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INTRODUCTION

Let us start with a question: How much area can a closed curve of a given length
£ bound?

This problem, often called Dido’s problem or isoperimetric problem, is a very
classical question in geometry. Efforts to answer it are inequalities of the shape

area < f(length)

for some function f : RT — RR™. But a full answer would be an inequality of
this kind, such that for every ¢ > 0 there really exists a closed curve v of length
¢ which bounds a region of area f(¢). This is very difficult, even if one looks at
curves in the Euclidean plane. Of course, it is known that

1
area < — length?
47

holds with equality if and only if the curve is circle (see [10] for a discussion of
it), but it needs a lot of work to prove this. Consequently there is little hope to
get such sharp inequalities for many other metric spaces.

This leads to a more asymptotic way of looking at the question. Hence one only
looks for the growth type of the function f, this means one asks whether it is for
example exponential or polynomial and if so of which degree. Luckily, it turns
out that this interpretation of the problem is much more manageable. So it is
an easy exercise to prove the quadratic growth in the case of the Euclidean plane.

The above example is one way to enter the world of large scale geometry. Instead
of isometry invariants as in classical geometry, the large scale geometry is inter-
ested in quasi-isometry invariants. These are geometric properties of a metric
space, which are preserved under quasi-isometries which are maps as follows:

Definition.
Let (X,dx) and (Y, dy) be metric spaces. A map f: X — Y is a quasi-isometry,
if there are constants A,b,c,b',c > 0 and another map g : Y — X, such that

1
p dx (w1, 22) — b < dy(f(z1), f(22)) < c-dx(x1,22) +b
for all x1,z5 € X, and

1
< dv(y,y2) - V <dx(g(y1),9(y2)) < - dy(y1,y2) + V'

for all y1,y2 €Y, and
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dx((go f)(x),x) <A and dy((fog)(y),y) <A
forallx € X and ally €Y.

Visually, two metric spaces are quasi-isometric if they look the same from far
away.

The quasi-isometry invariants examined in this thesis are the filling functions
and the higher divergence functions, which are a modification of the filling func-
tions. Both are generalisations of the isoperimetric problem.

Our definition of the filling functions uses Lipschitz chains. These are finite
formal sums

a= Zziozi(Am) with 2; € Z
7

of Lipschitz maps «; from a m-simplex to the metric space we examine. We call
a Lipschitz chain a a cycle if it is closed, i.e. if da = 0. Then the (m + 1)-
dimensional filling function describes how difficult it is to fill Lipschitz m-cycles
by Lipschitz (m + 1)-chains, this means to find an (m + 1)-chain with the m-
cycle as boundary. The difficulty is measured by the maximally needed (m + 1)-
volume of the filling Lipschitz (m + 1)-chain in terms of the m-volume of the
filled Lipschitz m-cycle, up to an equivalence relation which only notices the
growth rate.

The higher divergence functions do something similar. They, roughly speaking,
measure the difficulty to fill an outside an r-ball lying Lipschitz m-cycle with an
outside a pr-ball, 0 < p < 1, lying Lipschitz (m + 1)-chain. The difference to
the filling functions, the no-go-area in the space, destroys a possibly existing ho-
mogeneity of the metric space and so makes it more difficult to construct fillings.

The filling functions of non-positively curved spaces are well understood. In
the case of the Euclidean space, which has constant curvature 0, the (m + 1)-
dimensional filling function grows like ¢ ' . Further it is known that the (m+1)-
dimensional filling function of a Hadamard space does not grow faster than ¢ e
(see Stefan Wenger [37]). And in the case of symmetric spaces of non-compact
type, there is the more explicit result of Enrico Leuzinger in [22], that the (m-+1)-
dimensional filling function grows exactly as 05 as long as m is smaller than
the rank of the symmetric space and it grows linearly in the dimensions above.
For the higher divergence functions the situation is much the same (see for ex-
ample [36], |7]), albeit not elaborated in such a way.

So, leaving the world of non-positively curved spaces suggests itself for finding
new interesting results. As strictly positively curved spaces are of bounded dia-
meter and so quasi-isometric to points, one has to look at spaces with the whole
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spectrum of curvature. A rich class of such spaces form the nilpotent Lie groups.
These Lie groups have all three types of curvature in every point (see Joseph A.
Wolf [39]). José Burillo in [9] and Robert Young in [42] and [43] computed for
one of the most prominent examples of nilpotent Lie groups, namely the complex
Heisenberg Group, that one can see all three types of the curvature.

Theorem.
Let G = H¢ be the complex Heisenberg Group of dimension 2n+ 1. Then holds:

FITLy ~ o for j <mn,
F"'H(E) ~ KHTH ,

Jjt2

FItL(0) ~ 071 for j > n.

In the dimensions below n + 1 the behaviour is Euclidean, which is related to
the abundance of flat subspaces up to dimension n. In the dimensions above
n + 1 the behaviour is sub-Euclidean and hence related to the behaviour of the
filling functions of spaces with negative curvature. Most interesting, in dimension
n 4+ 1 one can observe the new, super-Euclidean growth rate, which highlights
the occurrence of positive curvature.

