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Abstract

Let n, g and r be positive integers, and let '} be the n-skeleton of an (/N — 1)-simplex.
We show that for N sufficiently large every embedding of K% in R?"*! contains a link
consisting of r disjoint n-spheres, such that every pairwise linking number is a nonzero
multiple of q. This result is new in the classical case n = 1 (graphs embedded in R?)
as well as the higher dimensional cases n > 2; and since it implies the existence of an
r-component link with all pairwise linking numbers at least ¢ in absolute value, it also
extends a result of Flapan et al. from n = 1 to higher dimensions. Additionally, for r = 2
we obtain an improved upper bound on the number of vertices required to force a two-
component link with linking number a nonzero multiple of g. Our new bound has growth
O(ng?), in contrast to the previous bound of growth O(y/n4"q"2).

Keywords: Intrinsic linking, complete n-complex, Ramsey theory.
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1 Introduction

In the early 1980s Sachs [11] and Conway and Gordon [1] proved that every embedding
of the complete graph K¢ in R? contains a pair of disjoint cycles that form a nontrivial
link, and Conway and Gordon also showed that every embedding of K7 in R contains
a nontrivial knot. These facts are expressed by saying that K is intrinsically linked, and
K7 is intrinsically knotted. Since then, a number of authors have shown that embeddings
of larger complete graphs necessarily exhibit more complex linking behaviour, such as
non-split many-component links [4, 6]; two component links with linking number large
in absolute value [2]; and two component links with linking number a nonzero multiple
of a given integer [5, 6]. Embeddings of larger complete graphs must also exhibit more
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complicated knotting behaviour, such as knots with second Conway co-efficient large in
absolute value [2].

Such Ramsey-type results for intrinsic linking can also be shown to hold in higher di-
mensions. Let K} be the n-skeleton of an (N — 1)-simplex, which we call the complete
n-complex on N vertices. Then K3, ,, is intrinsically linked, in the sense that every em-
bedding in R2"*+! contains a pair of disjoint n-spheres that have nonzero linking num-
ber [10, 12]; and moreover, the linking results described above can all be extended to
embeddings of sufficiently large complete n-complexes in R?"+1 [13].

Flapan, Mellor and Naimi [3, Theorem 1] have shown that intrinsic linking of graphs is
arbitrarily complex, in the following sense: Given positive integers r and «, every embed-
ding of a sufficiently large complete graph in R? contains an r-component link in which
the linking number of each pair of components is at least « in absolute value. The main
goal of this paper is to prove an analogue of this result in all dimensions, with the condi-
tion on the magnitude of the linking numbers replaced by a divisibility condition instead.
Namely, we show that, given positive integers r and ¢, every embedding of a sufficiently
large complete n-complex in R2"*+! contains a link consisting of r disjoint n-spheres, in
which all pairwise linking numbers are nonzero multiples of q.

This result is new in the classical case n = 1 as well as the higher dimensional cases
n > 2. Since a nonzero multiple of ¢ has magnitude at least g, it also extends the Flapan-
Mellor-Naimi result to n > 2. The techniques used to prove it draw heavily on those of
Flapan, Mellor and Naimi (for the construction of many-component links with all pairwise
linking numbers nonzero), as well as those of our previous paper [13] (for intrinsic linking
with n > 2, and constructing links with linking numbers divisible by g). By refining
a technique from [13] we also obtain a vastly improved upper bound on the number of
vertices required in the case = 2. Our new bound has growth O(ng?), in contrast to the
previous best bound [13, Theorem 1.4] of growth O(y/n4"¢"2).

We note that Flapan, Mellor and Naimi [3, Theorem 2] further show that intrinsic link-
ing of complete graphs is arbitrarily complex in an even stronger sense: one can addition-
ally require that the second co-efficient of the Conway polynomial of each component has
absolute value at least a as well. As an integral measure of the complexity of a knot, the
second Conway co-efficient may be regarded as the natural analogue of the pairwise link-
ing number, viewed as an integral measure of the complexity of a two-component link. By
Hoste [7, Lemma 2.1(i)] the Conway polynomial V . (z) of an oriented r-component link
L =K UKyU---U K, has the form

Ve(z) = zrfl[ao +a22 4+ amZQm],

and by the second Conway co-efficient we mean the co-efficient a;. When £ = K is a
knot we have ag = 1 (Kauffman [9, Proposition 4.1], or see Hoste [7, Lemma 2.1(iii)]),
o aj is the first nontrivial co-efficient of V(z); and when £ = K; U K5 is a two-
component link we have ag = (k(K7, K2) (Hoste [7, Lemma 2.1(iv)]), so here it is the
linking number that is the first nontrivial co-efficient of V £ (z). Moreover, for a knot KX the
mod two reduction of a; is equal to the Arf invariant of K (Kauffman [9, Section 4(a)], or
see [7, Lemma 2.1(iii)]), so the linking number and the second Conway co-efficient may
both be regarded as integral lifts of the mod two invariants used to establish the first results
in intrinsic knotting and linking: the intrinsic linking of Kjg is proved by considering a
sum of pairwise linking numbers mod two, and the intrinsic knotting of K7 is proved by
considering the sum of the Arf invariants of the Hamiltonian cycles in an embedding of K~
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in R3 [1].

We do not consider knotting of the components in this paper. This is chiefly for reasons
of dimension: knotting of n-spheres occurs in R" 2, whereas linking of n-spheres occurs in
R2"*1 50 the only dimension in which we can consider intrinsic knotting and linking of n-
complexes simultaneously is the classical case n = 1. We have not given this case separate
consideration, instead giving uniform arguments that work for all n. To our knowledge
there are at present no known divisibility results for intrinsic knotting, and we pose the
following question:

Question 1.1. Let ¢ > 2 be a positive integer. Does there exist /N such that every em-
bedding of K 5 in R? contains a knot with second Conway co-efficient a nonzero multiple
of ¢q?

