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A CODING OF BUNDLE GRAPHS AND THEIR EMBEDDINGS
INTO BANACH SPACES

ANDREW SWIFT

Abstract.  The purpose of this article is to generalize some known characteriza-
tions of Banach space properties in terms of graph preclusion. In particular,
it is shown that superreflexivity can be characterized by the non-equi-bi-
Lipschitz embeddability of any family of bundle graphs generated by a non-trivial
finitely branching bundle graph. It is likewise shown that asymptotic uniform
convexifiability can be characterized within the class of reflexive Banach spaces with
an unconditional asymptotic structure by the non-equi-bi-Lipschitz embeddability of
any family of bundle graphs generated by a non-trivial ¥¢-branching bundle graph.
For the specific case of Ly, it is shown that every countably branching bundle graph
bi-Lipschitzly embeds into L; with distortion no worse than 2.

§1. Introduction. Recall that given two metric spaces (X, dx) and (Y, dy), X
is said to be bi-Lipschitzly embeddable into Y if there is a function f: X — Y
and constants C, C» > 0 such that

Cidx (x1, x2) < dy(f(x1), f(x2)) < Cadx (x1, x2) (D

for all x1, x € X, and in this case f is called a bi-Lipschitz embedding. The
distortion dist(f) of a bi-Lipschitz embedding f is the infimum of C,/C; over
all constants C1, C> > 0 satisfying (1). We let cy (X) be the infimum of dist( f)
over all bi-Lipschitz embeddings f: X — Y. A family of metric spaces {X;}icz
is said to be equi-bi-Lipschitzly embeddable into Y if sup; .7 cy (X;) < oo.

In [5], Bourgain proved that superreflexivity of Banach spaces can be
characterized by the non-equi-bi-Lipschitz embeddability of the family of binary
trees with finite height. Since then, the non-equi-bi-Lipschitz embeddability
of several other families of graphs have also been shown to characterize
superreflexivity [3, 11, 17]. In [4], Baudier er al proved that the non-equi-
bi-Lipschitz embeddability of the family of Np-branching diamond graphs
characterizes the asymptotic uniform convexifiability of reflexive Banach spaces
with an unconditional asymptotic structure. They also show that this same family
of graphs is equi-bi-Lipschitzly embeddable into L.

The families of graphs used in [11], [17], and [4] are all contained in a larger
class of graphs, that we call the “bundle graphs”. The class of (finitely branching)
bundle graphs may be thought of as the class of all bundles (see the seminal paper
of Gupta et al [10]) that have regularity imposed on their branching. The goal
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of this paper is to generalize the results mentioned above to this larger class
while providing unified proofs. We order the sections roughly in terms of ease
of proof. In §2, we define what a bundle graph is and provide a natural labeling
of the vertices of such graphs. We then derive a formula for the graph metric in
terms of this labeling. In §§3 and 4, we generalize two results in [4]. In §3 we
show that every countably branching bundle graph is bi-Lipschitzly embeddable
into any Banach space with a good ¢.-tree with distortion bounded above by
a constant depending only on the good {.-tree, which implies a more general
characterization of asymptotic uniform convexifiability for the class of reflexive
Banach spaces with an unconditional asymptotic structure. In §4 we show that
every countably branching bundle graph is bi-Lipschitzly embeddable into L
with distortion bounded above by 2. In §5 we show that every finitely branching
bundle graph is bi-Lipschitzly embeddable into any Banach space containing an
equal-signs-additive basic sequence with distortion bounded above by a constant
not depending on the branching number (although it will still depend on the
bundle graph). However, in §6, we show that this constant does not increase with
@-products, and thus generalize the characterizations of superreflexivity found
in [11] and [17].

The problem of characterizing superreflexivity in purely metric terms belongs
to a more general investigation of metric characterizations of local properties of
Banach spaces, called the Ribe program. Surveys of other results in this program
can be found in [2] and [15].

§2. Notation and definitions. We will denote N U {0} by Ng and given n €
Np, we will denote the set {i € Ng | i < n} by [n]. Given a finite sequence
A = (a; ?:1 C Np, the length of A, denoted by |A]|, is defined to be n; and the
maximum of A, denoted by max A, is defined to be max{q; l'.’:l. If m € Ny, then
we define A [, by A [y = (a;)jL,ifm <nand A [, = Aif m > n. We write
B < Aif B=A [, for some m € Ny, and write B < Aif B < A and B # A.
Given another finite sequence B, we denote by A A B the longest sequence C
such that C < A and C < B, and by A™ B the concatenation of A and B. Note
thatif A} < Az and A; £ B, then Ay A B = A; A B. Note also that if A| < B
and Ay < B, then either A] < Aj or A; < A;. We denote the sequence of length
0 (the empty sequence) by @. Given a set X and n € Ny, we denote by X" the set
of sequences in X with length equal to n and by X <" the set of all sequences in
X with length at most n.

Given a graph G, we always use the (unweighted) shortest-path metric when
discussing the distance between two vertices in G. We denote the vertex set of
G by V(G) and the edge set of G by E(G).

Definition 2.1. Given a cardinality « # 0, a graph with two distinguished
vertices, one designated the “top”, and the other the “bottom”, is called a «-
branching bundle graph if it can be formed by any (finite) sequence of the
following operations.

e (Initialization) Create a path of length 1, with one endpoint designated the
top and the other the bottom.
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e (Series Composition) Given two k-branching bundle graphs G; and Ga,
create a new graph G, G2 by identifying the top of G; with the bottom of
G». The bottom of G;~G; will be the bottom of G and the top of G;”G»
will be the top of Ga.

e (Parallel Composition) Given a k-branching bundle graph G, create a new
graph G by taking « copies of G and then identifying all the bottoms with
each other and all the tops with each other. The bottom of G/ will be the
bottom of G and the top of G!I“ will be the top of G.

The height of a bundle graph is the distance between its bottom and top. The

height of a vertex v in a bundle graph G is the distance between v and the bottom

of G.

Remark 2.2. For finite «, the class of bundle graphs described here is a
proper subclass of the class of arbitrary “bundles” found in [10]. Indeed, (finitely
branching) bundle graphs are bundles given an unweighted graph metric that
have some regularity in the branching that occurs as one travels from bottom to
top.

For what follows, two bundle graphs are considered the same if there is a
graph isomorphism between them mapping top to top and bottom to bottom.
Suppose G is a k-branching bundle graph for some cardinality « # 0. If « = 1,
then G is a path, and in this case G!" = G.If « is finite and k > 1, then G # G!I"
whenever |V (G)| > 3 by a simple cardinality argument. However, if « is infinite,
then (GI)I* = GI" (since k - k¥ = «). But note that for x > 1, G could not
have been formed in the last step of the sequence of operations by both series
composition and parallel composition if |V (G)| > 3. This is because if G is
formed in the last step via series composition, then G will have a vertex v that
is neither the top nor bottom of G such that no other vertex in G has the same
height as v (this v is the glued vertex from the definition). That is, G has a vertex
cut consisting of one vertex v. And if G is formed in the last step via parallel
composition, then no such vertex will exist. Thus, for infinite «, G #= G I implies
G was formed in the last step via series composition.

Now, suppose H is another x-branching bundle graph. Then if G’ is a «-
branching bundle graph with the same height as G, and H' is a «-branching
bundle graph, then G™H = G'"H' if and only if G = G’ and H = H’, by
an easy connected component argument. Finally, note that if u, v € V(G!") are
adjacent, then they must be copies of vertices that are adjacent in G and must
furthermore be contained in the same copy of G. Thus, if G # G!" and H #
H'", then GI" = HI" if and only if G = H. These observations show that the
following definition is well defined.

Definition 2.3. Given a vertex v in a «-branching bundle graph G, the depth
or level of v (with respect to «) is defined recursively as follows.
e If v is the top or bottom of G, then v has depth O.
e If v is neither the top nor bottom of G, and G can be constructed in the last
step via series composition between two k-branching bundle graphs G; and
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G, then the depth of v in G is the same as its depth in Gy if v € V(Gy) or
its depth in G, if v € V(G»).

e If v is neither the top nor bottom of G, and G can be constructed in the last
step via parallel composition of a x-branching bundle graph G’ # G, then
the depth of v in G is one more than the depth of v" in G’ if v is a copy of
v e V(G).

It is not difficult to see that given two «-branching bundle graphs, G and G’, a
new k-branching bundle graph can be created by replacing every edge of G with
a copy of G’ (where the bottom of G’ is placed on the lower endpoint of the edge
and the top on the higher). We give a proof of this fact in §6. Thus the diamond
and Laakso graphs used in [11], [17], and [4] are all examples of bundle graphs.

