideals of trees, Contemporary Mathematics, 147 (1993), 525-538.

[17] . Thomas, A counterexample to “Wagner’s conjecture” for infinite graphs, Proc.
Cambridge Philos. Soc., 103 (1988), 55-57.

21