Hoste [8] shows that the first Conway co-efficient ag of an r-component oriented link
L is equal to any cofactor of a certain matrix of pairwise linking numbers associated with
L. Tt then follows from Theorem 1.3 below that for NV sufficiently large every embedding
of K% in R?"*! contains a non-split 7-component link satisfying ap = 0 (mod gq). As
a strengthening of Theorem 1.3, we might additionally ask that ag be nonzero, motivating
the following question:

Question 1.2. Let n, ¢ and r be positive integers, with ¢ > 2 and » > 3. Does there exist
N such that every embedding of K% in R?*"T! contains an r-component link with first
Conway co-efficient a nonzero multiple of ¢?

‘We conjecture that the answer to both questions above is yes.

1.1 Statement of results

Throughout this paper, an r-component link means r disjoint oriented n-spheres embedded
in R?"*+1. Given a 2-component link L; U Ly we will write ¢k(Lq, Lo) for their linking
number, and ¢ko (L1, Lo) for their linking number mod two. For {7, j} = {1, 2} the integral
linking number is given by the homology class [L;] in H,,(R*" ™! — L;; Z) & Z.

Our main result is as follows:

Theorem 1.3. Let n, q and r be positive integers, with r > 2. For N sufficiently large
every embedding of K% in R*" T contains an r-component link Ly U - - - U L,. such that,
forevery i # j, lk(L;, L;) is a nonzero multiple of q.

Since every nonzero multiple of ¢ has absolute value at least ¢, Theorem 1.3 immedi-
ately gives us the following extension of Theorem 1 of Flapan et al. [3] to higher dimen-
sions:

Corollary 1.4. Let n, A and r be positive integers, with r > 2. For N sufficiently large
every embedding of K% in R*"* contains an r-component link Ly U - - - U L,. such that,
forevery i # j, |[tk(L;, Lj)| > A\

The r = 2 case of Theorem 1.3 is proved as Theorem 1.4 of [13], with an upper bound
of growth O(y/n4™q"*2) on the number of vertices required. We re-prove this result with
a greatly improved bound with growth O(ng?):
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Theorem 1.5. For r = 2, the conclusion of Theorem 1.3 holds for

2442, n=1,

N > =
= K:’IL(Q) {4q2(2n+4)+n+ ’74‘1277;2—‘ +1, n>2.

:n(Q)
Ly U Lo such that the linking number k(L1 , Ly) is a nonzero multiple of q.

In other words, every embedding of K in R?*"+1 contains a two component link

We note that the bound of Theorem 1.5 is equal to the best known upper bound on the
number of vertices required to force the existence of a generalised key ring with ¢ keys
(see Flapan et al. [3, Lemma 1] for the case n = 1 (although they don’t state the bound
explicitly), and Tuffley [13, Theorem 1.2] for n > 2).

1.2 Overview

As is the case with most Ramsey-type results on intrinsic linking, Theorems 1.3 and 1.5 are
proved by using the connect sum operation to combine simpler links into more complicated
ones. To achieve the divisibility condition we will require the building block components
to be “large”, in the sense that they all contain two copies of a fixed suitably triangulated
disc. The triangulation will not only need to have many n-simplices, but must also have
a combinatorial structure analogous to a path in a graph. Accordingly, we call such a
triangulated disc an n-path. We give a precise definition of a path in Section 2, and then
re-establish a number of known results on intrinsic linking to show that we can require the
necessary components to be large in this sense.

The bulk of the work required to prove Theorem 1.3 is done in Proposition 3.1, which
forms the main technical lemma of the paper. Section 3 is devoted to the proof of this. The
proposition plays the role of Flapan, Mellor and Naimi’s Lemma 2, and the statement and
proof are heavily modelled on theirs, making modifications as needed for it to work in all
dimensions and achieve the divisibility condition. From an arithmetic standpoint, realising
the divisibility condition largely boils down to repeatedly applying the following simple
number-theoretic observation, used by both Fleming [5] and Tuffley [13]:

Let 01,0y, ..., L, be integers. Then there exist 0 < a < b < q such that

Z ;=0 (mod q).

i=a+1

The work then is in achieving this sum topologically, with the integers involved being
linking numbers with respect to some fixed sphere S. Paths and generalised key rings
(links in which one component has nonzero linking number with all the others) play crucial
roles in this.

With Proposition 3.1 established it is a relatively simple matter to prove Theorem 1.3,
and we do this in Section 4. The underlying argument is essentially that of Flapan, Mellor
and Naimi’s proof of their Theorem 1, using our Proposition 3.1 in place of their Lemma 2,
and with some additional considerations to ensure that the building block components are
sufficiently large, in the sense described above.

Finally, we turn our attention to the two component case in Section 5, and establish
the improved bound of Theorem 1.5. This is done by simply improving the construction
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of the building block link used in our original proof [13, Theorem 1.4] of this result. This
building block is a generalised key ring with g keys that are all sufficiently large, and our
original approach was to obtain this by working with a subdivision of K73;. By taking
the subdivision fine enough, we could ensure that each key contained the required pair
of paths. However, Lemma 5.1 gives us a simple way to enlarge the keys of an existing
key ring, thereby eliminating the need to subdivide. This by itself dramatically reduces
the number of vertices required. By additionally “recycling” vertices left over from earlier
stages of the construction, we show that we can in fact do this using no more vertices than
were needed to construct the initial key ring with ¢ keys, reducing the number of vertices
still further.