Suppose G is a k-branching bundle graph with height M + 1 for some
cardinality ¥ and M € Nyp. From the definitions, every vertex of G at a given
height will have the same depth. And if we know the depth associated with
each height, we can use Definition 2.3 to go backwards to find a sequence of
operations from Definition 2.1 that can be used to create G. That is, we do
not actually need to know the sequence of operations used to create G. All
information about G is contained in the branching number « and the sequence
of depths W = (w,)f”z J{)l, where w, is the depth (with respect to ) associated to
height r (we include wg = wys+1 = 0 for convenience).

Suppose r € [M + 1] is such that w, > 0, and let v be a vertex of G with
height r. Since w, > 0, v is a copy of some vertex v’ in some «-branching bundle
graph G’ (that was used in parallel composition in one of the steps to create G).
To distinguish v from other copies of v/, we label the copies of G’ with elements
of k and record the copy in which v was found as a,,,. Now in the graph G’, v’
has depth w, — 1. If w, — 1 > 0, then we go through this process again for v’
to obtain a,,, —1. We repeat this process until we obtain a sequence A = (a,‘):.”:’1
that can be used to distinguish v from any other vertex at height r. Doing this for
every vertex in G yields a labeling of the vertex set. Actually, we could perform
this process on any finite sequence in Ng beginning and ending in 0 to obtain a
k-branching bundle graph (although in this case, the sequence we start with may
not correspond to the sequence of depths for the bundle graph).

With this labeling in mind, we are now in the position to give a non-
recursive definition of a bundle graph that is equivalent to Definition 2.1. Note
that two adjacent vertices u and v of a bundle graph must differ in height by
exactly 1. And recall that if # and v are adjacent and were created during parallel
composition of a bundle graph G’, then 1 and v must be in the same copy of G'.

Definition 2.4. Given a finite sequence W = (wr)f/lz J{)l C Ny such that wg =
wyr+1 = 0 and a cardinality «, the xk-branching bundle graph associated with W
is Tw = (V, E), defined by

V={rA|re[M+1]and A € «"r},
E={{(r A),(,B)}CV||r—s|=1and A < B}.
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(11,0)

(9.(0.0) (10, (0)) (10, (1)) 0.(1.1))
(8,(0)) (8, (1))
(9,(0,1)) (9, (1,0))

(7,(0)) (7.(1))
(5,(0,1)) (5,(1,0))

(6,(0)) (6,(1))
(5,(0,0)) (5, (L, 1))

(4.0)
(3,0)
(2,(0)) (2, (1))
(1,0)
(0,0)

Figure 1: Ty , with W = (0,0,1,0,0,2,1,1,1,2,1,0) and x = 2.

The vertices (0,%) and (M + 1,0) in V are called the bottom and top,
respectively, of Ty .

We illustrate in Figure 1 a typical bundle graph with its vertex labeling.

Remark 2.5. If we do not specify the branching cardinality « (or if «k = 1
or « is infinite), then many bundle graphs have multiple representations from
Definition 2.4. For instance, T(0,2,0y,2 and T(g,1,0,),4 are graph isomorphic (both
represent a diamond graph of height 2 with 4 midpoints between top and bottom).
In the first case we think of the graph as being a 2-branching graph and in
the second a 4-branching graph. If we want our graphs to have both a unique
branching number and sequence of depths, we could modify Definition 2.1 to
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only allow parallel composition on graphs that could not have been created
by parallel composition (that is, we do not allow parallel composition to be
performed twice in a row to obtain a bundle graph). Equivalently, we would
only allow parallel composition on graphs that contain a vertex v that is neither
top nor bottom such that no other vertex has the same height as v. Then we
could put requirements on W in addition to wg = wys4+1 = 0 to obtain a unique
representation of all bundle graphs in Definition 2.4 (in this case 7o, 1,0,),4 would
be the canonical representation for our example). However, this is an unnecessary
complication for the purpose of this paper.

Remark 2.6. The only graphs this paper deals with are bundle graphs.
However, in some cases, results concerning other graphs can be recovered. Note
for instance that every tree is (isometrically) contained in some bundle graph
as a subgraph. Indeed, a «-branching tree with all leaves having the same finite
height can be “doubled” to obtain a bundle graph containing the tree as its lower
half. For instance, the binary tree with all leaves having height 3 is contained in

T0,1,2,3,2,1,0),2-

Now that we have a way to represent a bundle graph with Definition 2.4, the
next order of business is deriving a formula for the shortest-path metric.

LEMMA 2.7. Let Ty, = (V, E) be a bundle graph and fix u = (r, A) and
v=(s,B)in V.If (t;, C;)]_, is a path between u and v, then there is i € [n]
such that C; < A A B.

Proof. Suppose the statement is false and let (¢;, C;)7_, be a path starting
at u and ending at v such that C; 73 A A B for all i € [n]. Then in particular,
A = Cy # B.Thatis, Cy is such that Cy 2 B and Cy A B = A A B. Take any
i € [n—1]suchthat C; £ Band C; AB = AAB. Either Ci 11 < C; or C; < Ci41,
so suppose first that C; < C;41. Then Cj4 ﬁ Band C;;1AB=C;iAB=AAB
because C; A B.

Suppose now that C;; < C;. In this case, either C;;; < B or Cj ﬁ B, so
suppose first that C;;1 < B.Then AAB < Cj+1 = Ci41 A B because AANB < B
and by hypothesis Ciy1 2 A A B.But Ci;1 A B < Ci A B = A A B since
Ciy1 < C;. This is a contradiction, and so it must be the case that C; ﬁ B.
Therefore C;i;1 A B =C; A B=A A Bsince Cj;1 < C;.

By induction, it has been shown that for every i € [n], C; ﬁ B(and C; AB =
A A B). In particular, B = C, A B, which is impossible. Therefore no such path
(t, Ci)?:o exists as supposed, and so there is i € [rn] suchthat C; < AA B. [

By Lemma 2.7, a path between two vertices u = (r, A) and v = (s, B) in a
bundle graph must contain a vertex (¢, C) such that both C < A and C < B.
There are two cases to consider when trying to create a shortest path between u
and v: either such a vertex (¢, C) can be found so that 7 is between r and s, or
not. In either case we have w; = |C| < |A A B].
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We introduce some notation to differentiate these two possibilities. Given two
vertices u = (r, A) and v = (s, B) in a bundle graph, we will write u {& v to mean
that there is t € [M + 1] between r and s (inclusive) such that w, < |A A B].
We will write u # v to mean the opposite. Note, in particular, that if A < B or
B < A, thenu ¢ v, and if u # v, then |A A B| < min{|A][, | B|}.

Definition 2.8. Given two vertices u = (r, A) and v = (s, B) in a bundle
graph, u is said to be an ancestor of v and v is said to be a descendant of u if
ugvandr <s.

We show in the following proposition that the distance between a vertex in
a bundle graph and one of its ancestors or descendants is simply the difference
in height between the two. By Lemma 2.7, finding the distance between two
arbitrary vertices in a bundle graph thus amounts to finding a highest common
ancestor or lowest common descendant of the two vertices.

For example, using Figure 1, one may see that (5, (1, 1)) — (6, (1)) — (7, (1))
— (8, (1)) — (9, (1, 0)) is a shortest path between (5, (1, 1)) and (9, (1, 0)). But
a path between (5, (1, 1)) and (9, (0, 1)) must first go through either (4, ) or
(11, 9).

Given two vertices u = (r, A) and v = (s, B) in a bundle graph Ty ., we
define n(u, v) and m(u, v) by

n(u,v) =max{tre M+ 1] | w; <|AAB|and ¢

< < min{r, s}},
m(u,v) =min{t € [M + 1] | w; < |A A B| and ¢t > max{r, s}}.

Following the definitions, one sees that if u ;f v, then (n(u, v), AAB [u,,.)
is the highest common ancestor of u and v and (m(u, v), A A B [y,,.,) is the
lowest common descendant of u and v.

PROPOSITION 2.9. Let Ty, = (V, E) be a bundle graph with shortest-path
metric d, and fixu = (r, A) and v = (s, B) in V. Then

|r — s, ugv,

= {min{r +5—2n(u,v), 2m,v) — (r +s)}, ufv.

Proof. By the definition of the edge set E, d(u, v) > |r — s|. Suppose first
that A < B. Recursively construct the sequence (C i)ll.r:_osl by letting

A, r<s,
Co = =
B, s<r,

and given C;_1 fori € [|r —s|]\ {0}, choosing C; € x"mintrsi+i g0 that C;_1 AC; €
{Ci_1, Ci}and C; AB € {C;, B}. Then ((min{r, s}+i, C;))/;’lis a path between
u and v, and so d(u, v) < |r — s|. Thatis, d(u,v) = |r —s|. Thecase B < A is
similar.
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Now, if u ¢ v, then there is ¢ between r and s such that |[A A B| > wy. Thus,
by what was shown above,

du,v) <du,(t,ANB Jy,)+d({(t, AAB [y,),v)
=|r—t|+ 1|t —s]

= |r —s|

and so d(u, v) = |r — s|.