One of the mainly used properties of the complex Heisenberg Group to prove
the above result is that its Lie algebra allows a grading. This means it can be
written as

g= Vie Vs with [Vl,Vﬂ =V; and [VI,VQ] = [‘/2,‘/2] =0.

This property generalises to the class of stratified nilpotent Lie groups. With
this property one gets additional structures on the Lie groups. The most helpful
of them are the family of scaling automorphism s; : G — G, and the sub-
Riemannian metric, for which the scaling automorphisms are homotheties.

We apply the techniques of Burillo and Young to prove a similar division of
Fuclidean, super- and sub-Euclidean growth of the filling functions of strati-
fied nilpotent Lie groups under some algebraic condition on their Lie algebras.
Further we use the results for the filling functions to establish lower and up-
per bounds on the higher divergence functions of these stratified nilpotent Lie
groups.

We will see that the generalised Heisenberg Groups over the Hamilton qua-
ternions and over the octonions satisfy the conditions for our theorems. So we
get a direct generalisation of the behaviour of the filling functions of the com-
plex Heisenberg Groups to the filling functions of its relatives defined over the
quaternions and the octonions.
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STRUCTURE OF THIS THESIS

In Chapter [I] we provide the basic definitions and properties of the examined
invariants (filling function, Dehn functions and higher divergence functions).
Further we introduce the class of stratified nilpotent Lie groups and their asymp-
totic cones, the Carnot Groups. We give the definitions of some special families
of stratified nilpotent Lie groups. We also provide some background to the h-
principle and to metric currents, which are needed as technical tools.

In Chapter [2] we state the main results of this thesis. Further the geometric
meaning of the algebraic conditions is discussed.

Chapter [3] acts as a short overview of the main tools for the proofs. In this
chapter we also state the theorems of Burillo and Young, which we will use in
the proofs.

In Chapter |4 we develop our main auxiliary technique: the horizontal approx-
imation.

In the following Chapters we prove the main results. The proofs are divided
into the results for the filling functions in Chapter [B] the results for the higher
divergence functions in Chapter [6]and the results for the Heisenberg Groups and
the symmetric spaces in Chapter [7]

In Chapter [8] the last chapter, we formulate a list of open questions which arise
from our results.
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1 BACKGROUND

In this chapter we give the basic definitions of the objects we want to examine.
We also state some known properties and results.

1.1 FILLING FUNCTIONS

Filling functions describe the difficulty to fill a given cycle with a chain. The
base case coincides with the isoperimetric problem discussed in the Introduction:
How much area is needed to fill a loop by a disk? There is a just as well natural
generalisation to higher-order filling functions, which quantify higher connectiv-
ity by describing the difficulty of filling m-cycles by (m + 1)-chains. They are
harder to compute, but give a finer distinction of the large scale geometry of the
metric space.

Definition.
Let X be a metric space and m € IN. Further denote by H™ the m-dimensional
Hausdorff-measure of X. The m-dimensional volume of a subset A C X is

voly, (A) == H™(A) .
We denote by A™ the m-simplex equipped with an Euclidean metric.

Definition.
Let X be a metric space and m € IN.
A Lipschitz m-chain a in X is a (finite) formal sum a = Zj zjoj of Lipschitz
maps o : A™ — X with coefficients z; € Z.
The boundary of a Lipschitz m-chain a = Zj zjay s defined as the Lipschitz
(m — 1)-chain
m
da =7 (%) (~D'ajar)
j i=0

where A" denotes the ith face of A™.
A Lipschitz m-chain a with zero-boundary, i.e. Oa = 0, is called a Lipschitz
m-cycle.
A filling of a Lipschitz m-cycle a is a Lipschitz (m + 1)-chain b with boundary
ob =a.
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We define the mass of a Lipschitz m-chain a as the total volume of its summands:

mass(a) == Z 2 Vol (0 (A™)) .

J

If X is a Riemannian manifold, the volume of such a summand is given by
Vol (aj(A™)) = [xm Ja; d A, where d X denotes the m-dimensional Lebesgue-
measure and J,; is the jacobian of a;. This is well defined, as Lipschitz maps
are, by Rademacher’s Theorem, almost everywhere differentiable.

Given a m-cycle, one is interested in the best possible filling of it, i.e. the
filling with the smallest mass. To deduce a property of the space X, one varies
the cycle and examines how large the ratio of the mass of the optimal filling and
the mass of the cycle can get. This leads to the filling functions:

Definition.
Let n € N and let X be a n-connected metric space. For m < n the (m + 1)*-
filling function of X is given by

FPt (1) = sup irgf mass(b) Vi€ RT,
where the infimum is taken over all (m + 1)-chains b with 0b = a and the su-
premum is taken over all m-cycles a with mass(a) < [.

As we are mostly interested in the large scale geometry of the space X, the exact
description of the filling functions is of less importance to us. Indeed we only
look at the asymptotic growth rate of the functions. We do this by the follow-
ing equivalence relation, which makes the growth rate of the filling functions an
quasi-isometry invariant.

Definition.
Let f,g : Rt — R™ be functions. Then we write f < g if there is a constant
C > 0 with

f(h<Cg(Cl+Cl+C VIeRT.