1.3 Some notation and terminology

The combinatorial structure of a link with many components is usefully described by its
linking pattern:

Definition 1.6 (Flapan et al. [3, Definitions 1 and 2]). Given a link £, the linking pattern
of L is the graph with vertices the components of £, and an edge between two components
K and L if and only if ¢k(K, L) # 0. The mod 2 linking pattern of L is the graph with
vertices the components of £, and an edge between two components K and L if and only
if ko (K, L) # 0.

An (r + 1)-component link RU Ly U --- U L, is a generalised key ring with ring R
and keys L1, ..., L, if its linking pattern contains the star on r 4 1 vertices as a subgraph,
with R as the central vertex. Thus, the components L; all link R, just like the keys on a key
ring. The link is referred to as a “generalised” key ring to reflect the fact that the keys may
link each other, which is not typically the case with the kinds of key rings we carry on our
persons.

The linking numbers between components of two disjoint many-component links are
conveniently collected into a linking matrix as follows:

Definition 1.7. Given disjoint ordered oriented links 7 = J;U---UJs, L= L1 U---ULy,
we define their linking matrix k(7 , L) to be the s x ¢ matrix with (g, j)-entry £k(J;, L;).

We will say that a matrix A is positive if all entries of A are positive, and nonvanishing
if every entry of A is nonzero.

2 Constructing links with large components

A common strategy in proving Ramsey-type results for intrinsic linking is to start with a
link with many components and relatively simple linking behaviour, and combine some
of the components to form a link with fewer components but more complicated linking
behaviour. Our arguments to prove Theorem 1.3 will require that the building block linking
components are “large” in a suitable sense. Thus, in this section we re-establish a number
of known results on intrinsic linking to prove the existence of links with large components.

In the classical one-dimensional case (graphs embedded in R3) we will simply require
our components to have sufficiently many vertices (equivalently, sufficiently many edges).
In principle, no additional work is required in this case, because we could simply take a
sufficiently large complete graph and subdivide each edge into a suitably long path, as is
done in Flapan [2]. The combinatorics of triangulated n-spheres are more complicated
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for n > 2, however, and it will not be sufficient to simply work with spheres with many
vertices or n-simplices. Instead, we will additionally require our components to be large in
the following sense, where D is chosen in advance:

Definition 2.1. Let D be an n-dimensional triangulated disc. A triangulated n-sphere is
large with respect to D or D-large if it contains two disjoint oppositely oriented copies
of D.

When it comes time to prove Theorem 1.3 we will choose D so that it has a triangulation
of the following form:

Definition 2.2. Let D be an n-dimensional triangulated disc with ¢ n-simplices. Then D
is a path of length ¢ if its n-simplices may be labelled A4, ..., A, such that

b
Dgp = UA’L

isadiscforany 1 <a <b </

For n = 1 this definition co-incides with the usual meaning of a path in a graph. To
construct a path for n > 2 we may start with £ n-simplices A1, ..., Ay, and choose distinct
(n — 1)-simplices ;, §; belonging to A;. Choose simplicial isomorphisms ¢;: §; — Y;+1
for1 < i < ¢ —1, and glue the A; according to the ¢;. The result is a disc D", and the
triangulation D™ = A; U --- U Ay satisfies Definition 2.2 by construction. In Lemma 2.6
of [13] it is shown that a disc constructed in this way has ¢ + n vertices, and the number
of (n — 1)-simplices in dD™ is £(n — 1) + 2. We note that for n > 2 a path does not
necessarily have this form: for instance, for n = 2 the triangulation of a regular n-gon by
radii may be given the structure of a path.

We begin by establishing the existence of D-large n-spheres with arbitrarily many ad-
ditional n-simplices. For convenience, we let o, (D, m) be the minimal number of vertices
of a triangulated sphere satisfying the conditions of the following lemma.

Lemma 2.3. Let D be a triangulated disc, and let m be a positive integer. There is a
triangulation of S™ that contains two disjoint oppositely oriented copies of D, together
with at least m additional n-simplices.

Proof. Consider D x I. If V' = {wy,...,vy} is the vertex set of D, then D X I has a
triangulation with vertex set V' x {0, 1}, and simplices of the form

6]‘ = [(’UiO,O), ey (Uij,O), (’Uij7 1), ey (U’im 1)}

for 0 < j < k and each k-simplex ¢ = [v;,,...,v;,] of D withip < i3 < -+ < i;. Asa
first pass we let S = 9(D x I) with the induced triangulation.

The n-sphere S contains two disjoint copies of D, namely D x {0} and D x {1},
and they are oppositely oriented because they are exchanged by reflection in the equator
0D x { %} Suppose that D contains a total of ¢ simplices of dimension n — 1. Each
contributes a total of n simplices of dimension n to 9D X I, so S has a total of nt addi-
tional n-simplices. If nt > m does not hold then let S” be a triangulated n-sphere with at
least m — nt + 1 simplices of dimension n (such a triangulated sphere certainly exists, for
example by taking the boundary of a sufficiently long (n + 1)-path, as constructed above).
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Choose n-simplices ¢ and §’ belonging to D x I and S’, respectively, and form the con-
nected sum of S and S’ by gluing the discs S — ¢ and S’ — ¢’ along their boundaries. The
resulting sphere satisfies the conditions given in the conclusion of the lemma. O

We now use Lemma 2.3 to prove the existence of generalised key rings with large rings.
To do this we require the following slight strengthening of Lemma 3.2 of [13], which is in
turn an extension of Lemma 1 of Flapan et al. [3] to all dimensions.