If u # v, then by Lemma 2.7 a shortest path between u and v must contain a
vertex that is either a common ancestor or a common descendant of # and v. The
result follows from what was shown above by taking the minimum of lengths of
paths between u and v that contain either the highest common ancestor or lowest
common descendant. (]

Continuing our example from Figure 1, one may check that w7 = 1 <
[(1)] =1, 1)A(1,0)]. Thus (5, (1, 1)) ¢ (9, (1,0)) and so d((5, (1, 1)), (9, (1,
0))) = 9—5 = 4 by Proposition 2.9. Similarly, there isno ¢ € [11] between 5 and
9suchthat w; < 0= 19| = |, 1)A(0, 1)|, meaning (5, (1, l));@f(9, (1, 0)). One
may determine that n((5, (1, 1)), (9, (0, 1))) = 4 and m((5, (1, 1)), (9, (0, 1)))
= 11. By Proposition 2.9, d((5, (1, 1)),(9,(0,1))) = min{5 + 9 — 2 - 4,
2-11-0O+35}=6.

Throughout the next few sections, we describe various bi-Lipschitz
embeddings of bundle graphs into Banach spaces. We define now the notation
that will regularly be used, and fix for the rest of the paper W = (wr)ﬁ”: J{)l C Np
such that wyg = wy+1 = 0. Forr € [M + 1] and i € Ny, define x(r, i), y(r, i),
and z(r, i) by

0 =0
xriy=1" . e @)
max{t € [M + 1] |w; <iandt <r}, i>0,

. M+1, i =0,
y(r’l): . . . (3)
min{t € [M + 1] |w; <iandt >r}, >0,
r, i=0,
z(r i) = 4)

min{r — x(r, 1), y(r,i) —r}, i>0.

Givenr € [M + 1] andi € N, x(r, i) records the last height no greater than r
in which the vertices of a bundle graph associated with W have depth less than
i. Similarly, y(r, i) records the first height no lesser than r in which the vertices
of a bundle graph associated with W have depth less than i. And z(r, i) simply
records the distance one would have to travel from height r to get to a vertex
with depth less than i in a bundle graph associated with W. Note that x(r, i) =
y(r,i) =rand z(r,i) = 0 fori > w,.

Consider u = (r, A) and v = (s, B) in V(Tw,) for some cardinality «. If
u ;ﬁf v (recall this means there is no r € [M + 1] between r and s such that
w; < |A A BJ), then a comparison of the definitions of n(u, v) and m(u, v)
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with notations (2) and (3), respectively, yields n(u, v) = x(r, |A A B|+ 1) =
x(s,|AAB|+1)and m(u,v) = y(r,|AAB|+ 1) = y(s,|A A B| + 1). This
fact will be used repeatedly in the proofs to follow.

§3. Embedding into Banach spaces with good Lo-trees. In this section, we
show that for any countable cardinality «, Tw, is bi-Lipschitzly embeddable
into any Banach space with a good ¢s.-tree of height max W with distortion
bounded above by a constant depending only on the good £ -tree.

Definition 3.1. Givenn € Nand C, D > 0, a Banach space (X, || - ||x) is said
to contain a (C, D)-good L-tree of height n if given some enumeration (0;)7°
of N§" such that iy < i whenever o;, < o;,, there is a sequence (yg,)l 20 S Sx
such that, given any («;)7°, C R,

1) 1/Cla)i_pllee < ”ZB<A o181 yBllx < Cll(0)i_glloo for all A € R,

(ii) ||Z _Oa,y(,l lx < D||Z 0% Yo, | x for all my, my € Ng such that m; <
my

In this case (ygl)ooo is called a (C, D)-good €~ -tree of height n.

The given definition is a finite height analogue of [4, Definition 3.1]. The
first condition states that every “branch” (yp)p<a of the good £s-tree is C2-
equivalent to the unit vector basis of ¢2X!. The second condition states that the
sequence making up the good f-tree is basic with basis constant less than or
equal to D. Note that the condition on the enumeration implies og = @.

Theorem 3.2 below generalizes [4, Theorem 3.1]. The proof we show here
has the same main idea as the proof in [4], but is much shorter due to the fact
that we fix at the beginning a single bundle graph, rather than prove the result for
an entire family of bundle graphs. This gets rid of a lengthy induction argument.

THEOREM 3.2. Fix a countable cardinality k and suppose X is a Banach
space containing a (C, D)-good L-tree (yo,)72, of height max W for some C,
D > 0. Then there is a bi-Lipschitz embeddzng 1/f Tw . — X such that for all
u,v e V(Tw.y),

30 D¢ V) < W@ —volx < Cdw.v).

where d is the shortest-path metric for Tw ., and furthermore,
V@) —yWlx = du,v)/D
when u ¢ v.

Proof. Define the map ¥ : Tw,, — X by

Y((r, A)) =Y z(r, |B)ys

B=<A

(see notation (4) in the previous section) for every (r, A) € V(Tw ).
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Take any u = (r, A) and v = (s, B) in V(Tw ) and suppose first that # and
v are adjacent with A < B (implying w;, < wy). Then,

>z IEDye — Y 2(s, |EDyE

E<A E<B

> @ |ED = 26, [ED)yE
E<B

< C max {|z(r, i) — z(s,1)[}
0<i

ISWs

¥ () =y x =

X

X

gc?

where the second line follows from the assumption that A < B and the fact that
z(r,i) = 0 for w, < i < wy, the third line from property (i) of the ¢ -tree,

and the last line from the assumption that |[r — s| = 1. The triangle inequality
applied to shortest paths then shows that ||y () — ¥ (v)|lx < Cd(u, v) for all
u,v e V(Twy).

For the left-hand inequality, take any u = (r, A) and v = (s, B) in V(Tw ).
and suppose first that # ¢ v. Then property (ii) of the £, -tree yields

¥ () = @x = %Iz(r, 0) —z(s,0) = %Ir —s|= %d(u, v).

Suppose now that u # v. As mentioned in the last paragraph of the previous
section, note that n(u, v) = x(r, |AAB|+ 1) = x(s,|A A B|+ 1) and m(u, v)
=y |AAB|+1)=y(s,|AAB|+1). Let n; € Ny be such that 0, < A
and |o,,| = |A A B| 4+ 1. Similarly, let no € Ny be such that 6,, < B and
|on,| = |A A B|+1.Fori € Ny, let

z(r, loi]) — z(s, |oi]), o0i < AN B,

z(r, loi ), AANB <o0; XA,
o =
=zt o), AAB <o0; < B,
0 otherwise.

Then, by property (ii) of the £.-tree and Proposition 2.9,

¥ (u) =& ()lx

:"_

00
Do
i=0

X

1 ni ny
2 Bmax{ Zaiyo',' ) Zaiyo—i N ||a0y@||x}
i=0 X Wi—o X
1
2 D(l + D) max{lan1|7 |a712|7 |a0|}
1
= DATD) max{z(r, |A A B| + 1), z(s, |A A B| + 1), |z(r, 0) — z(s, 0)|}
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1 .
" D(+D) max {min{r —n(u, v), m(u, v) —r},
min{s — n(u, v), m(u, v) — s}, [r —s|}
Z T d, v). ]
3D(1+ D)

Remark 3.3. In the proof above, 1 + D appears by using the triangle
inequality and the fact that D is a monotonicity constant for the sequence
(V6;)72- One may replace 1 + D with D if D is actually a bimonotonicity
constant.

It was also shown in [4] (see Theorem 3.2 of that paper) that any
reflexive Banach space with an unconditional asymptotic structure that is not
asymptotically uniformly convexifiable will contain (1 + &, 1 4+ &)-good £-
trees of arbitrary height, for any ¢ > 0. Thus, Theorem 3.2 of this paper yields
the following corollary.

COROLLARY 3.4. For any ¢ > 0, every countably branching bundle graph
is bi-Lipschitzly embeddable with distortion bounded above by 6 + ¢ into any
reflexive Banach space with an unconditional asymptotic structure that is not
asymptotically uniformly convexifiable.

Finally, in [4] it was shown (see Theorem 4.1 of that paper) that if a Banach
space X is asymptotically midpoint uniformly convexifiable, then no family
of bundle graphs with non-trivial (meaning there is a vertex with non-zero
depth) Ng-branching base graph is equi-bi-Lipschitzly embeddable into X. This
fact combined with Corollary 3.4 actually shows that the non-equi-bi-Lipschitz
embeddability of any family of bundle graphs generated by a non-trivial 8-
branching bundle graph characterizes asymptotic uniform convexifiability within
the class of reflexive Banach spaces with an asymptotic unconditional structure.
We recall the definition of a family of bundle graphs generated from a base graph
in §6.

§4. Embedding into Ly. In this section we show that for any countable
cardinality «, Tw  is bi-Lipschitzly embeddable into L1 ([0, M 4+ 1]) (equipped
with Lebesgue measure A) with distortion bounded above by 2. Note however
that for finite «, Tw , belongs to the family of series-parallel graphs and
so is already known to be bi-Lipschitzly embeddable into £; with distortion
bounded above by 2 (see [8]). That this distortion bound is optimal follows
from work done in [14]. For each v € V(Tw ), we map v to the characteristic
function of some set. To get the distortion we desire, we need to make sure
that the symmetric differences of the sets involved are large enough in Lebesgue
measure. The construction is somewhat technical, but is essentially done through
intersections of supports of independent Bernoulli random variables.

Let D be any common multiple of the numbers in [M + 1]\ {0}. Let F be the
family of all finite unions of open subintervals of [0, M + 1] such that for each
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P € F, there is N € Ny such that each maximal (with respect to set contain-
ment) subinterval of P is equal to (¢D/DN*! (¢D +r)/DN*1) for some
g € [(M + 1)DN — 1] and r € [D]; and given P € F, let N(P) be the
minimum of such N associated with P. Note here that if P, P’ € F are such that
N(P) < N(P'), then every subinterval of P’ is either contained in a subinterval
of P or has empty intersection with P.

Let (07)%2,, be an enumeration of Rémax W and let (P;)$2, be an enumeration
of F such that Py = ¢ and N(P;) < i for all i € Ny. For each i, j € Ny, let
0(, j) =23/ — N(P;). Define f: 8§™ W x F x [D] — F by

n DOGID_1
ser=U U (s "D g D E DG 0

DOG. )+ DOG. )H+1

=0 m=0

whenever P; = L7 1—o(@¢, Be) (where LI means disjoint union), for all 7, j € Ny
and k € [D].

We list the properties we need from f in the following lemma, but one may
think of f(A, P, k) as the intersection of P with the support of a Bernoulli
random variable that has probability of success equal to k/D. And if B # A, then
f(B, P, k) is also such an intersection, but with a Bernoulli random variable that
is independent from that used for f (A, P, k).

LEMMA 4.1. The following hold for all i, j € Ng and k € [D]:
@) f(oi, Pj, k) € f(oi, Pj,k) cP lfk/ € [D] is such that k < k';
() 23/ —1< N(f(oi, P i, k) < 203/ +2if j #0and k # 0;
(i)  Af(oi, Pj k) = (k/D)?»(Pj),
(iv) A(P N f(oi, Pj,k)) = (k/D)L(P N Pj) if P € F is such that N(P) <
N(P;)).

Proof. (i) This is obvious from the definition of f.

(ii) Every maximal subinterval of P; has length less than or equal to
1/ DN f'), so by the definition of f, every maximal subinterval of f(o;, P}, k)
has length less than or equal to

k 1k . 1
DOGD+1 pN(P) — pri3itl ~ p2i3i’

This means N (f(o;, P}, k)) > 2037 — 1. Similarly, every (non-trivial) maximal
subinterval of P; has length greater than or equal to 1/ DNPD+1 and so every
(non-trivial) maximal subinterval of f (o;, Pj, k) has length greater than or equal
to
k 1 .k S 1
DOGH+T  pN(PH+T — p2izita © p2izig2’
Therefore N (f(o;, Pj, k)) < 2'3/ +2.
(iii) Supposing P;j = | [;_(cte, Be), then

t D k(B =)k k
x(f(a,,Pj,k))—Z > peani = Z(ﬂe—am:BA(Pj).
£=0

=0 m=0
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(iv) Since N(P) < N(Pj), every subinterval of P; is either contained in a
subinterval of P or has empty intersection with P. Thus, if P; = | |;_q(a¢, Be)
and I = {€ € [n] | (a¢, Be) S P}, then

Do _1

k —
PO SO P =Y Y
tel m=0
—k§]ﬂ )—kMPﬂP O
= 5 ¢ — Oy) = 5 1)~
lel

We are now ready to define the sets needed for our bi-Lipschitz embedding.
This is done by recursively defining the sets based on the depths of the vertices in
our bundle graph. At any given depth we construct the sets out of subsets of the
sets that were defined for the previous depth. If a vertex has height r and depth
0, we assign the set [0, r] to this vertex. Suppose there are vertices at heights
r < s with depth 0 and v is a vertex with depth 1 at height halfway between
r and s. We assign a set of measure r + (s — r)/2 to v by taking the union of
[0, r] with half of the set [0, s] \ [0, r]. So for instance, we might assign the set
[0,r] U [r, (s — r)/2] to v. However, there will be another vertex with depth 1
at the same height as v (if « > 1). For this vertex, we need to assign a different
set of measure r + (s — r)/2, so we take half of the set [0, s] \ [0, 7] in a way
that is independent of the way we did it with v. For instance, we might use
[0,r]U[r, (s —r)/4]U[(s —r)/2,3(s — r)/4]. A similar process for all depths
is used until every vertex has a subset of [0, M + 1] assigned to it with Lebesgue
measure equal to its height. We use the function f defined above to take care of
the independent selection of sets. At this point we fix for the rest of the section
a countable cardinality x. The formal construction follows (recall notations (2)
and (3) from §2).

Given v = (r, A) € V(Tw,), define the sets Sy (v, i) and S, (v, i) in F for
i € [w,] recursively by

Sx(v,0) = [0, x(r, D]\ [x(r, D],
Sy(,0) = [0, y(r, DI\ [y(r, DI,

and

&MJ)=f<Ahjﬂmi—D\dm@ﬂmi—nxxmi+n_meD)

y(r i) —x(r,i)
y(”»l + 1) _x(rsl)D)’
y(r i) —x(r,i)

Sy, i) = f<A li, Sy(v, i — 1)\ clos(Sx(v,i — 1)),

fori € [w,]\ {0}. Finally, let S(v) = clos({J:", Sx (v, ).

LEMMA 4.2. Fixv = (r, A) € V(Tw.). The following hold for all i € [w,]:

@ A, ) =x(r i+ 1) —x(r,i);
(i) ASy(, ) = y(r,i+1) —x(r,i);
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(i) ASy(v, )\ Sx(v, D)) =y, i+ 1) —x(r,i+1);
iv)  Sx(v, i) N Sy(v,i") =D ifi’ € [w,]is such that i’ # i;
V) AUg—o Sx(v, k) = x(r,i + 1).

Proof. (i)—(iii) These statements certainly hold true for i = 0. And by
(simultaneous) induction and Lemma 4.1(i) and (iii), they hold true for all
i €w].

(iv) By Lemma 4.1(1), Sy (v, w, —k) € Sy (v, w, —k—1)\ S (v, w, —k —1),
and so Sy (v, w, — k)N Sy (v, w, —k — 1) =@ for all k € [w, — 1]. In the same
way, Sy (v, w, —k—1) C §y(v, w, —k —2)\ S (v, w, — k —2), and so the first
set inclusion implies Sy (v, wy —k) N Sy (v, w, —k —2) = P for all k € [w, —2].
Inductively, Sy (v, w, — k1) N Sy (v, w, — kp) = @ forall k; < ky € [w,].