Lemma 2.4. Let D be a triangulated disc. Suppose that K% is embedded in R*"** such
that it contains a link

LUJiU--UdpzUX3 U+ U X2,

where lko(J;, X;) = 1 for all i, and L contains two disjoint oppositely oriented copies of
D and at least m? additional n-simplices. Then there is an n-sphere Z in K% with all its
vertices on LU Jy U - --U Jp,2, and an index set I with |I| > %, such that lko(Z, X;) = 1
forall j € I and Z contains two disjoint oppositely oriented copies of D.

In Lemma 3.2 of [13] we require only that L has at least m? n-simplices. Thus, the
difference between the two results is the stronger condition that L contains the two copies
of D and a further m? n-simplices, and the additional conclusion that Z contains two
disjoint oppositely oriented copies of D. To prove the stronger form it is only necessary to
observe that in proving the original result we can ensure that the copies of D in L end up
in Z.

Proof. The first step in the proof of [13, Lemma 3.2] is to construct an n-sphere S with
all its vertices on L U J; U --- U J,,2, and meeting each sphere J; in an n-simplex ¢;.
This is done by choosing a distinct n-simplex &/ belonging to L for each i = 1,...,m?,
and applying [13, Corollary 2.2] to obtain a sphere (); C K} with all its vertices on
d; U ¢}, and meeting J; in §; and L in 6,. The sphere S is then constructed from L and
the @; by omitting the interiors of the discs ¢;. Thus, we can ensure that S contains two
disjoint oppositely oriented copies of D by choosing the &} from among the m? additional
n-simplices of L, leaving the copies of D intact.

At the final step in the proof of [13, Lemma 3.2], the required sphere Z is constructed
from S and a (possibly empty) subset of the .J;, by omitting the interiors of the correspond-
ing n-simplices §;. Therefore, since S contains the required copies of D, we are guaranteed
that Z does too. O

Corollary 2.5. Let D be a triangulated disc, and r a positive integer. For N sufficiently
large, every embedding of K% in R*"*! contains an (r + 1)-component link R U Ly U
-+-UL, such that lko(R, L;) = 1 for all i, and R contains two disjoint oppositely oriented
copies of D. It suffices to take

N > kp(D,r) = 4r2(2n + 4) + 0,,(D, 41%).

Proof. Given an embedding of K o (D,ry 1 R27+1 choose 4r? disjoint copies of K5, 14
contained in the embedding, together with a copy of K (D, 4r2)" By Taniyama [12] the ¢th
copy of K3, 4 contains a 2-component link .J; U X such that £ky(J;, X;) = 1, and the
copy of K (D,4r?) contains a triangulated sphere L that contains two disjoint oppositely
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oriented copies of D and at least 472 additional n-simplices. The result now follows by
applying Lemma 2.4 with m = 2r to the link

LUJiU--Udy2UX1U- U Xy,e. O

Finally, we extend Proposition 1 of Flapan et al. [3] to higher dimensions, with the
additional conclusion that all components are large with respect to a chosen triangulated
disc D. This result serves as the base case for the inductive argument proving Theorem 1.3
in Section 4.

Proposition 2.6. Let D be a triangulated disc, and let r be a positive integer. For N
sufficiently large, every embedding of K% in R*"*1 contains a 2r-component link

JiU---UJ, UL U---UL,,

such that ko (J;, Lj) is nonzero for all i and j, and each component contains two disjoint
oppositely oriented copies of D.

The link given by this result has mod two linking pattern containing the complete bi-
partite graph K, ,., because each component J; has nonzero mod 2 linking number with
each component L;. The argument to prove the existence of such a link is exactly that of
Flapan et al.’s proof of their Proposition 1, and the extension to higher dimensions already
follows from our paper [13]: as noted in Section 1.2.2 of [13] their Proposition 1 is a purely
combinatorial argument that depends only on their Lemma 1 and the existence of gener-
alised key rings, and these are generalised to higher dimensions in [13]. So the work to be
done here is to ensure that each component contains copies of the disc D.

For n = 1 this already follows from Flapan et al.’s Proposition 1, because we may
simply subdivide each edge of a sufficiently large complete graph into paths of length £.
A similar approach could be taken in higher dimensions, using the subdivisions of K}
constructed in [13], but this introduces many unnecessary vertices. We give a simpler
argument that doesn’t make use of subdivision, and requires far fewer vertices.

Proof. Following Flapan et al. [3] let m = (4722 , and let

N = mkn(D,r) +ro,(D,m).

Then K7, contains m copies of K Zn( Do) and r copies of K ;‘n( Dym)> all disjoint from one

another. Given an embedding of K% in R?"*1, by Corollary 2.5 the ith copy of K| gn( D)
contains a generalised key ring

R,UJyU---UJ;

such that the ring R; is D-large; and the jth copy of Kgn( Dom
L; that contains at least m additional n-simplices.
Apply Lemma 2.4 to the link

) contains a D-large sphere

LiuJpU---UJpaUR U UR,y,.