(v) This follows from parts (i) and (iv). ]

LEMMA 4.3. Fixu = (r, A) and v = (s, B) in V(Tw ). Then

min{r, s}, ugv,
ASw)NS)) = 0. v) + (r—n(u,v))(s —n(u, v)) u;afv

m(u,v) —n(u, v)

Proof. Let K = |A A B|. Suppose first that u ¢ v and r < s. Then
y(r, K +1) < x(s, K + 1). Let n € [K] be such that x(s,i) < y(r,i) (which
implies x(s, i) = x(r,i) and y(s,i) = y(r,i)) forall i € [n] while y(r,n+1) <
x(s,n 4+ 1). An easy induction argument shows that Sy (u,i) = Sy(v,i) and
Sy(u,i) = Sy(v,i) foralli € [n — 1], and Sy(u,n) C Sx(v, n). Another easy
induction argument and Lemma 4.1(i) shows Sy (u,i) € U?:o Sy (v, j) for all
i € [w,] by, and so Lemma 4.2(v) yields

M(S@) N Sw)) = A(U Se iy 0 | Seto, j))
i=0 j=0

= A(U Sy (u, i)) =x(r,w,+1)=r.

i=0

Suppose now that u ;ﬁf v. Then x(r,i) = x(s,i) and y(r,i) = y(s, i) for all
i €[K+1],andso Sy(u,i) = Sy (v, i) and Sy(u,i) = Sy (v, i) foralli € [K], by
an easy induction argument. Note that x(r, K + 1) = x(s, K + 1) = n(u, v) and
y(r, K+1)=y(s, K+1) =m(u,v).Foranyi € [w,]\[K]and j € [ws]\[K],
repeated applications of Lemma 4.1(ii) and (iv) and then Lemma 4.2(iii) show

A (Sx(u, i) N Sx(v, j))
_ x(ryi+1)—x(r,i) x(s, j+ 1) —x(s, j)
oy K+1)—x(r,K+1) . y(s,K+1)—x(s, K+ 1)
“A(Sy(u, K) \ Sx(u, K))
i+ D) —x(r D)) (x(s, j+ 1) —x(s, j))
N m(u, v) —n(u, v) '
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This with Lemma 4.2(iv) and (v) implies
A(S(m) NS))

=A(LJ&U@DOLJSA%j0
i=0 j=0

—x(n K+ 1)+ Z Z x(ryi+ 1) —x(r,i)(x(s,j+1)—x(s, j))

m(u,v) —n(u, v)

=x(r,K+1)+ x(r,w,+ 1) —x(r, K+ 1)(y(s,ws + 1) — y(s, K + 1))
m(u, v) —n(u, v)
= n(u, v) + (r = nu, v))(s — n(u, v)) i

m(u,v) —n(u, v)

The next theorem generalizes [4, Theorem 3.3] (and our earlier lemmas
likewise generalized Lemma 3.6 and its discussion in [4]). We once again follow
the same line of thought in our proof as in the proof in [4], but again our proof is
shorter. This time we have still used a recursive process to define the embedding
(this has been absorbed in our lemmas), but it has been made simpler by again
fixing a single bundle graph at the beginning and performing the recursion over
the depths of its vertices.

THEOREM 4.4. There is a bi-Lipschitz embedding  : Tw  — L1 such that
forallu,v € V(Tw ),

3du,v) < 1Y@ — Yy )ll, <du,v),

where d is the shortest-path metric for Ty ., and furthermore

¥ () =@, =du,v)

when u § v.

Proof. Define the map ¢ : Tw, — Li by ¥(v) = xsu) for every v €

V(Tw i)
Take any u = (r, A) and v = (s, B) in V(Tw,) and suppose first that u § v.
By Lemmas 4.2(v) and 4.3,

@) = Y@L, =AS @) + A(SW) = 24(S(w) N S(v))
=r4+s—2min{r,s} = |r — s| =d(u, v).
Lemma 2.7 and the triangle inequality applied to shortest paths then shows that

v @) =¥ @)ll, < du,v) forallu, ve V(Tw).
Suppose now that u # v. By Lemmas 4.2(v) and 4.3,

¥ @) — ¥ lL, =A(S@) + A(S(W)) — 24(S(u) N S(v))
(r —n(u,v))(s —n(u, v))

=S = nlv) = 2 T )

:a—i—ﬂ—Z%,
Y
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where a« = r — n(u, v) B=s—n(u,v),and y = m(u, v) — n(u, v). Suppose

first that max{«, B} < 5 Ly Then by Proposition 2.9 and the above,

Iy ) — ¥ W)L, >« + B — minfa, B} = max{a, B} > 3d(u, v).

Suppose next that min{a, 8} < %y < max{a, B}. Then by Proposition 2.9
and the above,

1
Z -y 2 Ed(u, v).

1 ()= (v) ||, = min{a, B}-+max{a, ﬁ}(l zmm{ya ﬂ}) ;

Finally, suppose %y < min{e, B}. Then by Proposition 2.9 and the above,
1
V@) —y L, = Z(Zay + 28y —4ap)
I 5
= 2—()/ —Qa—y)28—-v))
14

1
> 2—()/2—(0:+ﬂ—y)y)
y

= %(2)/ — (@ +B))

1
= Ed(u, v). O

§5. Embedding into Banach spaces with ESA bases. In this section we show
that for any finite cardinality «, Tw, is bi-Lipschitzly embeddable into any
Banach space with an ESA (equal-signs-additive) basis with distortion bounded
above by a constant depending only on W.

Definition 5.1. Let (X, || - || x) be a Banach space.

(i) A sequence (e,);2; € X is said to be ESA if for all (a)72 | € coo and
k € N such that agax41 = 0,

k—1 [ele)

Zanen + (ar + ar+1)ex + Z apen Zanen

n=1 n=k+2 X n=1 X
(ii) A sequence (e,,)oi 1 € X is said to be subadditive (SA) if for all (a)°°

€00

en + (ar + ags1)er + Z anén
=k+2

00
< H E anép
n=1 X

(iii)) A sequence (e,);2; € X is said to be invariant under spreading (IS) if
forall (a)72, € Coo and increasing sequences (k,)2 | € N,

o0 o0
Hzan% - HZanen |
n=1 n=1

https://doi.org/10.1112/5002557931800027X Published online by Cambridge University Press



https://doi.org/10.1112/S002557931800027X

A CODING OF BUNDLE GRAPHS 863

The properties ESA, SA, and IS were first defined and studied by Brunel and
Sucheston in [6] and [7]. In [7], they show that a sequence is ESA if and only if
it is SA, and that every ESA sequence is also an IS basis for its linear span. We
will use these facts without mention. More information about ESA sequences
can be found in [7] and [1].

To construct the embedding, we follow roughly the same procedure as used
in the previous section. However, with L we were able to subdivide the interval
[0, M 4 1] as finely as needed to accommodate the bundle graph. That is,
we could use the existence of infinitely many independent Bernoulli random
variables. If instead of L, we try to embed into a general Banach space with
a basis, we still need independent Bernoulli random variables to choose the
support of an embedded vertex, but the random variables are now discrete. In
other words, the more vertices in our graph we have to embed, the further down
the basis we have to go if we want to mimic the procedure used for L;. This
and the fact that we do not have an explicitly defined norm anymore make the
argument more subtle.

We fix now for the rest of this section a finite cardinality « and let
w = [k S™W| e N. We also fix an independent collection {Yi}f‘ , of Bernoulli
random variables defined on [2#] \ {0} (equipped with the uniform probability
measure) with probability of success equal to 1/2. Concretely, for each
i € [u]\ {0}, we may define Y;: [2#] \ {0} — {0, 1} by

. 1, j=n (mod2*~C=D) for some n € [2*#71]\ {0},
Yi(j) = .
0 otherwise,
forall j € [2#]\{0}. Foreach j e N,letI; = [j (M + D]\[(j —1)(M +1)], and
let F; be the family of subsets of /; such that for each P € F}, either P =, or
P # ( and | P| = max(P) — min(P) + 1 (which implies P has no “gaps”). That
is, we break up the natural number line into blocks of size M + 1 and let F; be
the family of intervals contained in the the jth block.
Let {a,-}lto be an enumeration of k ™ W For A € kS™*W and j € [u], we
let Y4 = Y; if A = o;. Define for each j € [2]\ {0} the function f;: kST W x
Fj x [M]— Fjby

Fi(0i, PoR) = I; 0 {¥;(j)(inf P + €), (1 — Y;(j))(sup P — )}

foralli € [u], P € F;,and k € [M].

To summarize what is happening, we assign independent Bernoulli random
variables to the elements of kS™ W Given A € «S™*W with its assigned
random variable Y4 and an interval P in I, f;j(A, P, k) will take the first k
elements of P in [} if Y4(j) = 1 and the last k elements if Y4(j) = 0. Note
that f;(o;, P,k) C P if k < |P|. Thus, if P is a union of subintervals of the
I;, we can use the f; to simultaneously select k elements from P out of each
interval P N I;, and these selections will be independent for different elements
of kS™W "This is quite analogous to what happened in the last section. The
construction of the supports of our embedded vertices is likewise similar, but
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in the end we cannot just map a vertex to a characteristic function. We have
to modify slightly in order to use the ESA property to obtain a good distortion
(again, recall notations (2) and (3) from §2).

Givenv = (r, A) € V(Tw ) and j € [2#]\ {0}, define the sets Sy, ;(v,7) and
Sy, j(,i)in Fj fori € [w,] recursively by

Se,j(,0) =[(j = DM + 1) + x(r, DIN [/ = DM + D],
Sy,j,0) =[(j =DM + 1)+ y(r, DI\ [/ = DM + D],

and

Sy j(v, i) = fi(A i, Sy j(v,i =1\ Sx j(v,i = 1), x(r,i + 1) — x(r, i),
Sy,j(v,i) = fj(A li, Sy,j(v,i -1\ Sx,j(v,i — D,y i+1)—x(ri0))),

fori € [w,] \ {0}; and then define
w,
Sj) =S 0).
=0

Finally, let

Sj+) ={(G =DM +1)+n|neS;w}
Sj—)={@Bj—DM+1)—n|neS;w}

S+ will take a copy of §;(V) and putitin I; 1. §; - will also take a copy
of §;(V) and put it in I5;. The copy for §; _, however, is backwards. That is,
S; — is areflection of S;  across the middle of /51 U I;. The purpose of this
is to allow us to take advantage of the subadditivity of an ESA basis later.

LEMMA 5.2. Fixv = (r, A) € V(Tw.). The following hold for all i € [w,]
and j € [2#]\ {0},
@ IS, jw, D) =x0i+1) —x(r,i).
() Sy, j(, D) =y, i+ 1) —x(,i).
(i) |8y, (v, D)\ Sy, j(v, D =y, i+1) —x(r,i+1).
Av) Sy, j(v, ) NSy j(v,i") =0 ifi" € [w,] is such that i’ # i.
V) 1 Upeo Sx,j(0, B = x(r,i + 1).
vi) [Sj+)|=IS;-()|=r.
(vi) S 4+(v) €S hj_1andS;_(v) C I;.
(viii)  Ifi" € [w )\ [i1and Yay,(j) = 1 foralln € [i'] \ [i], then:

l/

() U Sej. b

k=i+1
= I;N{inf Sy j(v, i)\ Sy j(v, i) 4 £); 0 FH7 D=
(b) Sy.j, i)\ Sy j(v, i)
. . . D) —x(ri+1)—1
= I; O {inf Sy j (0, )\ e (v, 1) + O DS
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(ix) Ifi’ € [w ]\ [iland YA}, (j) =0 foralln € [i']\ [i], then:

i

(a) U Suiw. b

k=i+1
— ;N {sup Sy (v, D) \ Sy (v, i) — e}z(:rbi’+l)fx(r,i+l)fl;

®) Sy Wi\ Sk (v

= 1; N {sup Sy j (v, i) \ Sy, (v, i) — 7 P

Proof. (1)—(iii) These statements certainly hold true for i = 0. And by
(simultaneous) induction, they hold true for all i € [w,].

(iv) We have Sy j(v,w, — k) € Sy j(v,w, —k =1\ S j(v,w, —k —1),
and so Sy j(v, w, —k) N Sy j(v,w, —k — 1) =@ forall k € [w, — 1]. In the
same way, Sy j(v, w, —k—1) € Sy j(v, w, —k—=2)\ S j(v, w, —k —2), and
so the first set inclusion implies Sy (v, w, — k) N Sy j (v, w, —k —2) = @ for
all k € [w, — 2]. Inductively, Sy ;j(v, w, — k1) N Sy, j (v, w, — kp) = @ for all
k1 < ky € [w,].

(v) This follows from parts (i) and (iv).

(vi)—~(vii) By definition, S;(v) € I;. The rest follows from the definitions,
part (v), and the fact that n — (j —1)(M + 1) +n is a bijection from /; to I
andn +— (3j —1)(M +1) —n is a bijection from /; to I for each j € [2#]\ {0}.

(viii)—(ix) The statements are true for i’ = i + 1 by the definitions of
Sy,j(v,i + 1) and f;, and the statements hold for arbitrary i’ by a simple
induction. O

At this point we are almost ready to define the embedding, but we need to be
able to make sure that for enough j € [1]\ {0}, the symmetric difference of S ()
and §; (v) is large enough when u # v € V(Tw ;). Unfortunately, the amount of
Jj €[]\ {0} we can do this for depends on W. We define the parameter py to
be the minimum of all p € N such that forall» € [M + 1] and i € Ny,

o x(r,i+p) = (x@ri)+ y(,i))/2 wheneverr > (x(r,i) + y(r,i))/2.
o y(ri+p) < (x@mi)+y(@,i))/2wheneverr < (x(r,i) + y(,i))/2.
One may easily check that pyy < max W + 1.

LEMMA 5.3. Fixu = (r, A) and v = (s, B) in V(Tw ) such that u ;af v and
r <s.Let

Iu,v = {J € [ZM] \ {O} | YB“AABHn(j) = 1
and Y A1 upp4,(J) = 0 foralln € [pw]\ {0}}.

Then for each j € 1, ,, there is L; C UZJ;\AABH-I Sx,j (v, k) such that:

() |Lj| = d(u,v)/2, where d is the shortest-path metric for Ty
(i) maxL; < inkaw;|A/\B|+1 Sy, j(u, k).
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Proof. Let K = |A A B|. We have x(r,i) = x(s,i) and y(r,i) = y(s, i) for
alli € [K +1],and so Sy j(u,i) = Sy j(v,i)and Sy j(u,i) = Sy j(v, i) forall
i € [K], by an easy induction argument. Note that x(r, K + 1) = x(s, K + 1) =
n(u,v)and y(r, K + 1) = y(s, K + 1) = m(u, v), which implies [Sy ; (v, K) \
Sy, j(v, K)| = m(u,v) — n(u,v) > 0, by Lemma 5.2(iii). Note that x(r, i) <
x(s,i) and y(r,i) < y(s,i) foralli € [M + 1] by the fact that r < s.

Suppose first that s < (m(u, v)+n(u, v))/2andlet £; = UZ);KH Sy, j (v, k)
for each j € Z, ;. Then by definition of py,

min Sy (v, K)\ Sy, j(v, K) +y(s, K + pw + 1) —n(u,v) — 1

m(u, U) - n(u, ’U)
) -1

< max Sy (u, K) \ Sy j(u, K) — <m(u, v) 2— n(u,v) 1)

< max Sy j(u, K)\ Sy j(u, K) — (y(r, K + pw + 1) —n(u,v) = 1),

<min Sy j(v, K)\ Sy, (v, K) +

and so, by Lemma 5.2(viii) and (ix), Ejﬂ(UZ’;KH Sx,j(u, k)) = @ and therefore
max L < inf UZ’;KH Sx,j(u, k) foreach j € Z,, ,. Moreover, by Lemma 5.2(v)
and Proposition 2.9,

ILil=x(s,ws +1) —x(s, K+ 1) =5 —n(u,v) >du,v)/2

foreach j € 7, .
Suppose now that r > (m(u, v) + n(u, v))/2 and let

gj:( U Sx,,-(v,k)>\< U Sx,,-(u,k)>
k=K+1

k=K+1

for each j € Z, ;. Then by definition of py,

min Sy (v, K) \ Sy, j(v, K) +x(s, K + pw + 1) —n(u,v) — 1
m(u, v) —n(u, v) |
2
m(u, v) —n(u, v)
> max Sy j(u, K)\ Sy, j(u, K) — 5 —1

Zmax Sy j(u, K)\ S j(u,K) — (x(r, K + pw +1) —n(u,v) — 1),

> min Sy (v, K)\ Sy, j(v, K) +

and so, by Lemma 5.2(viii) and (ix), £; U (UZ);K-H Sx,j(u, k) =S8y j(v, K)\
S, j (v, K) and therefore, by Lemma 5.2(v) and Proposition 2.9,

(0 500)

k=K-+1
= mu,v) —n,v)) — (r—n(,v)) =m@u,v) —r >du,v)/2

ILj1 = 18y,j (v, i)\ Sx,j (v, D] —

foreach j € Z, ,. Moreover, max L; < inkaw;K+1 Sx,j(u, k) foreach j € Z, ,.
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Finally, suppose r < (m(u, v) + n(u, v))/2 < s and let
L;={(minS, (v, K)\ Sy kv, i)+ g}roer /2
for each j € 7, ,. Then by definition of py,

max £; < min{min S, ;(v, K) \ Sy, (v, K)
+x(s,K+pw+1) —nu,v)—1
max Sy j(u, K)\ Sy j(u, K)
- K+pw+ 1D —nu,v)— D}

and so, by Lemma 5.2(viii) and (ix), £; < Uk k41 Sx.j (v, k) and max L; <
1nka:KJrl Sy, j(u, k) for each j e Iu,v. Moreover, by Proposition 2.9, [L;| =
(mu,v) —n(u,v))/2 > d(u,v)/2 foreach j € Z,, ,. [l

The next theorem (combined with the two previous lemmas) generalizes the
results and procedures found in [17, §3]. As in the previous two sections, the
techniques we use are largely inspired from the source, with perhaps the most
important differences being the introduction of the parameter pw and the fixing
of a single bundle graph at the beginning. And as before, both the labeling and
recursive procedure here are simpler, with the main difficulty being taken care of
in Lemma 5.3.