This yields a D-large sphere Z; with all its vertices on Ly U J11 U - - - U J;,1, and an index

r—1
set I; with |I1] > @ = % = my, such that ¢ko(Z1,R;) = 1 foralli € I.
Suppose now that for some 1 < k < r we have constructed D-large spheres 21, ..., Z
and an index set [, such that
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(1) all vertices of Z; lieon L; U J1; U -+~ U Jp,; for1 < j < k;

.2r—k
@) [I] > my, = B20—;
() lko(Z;,R;) =1foralll < j < kandi € I.
J

Applying Lemma 2.4 to the link

Ly U (U Ji(k+1)> U (U Ri)
i€l i€l

we obtain a D-large sphere Zy 11 with all its vertices on Lyy1 U Jygq1) U+ U Jprt1)s
or—k—1

and an index set Ijy1 C Ij with |Ixq] > \/;T’“ — () 3 = mygy1, such that
Cko(Ziy1,R;) = 1forall i € I4q. This gives us D-large spheres Z1, ..., Z;4+1 and
an index set Iy, such that conditions (1) —(3) hold with & replaced by k£ + 1, so by induc-
tion there are D-large spheres Z1, . .., Z, and an index set I, such that they hold for k = r.

R
- 4

Since m, = r, the first 2r components of

Zlu---uZTu(U Ri>

icl,

are the required link. O

3 The main technical lemma

This section is dedicated to proving the following analogue of Lemma 2 of Flapan et al. [3],
which forms the main technical lemma of this paper:

Proposition 3.1 (Main technical lemma). Let ¢ € N. Suppose that K7, is embedded
in R2" 1 such that it contains a link with oriented components Ji,...,Ja, L1,...,Lp,
Xi,..., Xgand Y1, ..., Y7 satisfying

(1) A>25¢5+T;

(2) B> 352T(5’ + T)qS+T,'

(3) Lk(Ja, Xs) is nonzero for all a and s;
(4) Lk(Ly,Yy) is nonzero for all b and t; and

(5) each component J,, Ly, contains two disjoint oppositely oriented copies of a fixed
path D of length \ > (2q)°+7.

Then K73 contains an n-sphere Z with all its vertices on Jy U ---UJa UL U---ULp
such that, for each s and t, lk(Z, X) and Lk(Z,Y}) are nonzero multiples of q.

We note that the hypotheses of our Proposition 3.1 are much stronger than the hypothe-
ses of Flapan et al.’s Lemma 2: we require A and B to be much greater, and we have
the additional hypothesis (5) that the components J,, L are large with respect to a cer-
tain path. This is to be expected, since our conclusion is strictly stronger than theirs: any
nonzero multiple of q is necessarily at least ¢ in magnitude.

Before proving Proposition 3.1 we first establish the following lemma on sums of vec-
tors in R%, which we will use in the proof.
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Lemma 3.2. Let f € R be a vector with all entries nonzero, and for i = 0,...,N let
v; € RL If N > 29 then there exist 0 < j < k < N such that every entry of f + v, — v;
is nonzero.

Proof. The proof is by induction on d. In the base case d = 1, suppose that N > 2. If
either f + v; — vg or f 4+ vy — vy is nonzero then we are done, and otherwise

fHve—vo=(f+ve—v1)+(f+vi—w)—f=—f#0.

Thus the lemma holds in the base case d = 1.

Suppose now that the lemma holds for some d > 1, and let vg,vy,..., vy be N +
1 > 29+1 4 1 vectors in R, We claim that there is N’ > 2% and N’ + 1 indices
0<i9<ip <-- <in < N suchthat, forany 0 < j < k < N’, the (d + 1)th entry
of f+ v;, — v;, is nonzero. The inductive step will then follow by applying the inductive
hypothesis to the first d entries of f and v;,...,v;,,.

Write (¥ for the ith entry of x € R™. To prove the claim we consider the graph
with vertex set {0,1,..., N}, and an edge between j and k if j < k and the difference

U’(€d+1) (d+1) is equal to the forbidden value —f(?+1). Now observe that for any path
(ig, 01, .. - ,im) in this graph we have
m m—1
d+1 d+1 d+1 d+1 .
z(,,b+ ) 1(0 = Z[Uz‘(j+ ) 1(J+1) AR Z sign(i; — ¢j-1).
J=1 j=1

In particular, if the path is a cycle then ¢,, = 7, and it follows that

m—1
FEY " sign(ijr — ;) = 0.

j=1

Since f(4+1) is nonzero by hypothesis the sum must be zero, and since each term is +1,
for this to occur it must involve an even number of terms. Thus any cycle must be of even
length, and it follows that our graph is bipartite.

Colour the vertices black and white in such a way that there is no edge between vertices
of the same colour, and let 0 < 49 < 7 < --- < in < N be the vertices belonging to the
larger colour class. Then N/ +1 > [(N +1)/2] > [(29*! +1)/2] = 2¢ + 1, and for any
0 <j < k< N wehave f(d+1) + vgjﬂ) — vgfﬂ) = 0, as required. Lemma 3.2 now
follows by our discussion above. ' O

Proof of Proposition 3.1. Let

J=J1U---UJyu, X=XjU---UXg,
L=L,U---ULp, y=YuU---uUYp.

Following Flapan et al. [3], we begin by replacing the links 7 and £ with sublinks 7/,
L" for which we have some control over the signs of the entries of the linking matrices
(T, X), Lk(L”,Y) and LE(L", X). To do this, we first consider the patterns of signs of
the entries of the vectors ¢k(J,, X). Since these vectors have S entries, and all are nonzero,
there are 2° possibilities for the patterns of signs (positive and negative) in each one. It
follows that we can choose at least A/2° > ¢5+7 of them that all have the same pattern of
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signs. Moreover, after reversing the orientation of some components of & if necessary, we
may assume that these signs are all positive. Thus, setting J' = J; U--- U J s+, we may
assume without loss of generality that the linking matrix £k(J’, X) is positive.