THEOREM 5.4. Suppose X is a Banach space with an ESA basis (e;)52
Then there is a bi-Lipschitz embedding W : Tw . — X such that for all u, v €

V(Tw.c) |
o S d . v) < Y () — ¥ )lx <du,v),

where d is the shortest-path metric for Ty ., and furthermore ||y (u)—y¥ (v)||x =
d(u,v) whenu ¢ v.

Proof. Letn = ||Zf/;1 erj—1— e ||X and define the map ¢ : Ty, — X by

2u

wv):l/nZ( Yo=Y, en>

j=1 “nes; (v) nes; _(v)

forevery v € V(Tw ).

Take any u = (r, A)and v = (s, B) in V (Tw ). Let K = |AA B| and suppose
first that u ¢ v and r < s. Then y(r, K + 1) < x(s, K + 1). Let n € [K] be
such that x (s, i) < y(r, i) (which implies x(r, i) = x(s, i) and y(r, i) = y(s,1i))
for all i € [n] while y(r,n + 1) < x(s,n + 1). An easy induction argument
shows that Sy j(u,i) = Sy j(v,i) and Sy j(u,i) = Sy j(v,i) for all i € [n]
and j € [2#]\ {0}; and S j(u,n) € Sy j(v,n) forall j € [2#]\ {0}. Another
easy induction argument shows Sy ;(u,i) C UZ:O Sy, j(v, k) for all i € [w,]
and j € [2#]\ {0} (and so S; 4+ (u) € S; +(v) and S; _(u) € S; _(v) for all
j € [2#]\ {0}). Thus, by Lemmas 2.9, 5.2(vi), and the assumption that the basis
is ESA,
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¥ ) — ¥ lix

e

(e X o) (X a- X )
TSN s nes; _(u) nes; 4 (v) nes; _(v) X
1=

25103 (D SEEEEED MRS
n j=1 "nens; L (W\S; + @) neS; —(V\S; - () X

20

1

=—|> (s = r)(ezj —er)‘
n =1 X

=5s—r

=d(u, v).

Lemma 2.7 and the triangle inequality applied to shortest paths then shows that
1Y) — ¥ )llx <du,v)forallu,v e V(Twy).

Suppose now that u v and r < s. Define Z,,, as in Lemma 5.3 and for
each j € Z, ,,let L; be chosen as in Lemma 5.3. Note that, by independence of
the Bernoulli random variables defined at the beginning of this section, |Z, ,| =
24~V for some v € [2pw]. Let

Liv={G-DWM+1)+n|nel}
Ljy={@j =DM +1)—n|neLj)

Recall that n — (j — 1)(M + 1) + n is a bijection from /; to I; | and n >
(3j —1D(M +1) —nis abijection from I to I for each j € Z,, ,. Furthermore,
the images of the two maps will be reflections of each other across the middle
of Ij—1 U I; when the maps are applied to the same set. By Lemma 5.2(vi),
Lemma 5.3, and the assumption that the basis is ESA,

V@) — ¥ )lx
1|
S Z e T a)- (X @ X o))
n j=1" “nes; (u) nesj _(u) nes; 1 (v) nes;_(v) X
1
2 - Z (( Z €n — Z €n> — ( Z en — Z €n>>
n J€Luy ~ "neS; 1 (v) nes; 1 (u) nes; _(v) nes;_ (u) X
1
s (s o
g jequ VlGL'+ l’lG,C' X
d(u V)
> 21 Z (e2j-1 —e2;) .
J€Lyy
2 kan—v
d(u v) 1
Z Z (e2j-1 —€2j)
=17 j=k=D2r""+1 X
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21

Z(Eijl —e2j)
X

j=1

d(u, v)
2v+l77

=

1
2 Wd(u, 'l)). O

We show in the next section that actually the entire family of bundle graphs
generated by Tw . is bi-Lipschitzly embeddable with the same distortion bound
of 227w+ into a Banach space with an ESA basis.

§6. The @-product. Given two k-branching bundle graphs G and H, we can
define a new k-branching bundle graph G @ H by replacing every edge in G with
a copy of H (where the bottom of H is identified with the lower endpoint of the
edge H is replacing and the top of H is identified with the higher endpoint). The
definition of @-product seems to have first been formally introduced by Lee and
Raghavendra in [14], although the family of 2-branching diamond graphs (see
the comment under Definition 6.5 for a definition involving @-products) were
studied in [10] and [16].

For this section we fix another sequence W' = {w;}ﬁwz/ (J)r I'c Ng such that
wy = Wy, = 0. We will show how to determine W” so that Tw » @ Tw » =
Twr . Once W is found, we can use Theorem 5.4 to find a bound on the worst
distortion for a bi-Lipschitz embedding of Ty~ , into a Banach space with an
ESA basis. In particular, we show that the distortion bound found in Theorem 5.4
is no worse for Ty, @ Tw,. than it was for Tw ., allowing us to generalize the
characterizations of superreflexivity found in [11] and [17].

Given a bundle graph G = (V, E) and n € Ny, let V, = {v € V | height(v)
=n}andlet E, = {{u,v} € E | u € V, and v € V,,4}. If another bundle graph
H is given, we may create a new bundle graph G @, H by replacing every edge in
E, with H for some n. Explicitly, if G = (V, E) and H = (V', E’), and if b and
t are the bottom and top, respectively, of H; then we define G @, H = (V", E")
by

V' =V U(E, x (V'\ {b,1}))

and

E'={ecE|en(V,UV, ) =0}
U{{u, (e,v)} |e€ E,, ue V,Ne, and {b, v} € E'}
U{{u, (e,v)} |e € E,, u € Vyp1Ne, and {v,t} € E'}
U{{(e,u), (e,v)} | e € E, and ({u, v} \ {b,t}) € E'}.

The formal definition of G @ H is similar (just remove the subscripts and
the first term in the definition of E”). It is clear that G @ H can be created by
performing @,-products repeatedly until all the edges that were originally in G
have been replaced.
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LEMMA 6.1. Given n € [M], the graph Tw  @n Tw'  is the same bundle
graph as Ty ., where W' = (w;/)f/]:'gM/H C Ny is defined by
wy, 0<i<n,
w, = {max{w,, wpp1} +w,_,, n<r<n+M 41,
Wy— 17 n+M+1<r<M+M+1.

Proof. We simply provide the graph isomorphism, and leave the details to the
reader. Define F': Tw,, @ Tw' . — Tw~ by

(r, A), v=(r,A)andr < n,
Fv) = (n+r,B7C), v=({m A),(n+1,B)}, (rC))and A< B,
C|e+rAT0), v=(®,A), (1 +1,B)}, (. C)) and B < A,
r+M +1,A), v=( A)andr > n,
foreachv € V(Tw « @n Tw' xc)- O

With repeated application of Lemma 6.1, we obtain the following formula.

PROPOSITION 6.2. The graph Tw, @ Tw' . is graph-isomorphic to Tw»
(M+1D)(M'+1)

where W' = (w}),_, C Ny is defined by w{ = 0 and
! — max{wn,wn+1}+w;_n(M,+l), nM +1)<r<m+1DWM +1),
S S r=@m+DHWM + 1,

foralln € [M].

Proposition 6.2 confirms what is to be expected regarding the depths of
vertices in Ty, @ Ty .. Namely, that vertices in Ty , @ Ty, that originated
from Ty, will keep the same depth as they originally had, and vertices that arise
from a copy of Ty, replacing an edge of Tw , would keep the same depths
as they originally had, except that the maximum depth of the endpoints of the
edge being replaced will be added to these depths. We now fix W” obtained in
Proposition 6.2. For what follows, we define the functions x” and y’ for W', and
x” and y” for W”, in the same way x and y were defined for W (notations (2)
and (3)) at the end of §2.

COROLLARY 6.3. For eachn € [M], let K,, = max{wy,, wy+1}. Then for all
neMlrelm+DM + D]\ [n(M +1)], andi € Ny,

(M’ + Dx(n+1,10), r=m+ DM +1),
iy = | M+ Dx0 D), r# 4+ DM +1)andi < Ky,
n(M' +1)
+x'(r—n(M' +1),i — K,) otherwise,
M+ Dy(n+1,i0), r=m+1DM +1ori <K,,
y'(r i) = {n(M' +1)
+y'(r—n(M'+1),i — K,) otherwise.
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Proof. We prove the formula for x”. The proof for y” is similar. Take any
ne[Mlandr € [(n + 1)(M' + 1]\ [n(M' + 1)]. The case i = 0 is trivial,
sotake any i € N. Lett € [(M + 1)(M’ + 1)] be such that t = x”(r, i), and let
m € [M 4+ 1]besuchthatm(M’ +1) <t < (m+ DM +1).