Applying the same argument to the vectors ¢k(L;,)), we obtain a sublink £’ of £ with
at least 3°(S +T)q%*T components such that the linking matrix ¢k(L’, ) is positive. We
now consider the patterns of signs (positive, negative or zero) of the vectors ¢k(Ly, X') for
Ly, a component of £'. There are now 3° possibilities for these patterns, so we may choose
at least (S + T')¢°+T components that have the same pattern. Setting £ = Ly U --- U
L(sy1)qs+r we may therefore assume without loss of generality that the linking matrix
Lk(L"”,Y) is positive, and that each column of ¢k(L”, X)) is either positive, negative, or
zero. From now on we restrict our attention to the sublinks 7’ and £” of 7 and L.

Our next goal is to construct a sublink £ = Z; U --- U Z¢ of J' U L such that every
entry of

c
2= lk(Z.,XUY)
c=1
is a nonzero multiple of ¢q. At the final step we will obtain the required n-sphere Z as a
connect sum of the components of Z. To this end we begin by considering the sums

Jo =Y lk(J,,XUY)

a=1

modulo g for 1 < o < ¢5*7. Each vector j, has S + T entries, so there are ¢°+7 pos-

sibilities when considered mod ¢. Since we have ¢°+7 vectors in total, by the pigeonhole
principle we can either find one that is zero modulo ¢, or two that are equal modulo ¢. In
either case, there are integers 0 < ap < a3 < qS *T such that the vector

o
j= Y tk(J., XUY)
a=ap+1
is zero modulo ¢. Moreover, the first S entries of j are given by Y302 | ¢k(Ja, X), and
are therefore nonzero, because the vector ¢k(J,, X) is positive for each a. We will use
Jao+1 U+ U Jy, asthe first & — ap components of Z.
‘We now consider the sums

B
> lk(Ly, X UY)
b=1

modulo ¢ for 1 < 8 < (S + T)g°*7. Since there are again ¢°+7 possibilities mod ¢,
and we have (S + T)¢°*7T sums in total, we can either find S + T of them that are zero
mod ¢, or S + T + 1 of them that are identical mod ¢. In either case, there are integers
0<Bo<B1<- < PBser < (S+T)g°*T such that the vectors

Bi
L= Y lk(Ly,XUY)

b=pFo+1

are zero modulo ¢. Any additional components of Z will be chosen from among Lg,41 U
Lﬁ0+2 U---u LBS+T'
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To choose the remaining components of Z we consider the sequence of S + T + 1
vectors j,j + £1,...,j + £s+p. From above these vectors are all zero when considered
modulo ¢, and we claim that it is possible to choose at least one of them that is nonvanishing
when considered as an integer vector. To see this, consider first the (S +t)-entries for some
1 <t < T, which are given by

[e%]
§5+ = Z Ck(J,, Yr),

a=ap+1
(j + )5 = Z k(Ja,Ys) + Z Ck(Ly, Yy).
a=ap+1 b=pp+1

Since the linking matrix ¢k(L"”,)) is positive these form a strictly increasing sequence,
and consequently the (S + t)-entry vanishes for at most one of our S + T + 1 vectors.
Next, consider the s-entries for some 1 < s < S, which are given by

§ =Y k(e X)

a=ap+1
Bi
(+4) Z Ck(Ja, Xo) + Y lh(Ly, X
a=ap+1 b=pBo+1

Recall that the first sum is positive, and that each column of the linking matrix ¢k(L", X)
is either positive, negative, or zero. It follows that the above sequence of integers is either
constant (in which case it is positive), or it is strictly increasing or strictly decreasing. In
any case we again conclude that the s-entry vanishes for at most one of our S + 7 + 1
vectors. Thus there are at most S + 7" vectors for which one of the entries vanishes, and so
there is at least one for which no entry vanishes, proving the claim. We may then set

Z=7Z1U---UZ¢c

S Jag+1 U Uy, if j is nonvanishing, or
Jag+1 U---UJy, ULgy 11 U---ULg, if j+ £;is nonvanishing.

With this choice of Z, every entry of

c

z0=Y (k(Z,XUY)

c=1

is a nonzero multiple of ¢, as required.

Our final task is to obtain the required n-sphere as a suitable connect sum of the com-
ponents of Z. To do this we will inductively construct oriented spheres F1, ..., Fo_1 such
that, foreach1 <y < C -1,

(a) the vertices of I, lie on Z, U Z,1 (and so F, is disjoint from X, ), and the rest
of Z);

(b) Fy,_1 N Z, and F, N Z, are disjoint discs, each of which is oppositely oriented by
Zyand F,_q or Fy;
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(c) every entry of the vector
~
7, =20+ ZZk(Fi,X uy)
i=1
is a nonzero multiple of q.

We will then obtain the required sphere Z from the union of Z and the F. by omitting the
interiors of the discs . N Z. and F,, N Z.4;. Conditions (a) and (b) imply that I} and F/
are disjoint for all ¢ and ¢/, and it follows that Z is a connect sum of spheres, and hence

itself a sphere. Moreover, as a chain we have Z = chzl Ze + ngf F,, so
c-1
(k(Z,X0Y) =20+ > _k(F,XUY),
c=1

and by condition (c) every entry of this vector is a nonvanishing multiple of q.

The underlying technique for constructing the spheres F,. comes from the proof of
Theorem 1.4 of Tuffley [13], but additional work is required to ensure that condition (c)
is satisfied. By hypothesis (5) each sphere Z,. contains two disjoint copies of the path D,
one of each orientation. We begin by labelling these D, and D, in such a way that there
is an orientation reversing simplicial isomorphism ¢.: D. — D ;. This may be done
inductively: first label the copies of D contained in Z; arbitrarily, and then once D. and
D¢, have been chosen, choose D and D, so that D, _ , is oppositely oriented to D..
We will choose the spheres F. so that the following strengthened form of condition (a)
holds for1 <~ < C —1:

(a’) the vertices of F’, lieon D, U D! ;.