Suppose first that r = (n + 1)(M' + 1). If t # r, then (m + (M’ +1) < r
by the definition of m and x”. This means that t = m (M’ + 1) by Proposition 6.2
and the definition of x”. Either way, t = £(M’ + 1) for some ¢ € [M], and by
Proposition 6.2 and the definition of x”, wy = w;" < i. But, by definition of 7 and
x”, w;/, >iforallt <t < r,andin particular wZ,(M,H) >iforalll < ¢ <n+l.
By Proposition 6.2, this means wy < i < wy forall £ < £/ < n + 1. And so, by
the definition of x, x(n+1, i) = £. Thatis, x"(n+1,i) =t = (M'+1Dx(n+1, i).
The case whenr # (n + 1)(M’ 4+ 1) and i < K, is similar because we may still
conclude that t = £(M’ + 1) for some £ € [M].

Suppose now that r # (n+ 1)(M' + 1) and i > K,,. Since w;l’(M,H) =w, <
K, < i, we must have m = n by the definition of x”. Thus t = n(M’+1) + £ for
some £ € [M']. And by Proposition 6.2 and the definition of x”, w}, = w/ - K, <
i — K,. But, by definition of ¢, w}, > i for all t < ' < r, and in particular
w;z/(M’+1)+Z’ >iforall £ < ¢/ <r—n(M'+1). By Proposition 6.2, this means
w, <i—K, <w) forall¢ < <r—n(M'+1). And so, by definition of x’,
X(r—nM +1),i —K,) =L Thatis, x"(n+1,i) =t =nM +1)+x'(r —
nM' +1),i — K,). U

In the next lemma we define py for W’ and py~ for W” in the same way
pw was defined for W before Lemma 5.3 in the last section.

LEMMA 6.4. The parameter pw» satisfies the inequality

pwr < max{pw, pw'}.

Proof. Letr € [(M + 1)(M' 4+ 1)] and i € Ny be such that r > (x”(r,i) +
y"(r, 1)) /2 and suppose first that r = (n+1)(M’+1) for some n € [M] (the case
r = 0 is trivial). Then after using Corollary 6.3 and dividing by M’ + 1, we see
thatn + 12> (x(n + 1,7) + y(n + 1, 1)) /2, which, by definition of py, implies
x(n+1,i+pw) = (x(n+1),)+yn+1,i)) /2. By multiplying by M'+1 and
again using Corollary 6.3, we see that x”(r, i + pw) = (X" (r,i) + y"(r, 1)) /2.

Suppose now that n(M’ + 1) < r < (n + 1)(M’ + 1) for some n € [M]
and i > K, (where K,, = max{w,, w,41}). Then after using Corollary 6.3 and
subtracting n(M’ +1), we see that r —n(M'+1) > xX'(r —n(M'+1),i — K,)) +
y' (r—n(M’+1),i—K,))/2, which, by definition of py- implies x'(r—n(M'+1),
i — Kn+pw) = ((r—n(M'+1),i — K,) + ' (r —n(M'+1),i — K,)) /2. By
adding n(M’ + 1) and again using Corollary 6.3, we see that x”(r, i + pw’) >
" (r, i) + " (r, i))/2.

Suppose finally that n(M’ + 1) < r < (n + 1)(M’ + 1) for some n € [M]
and i < K. Suppose further that w, < i < wy4+1. Then x(n,i) = n and
y(n + 1,i) > n + 1. Thus, after applying Corollary 6.3 and then dividing
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by M’ + 1, we have
n+l>r/(M+1)>m+yn+1,0)/2,

which implies n + 1 > y(n + 1, i), a contradiction. Therefore, in order for the
hypothesis to hold true, either i < min{w,,, w;, 41} or w,41 < wy. In either case,
y(n,i) = y(n + 1, i). So after applying Corollary 6.3 and dividing by M" + 1,
we have

n+1>xmni)+yn+1,i)/2=xM0m,i)+ yn,i)/2.

This means n > (x(n, i)+y(n, i))/2 and so, by definition of pw, x(n, i+ pw) =
(x(n, i) +yn,i)/2 = (x(n,i) + y@n +1,i))/2. After multiplying by M’ + 1
and again applying Corollary 6.3, we have

x"(ryi + pw) = x"(n(M' +1),i + pw)
> @"(nM + 1))+ y'(n+ DM +1),i))/2
=" (r, i) +Y'(r,i))2.

We have shown that for all r € [(M +1)(M’+1)] andi € Ny, x”(r, i + max{pw,
pw'D) = (xX"(r,i) + y"(r,i))/2 whenever r > (x"(r,i) + y”(r,1))/2. Similarly
it can be shown y”(r,i + max{pw, pw'}) < (x"(r,i) + y"(r,i))/2 whenever
r < (x"(r,i) + y"(r,i))/2. Therefore py» < max{pw, pw'}. d

Definition 6.5. Given a bundle graph G, the family of bundle graphs
generated by G is the set {G®k},f°:1, where G2' is defined recursively by
G% =G and G?""' = G? @ G forall k € N.

There are a few families of bundle graphs that have earned special names.
Given a cardinality «, the family of «-branching diamonds is the family
generated by T(0,1,0,«, the family of «-branching Laakso graphs is the family
the family generated by 7(9,0,1,0),«. Diamond graphs seem to have first been
introduced in [10] and [16]. Laakso graphs were first introduced in [13], based
on ideas found in [12]. Parasol graphs were first introduced in [9]. Lemma 6.4
and Theorem 5.4 yield the following corollary.

COROLLARY 6.6. Given a finitely branching bundle graph G, the family
of bundle graphs generated by G is equi-bi-Lipschitzly embeddable into any
Banach space with an ESA basis, with distortion bounded above by a constant
not depending on the target space or branching number of G. In particular,
every finitely branching diamond, Laakso, and parasol graph is bi-Lipschitzly
embeddable into any Banach space with an ESA basis with distortion bounded
above by 8.

Now that we have formally defined families of bundle graphs generated by
a base graph, we come to the characterizations of Banach space properties
via non-equi-bi-Lipschitz embeddability of families of graphs, as promised in
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the introduction. Work done by Brunel and Sucheston ([7] and [6], see also
[17, Theorem 2.3]), shows that for every non-reflexive Banach space X, there is
a Banach space with an ESA basis that is finitely representable in X; and so every
family of bundle graphs generated by a finitely branching bundle graph is equi-
bi-Lipschitzly embeddable into any non-reflexive Banach space by Theorem 5.4.
Conversely, a consequence of [11, Lemma 1, §4], says that the family of binary
(that is, 2-branching) diamond graphs is not equi-bi-Lipschitzly embeddable into
any Banach space with uniformly convex norm. Virtually the same proof shows
that, in fact, every family of bundle graphs generated by a non-trivial bundle
graph is not equi-bi-Lipschitzly embeddable into a Banach space with uniformly
convex norm. Every superreflexive Banach space is uniformly convexifiable, so
we have the following characterization(s) of superreflexivity.

THEOREM 6.7. Fix a non-trivial finitely branching bundle graph G. Then
a Banach space X is superreflexive if and only if the family of bundle graphs
generated by G is non-equi-bi-Lipschitzly embeddable into X.

Remark 6.8. Johnson and Schechtman [11] obtained a distortion bound
of 16 4+ ¢ for the equi-bi-Lipschitz embeddability of the family of binary
diamond graphs into a non-superreflexive Banach space. Ostrovskii and
Randrianantoanina [17] improved and generalized this, obtaining a distortion
bound of 8 4 ¢ for any family of finitely branching diamond or Laakso graphs.
Corollary 6.6 yields a further generalization, and recovers the same distortion
bound of 8 + € for any family of finitely branching diamond, Laakso, or parasol
graph. It is unknown to the author for which families of bundle graphs, if any,
the distortion bound implied by Corollary 6.6 is optimal, but a distortion bound
of 2 + ¢ was obtained for the 2-branching diamonds by Pisier in [18] (see the
proof of Theorem 13.17).

Theorem 3.2 in [4] shows that within the class of reflexive Banach spaces with
an unconditional structure, a Banach space that is not asymptotically uniformly
convexifiable will contain (1 4 ¢, 1 4 €)-good £, trees of arbitrary height for
all ¢ > 0. Theorem 4.1 in [4] then shows that every family of bundle graphs
generated by a non-trivial infinitely branching bundle graph is not equi-bi-
Lipschitzly embeddable into any Banach space that is asymptotically midpoint
uniformly convexifiable. Thus we have the following metric characterization(s)
of asymptotic uniform convexifiability within the class of reflexive Banach
spaces with an unconditional asymptotic structure.

THEOREM 6.9. Fix a non-trivial Rg-branching bundle graph G. Then
a reflexive Banach space X with an unconditional asymptotic structure is
asymptotically uniformly convexifiable if and only if the family of bundle graphs
generated by G is non-equi-bi-Lipschitzly embeddable into X.
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