This condition serves to ensure that F’,_; N Z, and F, N Z, are disjoint, as required by
condition (b).

Suppose that for some 0 < ¢ < C — 1 the spheres F1, ..., F, have been constructed
so that conditions (a’), (b) and (¢) hold for 0 < v < ¢. When ¢ = 0 conditions (a") and (b)
are empty, and condition (c) is that every entry of zg is a nonzero multiple of ¢, so we may
take ¢ = 0 as our base case. Let Ay, ..., Ay be a labelling of the n-simplices of the path
D, 1 as in Definition 2.2, and for 1 < ¢ < ) let P, be the oriented sphere satisfying

PiNZep = Ay, PyNZetra = dey1(Ag)

that results from applying Corollary 2.2 of Tuffley [13] to the pairs (Z.i1, Det1) and
(Zey2, D, ). The vertices of these spheres all lie on D1 U Dy, 5, and for any 1 < 1 <
v < ), the chain ZZ: " P, represents a sphere meeting D, ; in the disc UZ: " Ay, and
D, in the disc U,_,, dcr1(Ae).

For 1 < /¢ < X\ we consider the sums

4
> k(P XUY)
=1

modulo q. As above there are ¢°+7 possibilities for these modulo ¢, and we have \ >
29+T ¢S+T of them, so we can either find 27 of them that are identically zero mod g, or
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25+T 1 1 of them that are equal mod ¢. In either case there are integers 0 < po < 3 <
-+ < lgs+r such that the vectors

Hj
P = Z Ek?(P“XUy)

i=po+1

are identically zero mod g for 1 < j < 25+T
Set pg = 0, and apply Lemma 3.2 to the vectors pg, pi,...,pPas+r € R¥T with
f = z.. This yields indices 0 < j < k < 257 such that no entry of

1223
Ze+Dr—Pj =2+ Y (k(P,XUY)

i=pi+1

is zero. Moreover, the vectors z., p; and py, are all identically zero mod g, so every entry
of z. + pr — Pp; is a nonzero multiple of g.

Let Foyq = f:’“uj 41 P;. Then F,;; represents an n-sphere with all its vertices on
Zey1 U Zeyo, and meeting Z.; and Z. 5 in the discs

Pk Mk
Fer1iNZepr = U A; € Det1, Fey1NZera = detn U A; | €D/ ,.
i=pj+1 i=p;+1

The construction of Corollary 2.2 of Tuffley [13] ensures that these discs are oppositely
oriented by F..1 and Z.11 U Z. 2, so conditions (a’) and (b) are satisfied; and with this
choice of Fi.11 we have z.,1 = z. + pPr — P;, so condition (c) is too. This completes the
inductive step, and we now obtain the required sphere Z as described above. O

4 Proof of Theorem 1.3

We are now in a position to prove our main result, Theorem 1.3. The strategy is that of
Flapan et al.’s proof of their Theorem 1.

Proof of Theorem 1.3. Following Flapan et al. [3], for each u, v € Nlet H(u, v) denote the
complete (u + 2)-partite graph with parts P; and P containing v vertices each, and parts
Q1,...,Q, containing a single vertex each. We will prove by induction on u that for every
u > 0and v, > 1, for N sufficiently large every embedding of K% in R?"*! contains a
link £ such that

(L1) the linking pattern of £ contains the graph H (u, v);

(L2) the linking number between any two distinct components in Q1 U --- U @, is a
nonzero multiple of ¢; and

(L3) every component in P; U P, contains disjoint oppositely oriented copies of a path D
of length at least £.

For simplicity, we will say that a link £ satisfying conditions (L1)—(L3) with the given
parameter values satisfies property (u, v, £).
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The base case v = 0 follows from Proposition 2.6 with » = v, by choosing D to be a
path of length ¢. Suppose then that the claim holds for some v > 0. Given v, £ > 0, let

S =w,
T=u+wv,

A — B — 2T3S(S+T)QS+T 2 2SqS+T’
A = max{(, (2¢)°*7},

and let w = S + A = S + B. By our inductive hypothesis, for N sufficiently large every
embedding of K% in R?"*! contains a link £ satisfying property (u,w, \). We will show
that every such embedding also contains a link £’ satisfying property (u + 1, v, £).

Given an embedding of K% in R?"*1 and a link £ contained in it satisfying property
(u, w, \), label the components of £ such that

P ={Xy,...,Xs,Ly,...,Lp},
P={Y1,....,Ys,J1,...,Ja},

and Q; = {Yy4i} for 1 < i < u. Then all linking numbers ¢k(J,, X) and £k(Ly, Y;) are
nonzero by (L1), and every component J,, L; contains two disjoint copies of a path D of
length at least A > (2¢)°*7, by (L3). So we may apply Proposition 3.1 to £ to obtain a
sphere Z with all its vertices on Jy U---UJ4 ULy U---ULp and linking every component
X, Y; with linking number a nonzero multiple of q. Let

L=XU---UXsUY U ---UYrUZ
=X,U---UX,UU---UY,,UZ,

and partition the components as P{ U P, U Q] U ---U Q) such that

Pl ={X1,..., X},
P ={1,...,Y,},

and
Q/ _ {Yv+i} 1 S { S u,
{2y i=u+1

Then with respect to this partition the linking pattern of £’ contains the graph H (u + 1, v);
any two components in 7 U- - - U Q;,, ; have linking number a nonzero multiple of ¢; and
every component in P, U P, contains a copy of D, which is a path of length at least A > 4.
So L’ satisfies property (u + 1, v, £), completing the inductive step. By (L2) the result now
follows by restricting attention to Q1 U - - - U @, with u = 7. O

5 The two component case

We now turn to the two component case, and establish the improved bound of Theorem 1.5.
From the proof of [13, Theorem 1.4] it suffices to prove every embedding of K
contains a generalised key ring with ¢ keys each large with respect to a path D of length
g. The approach of [13] was to work with a subdivision of K7;, in which each n-simplex
was subdivided into ¢" simplices. This is a fairly extravagant approach, since only 2q
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n-simplices from each component are used to form the required paths. The reduction in
the number of vertices required comes from Lemma 5.1, which gives us a simple and
economical way to enlarge the keys of an existing generalised key ring. A further modest
saving comes from “recycling” some of the vertices leftover from the construction of the
initial key ring.

Lemma 5.1. Let K% be embedded in R*" ! such that it contains a link X U'Y with
Ck(X,Y) # 0. Let D be a triangulated n-disc with d vertices, and suppose that V' is a set
of 2d — (n+ 1) vertices of K7, disjoint from X UY. Then K}, contains a D-large sphere
Z with all its vertices on Y UV such that (k(X, Z) # 0.

The result also holds with all linking numbers calculated mod 2.

Proof. Choose an n-simplex A belonging to Y, and let S = 9(D x I) with the trian-
gulation with 2d vertices from the proof of Lemma 2.3. Then A U V' contains a total of
(n+1)+(2d—(n+1)) = 2d vertices, so we may embed .S in K} such that all vertices of S
lie on AUV and A is an n-simplex of 9D x I. Orient S such that A receives opposite ori-
entations from S and Y, and consider the chains S and 7" = S + Y. Both represent D-large
n-spheres with all their vertices on Y U V, and the linking numbers ¢k(X, S), (k(X,T)
cannot both be zero because in the homology group H,, (R?"*! — X') we have

[T] =[S =[S+Y]-[S]=[Y] #0. G.D

We may therefore choose one of S and T to be Z so that ¢k(X, Z) # 0.
If ¢ko(X,Y) # 0 then equation (5.1) holds in H,,(R?"*! — X;7Z/27), and we may
again choose Z to be one of S and T so that (k2 (X, Z) # 0. O

Corollary 5.2. Let q be a positive integer. Then every embedding of K (@ in R?7+1
contains a generalised key ring in which each key is large with respect to a path D of
length q.

Proof. By [13, Theorem 1.2] every embedding of K ) in R2"+1 contains a generalised
key ring £ with ¢ keys. This link is constructed by applying [13, Lemma 3.2] (the extension
of [3, Lemma 1] to higher dimensions) to a link

LUJiU--Udye UK U+ U Ky,

in which ¢ky(J;, K;) is nonzero for all 4, and each component J;, K; is the boundary of
an (n + 1)-simplex. This yields an n-sphere R with all vertices on L U J; U -+ U Jyp2
and linking at least g of the K;, which forms the ring of the generalised key ring. Let
K, ..., K;, be the keys.

Recall that a path D of length g can be constructed using as few as d = g + n vertices.
Since only ¢ of the K; are components of £ this leaves at least (4¢> — ¢)(n + 2) =
q(4q — 1)(n + 2) vertices of K;Ln(q) that do not belong to £. Observe that

(4g—1)(n+2)=M4g—1)n+8—2>2n+2¢=2d>2d— (n+1).

The spare vertices are therefore more than enough to apply Lemma 5.1 ¢ times to R and
each key K, in turn, replacing K;; with a D-large sphere Z; that still links R. Then

RUZiU---UZ,
is the desired link. O
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For completeness’ sake we sketch the steps needed to prove Theorem 1.5 from this
point. For any missing details see the proof of [13, Theorem 1.4], or the corresponding step
of the proof of Proposition 3.1.

Proof of Theorem 1.5. By Corollary 5.2, every embedding of K7 - in R27*! contains a
generalised key ring RU Z; U - - - U Z,; such that each key Z; is large with respect to a path
D of length g. Orient the Z; so that all linking numbers with R are positive. Working in
the homology group H,,(R?"*1 — R;7Z),let 1 < a < b < ¢ be such that

Z[Zﬁ] =0 (mod q),

i=a

and note that this sum is positive. From now on we restrict our attention to the spheres
Zay-ory Lp.

If a = b we are done. Otherwise, we use the fact that each component Z; is D-large to
construct oriented spheres Fy,, ..., Fp_1 such that, fora < ¢ <b—1,

(a) the vertices of F; lie on Z; U Z; 1 (and so F; is disjoint from R and the rest of
the Z;);

(b) F;—1 N Z; and F; N Z; are disjoint discs, each of which is oppositely oriented by Z;
and Fi,1 or Fi;

(c) the linking number ¢k(R, F;) is zero mod q.

The construction of the Fj is identical to that of the corresponding spheres in Proposi-
tion 3.1, except that the simpler condition (c) means we only require D to have length
q, and the spheres can all be constructed simultaneously instead of inductively. Now if
¢k(R, F;) is nonzero for some ¢ then R U F; is the required link; and otherwise, we let Z
be the connect sum of Z,, ..., 2, F,, ..., F;,_1 obtained by omitting the interiors of the
discs F; N Z; and F; N Z; 41 for each i. Then Z is an n-sphere, and in H,, (R?"*! — R) we
have

b b—1 b
[21=) [z + ) [F] =) 2],
which is a nonzero multiple of g. O
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