If f <X g and g X f we write f ~ g. This defines an equivalence relation.

i

We read this notation f < g as “f is bounded from above by g ” respectively
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“g is bounded from below by f 7 according whether we are more interested in f
org.

Proposition 1.1 (see for example [40, Lemma 1]).
Let X and Y be n-connected metric spaces. Then holds:

X quasi-isometric to'Y = Fg{+1 ~ F{‘,H Vi <n.

Let’s look at the example of the filling functions of the n-dimensional Euclidean
space. They were first computed by Herbert Federer and Wendell H. Fleming
in [13].

Example.
The filling functions of the Euclidean space R™ are

. j+1
F]f;“l([)wl% for j<n-—1.

This enables us to use the terms Fuclidean, sub-Fuclidean respectively super-
Euclidean filling function for filling functions with the same, strictly slower re-

i
spectively strictly faster growth rate than 15

The following theorem generalises the Euclidean case to spaces with non-positive
curvature. For a proof see [37].

Theorem 1.2.
The filling functions of an n-dimensional Hadamard space X are

. i+1
FIPN) < I for j<n—1.

The fact that a Riemannian manifold with non-positive curvature has Euclidean
or sub-Euclidean filling functions in all dimensions yields a sufficient criterion
for positive curvature: Let M be a Riemannian manifold with a super-Euclidean
filling function in some dimension, then there is some positive curvature on M.
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1.2 DEHN FUNCTIONS

The Dehn functions form another family of filling invariants. The most ba-
sic example defined for finitely presented groups is the classical Dehn function,
which measures the number of relations needed to reduce a word representing
the identity to the empty word. Even if there are open problems, as for example
the growth rate of the classical Dehn function of SL4(Z), the behaviour of this
invariant is well understood (see for example [6], [8], [38], [41]). They originally
were defined in a combinatorial way for finitely presented groups. Using the
lemma of Svarc-Milnor, their equivalence classes by the above defined equival-
ence relation for functions RT™ — IR coincide with the ones of a homotopical
version of the filling functions. As this definition is more geometric, we prefer it.

Definition.

Let M be a m-connected Riemannian manifold or a simplicial complex and let
I be a (finitely generated) group which acts properly discontinuously and cocom-
pactly on M by isometries. Further let D™ be the closed unit ball in R™+!
and S™ its boundary.

The m-dimensional (Lipschitz) Dehn function (of M) is given by

oy (l) = sup i%f vol,+1(h) VI€RT,
f

where the supremum is taken over all Lipschitz maps f : S™ — M with the bound
vol,, (f) < I and the infimum is taken over all Lipschitz maps h : D™ — M
with h|8]Dm+1 = f

Compared with the definitions in the previous section, the (Lipschitz) Dehn func-
tions are homotopical analogues of the (homologically defined) filling functions.
So it is not surprising, that the equivalence classes of the Dehn functions are
invariant under quasi-isometries:

Proposition 1.3 (see for example |2, Corollary 3]).
Let X and Y be n-connected Riemannian manifolds or simplicial complexes.

Then holds:
X quasi-isometric to Y = & ~ &, Vj<n.

Whenever a group I' acts on a Riemannian manifold or a simplicial complex
M as in the definition above, I' and M are quasi-isometric by the lemma of
Svarc-Milnor. This implies, that any two m-connected Riemannian manifolds
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or simplicial complexes M;, My with such a I'-action are quasi-isometric and
so have equivalent m-dimensional Dehn functions. This again implies that the
equivalence class of the m-dimensional Dehn function of M in fact only depends
on I'. So it is convenient to speak of the m-dimensional Dehn function of I and
denote it by of".

A subject recently undergoing intense study are the Dehn functions of non-
cocompact lattices in semi-simple Lie groups of rank k. They are expected to
be of Euclidean growth up to dimension k — 1 and of exponential growth in the
dimension above. Leuzinger and Young proved this conjecture in [24] for lattices
of Q-rank 1, but the general case is still open.

Last but not least in this section we are interested in the relationship of these
two filling invariants, the filling functions and the Dehn functions.

Proposition 1.4 (compare [14], [22]).
Let M be a n-connected Riemannian manifold or a simplicial complex and let I be

a group which acts properly discontinuously and cocompactly on M by isometries.
Then holds:

6%~Ff\;r1 for j > 3.

Here one sees that the notation of the filling functions and the Dehn functions,
more precisely the notation of the exponent which indicates the dimension, are
not chosen very luckily: The exponent in the notation of the Dehn function de-
notes the dimension of the boundary which is to fill, and the exponent in the
notation of the filling function denotes the dimension of the filling chain. But as
these are the established notations in literature, we use them.

1.3 HIGHER DIVERGENCE FUNCTIONS

Another way to examine the asymptotic geometry of a space and to find quasi-
isometry invariants is to study the topology at infinity. A quantitative version of
this are the higher divergence functions, which, roughly speaking, measure the
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difficulty to fill a m-cycle lying outside an r-ball with an outside a pr-ball lying
(m + 1)-chain (for some 0 < p < 1).

Let X be a simply connected metric space with basepoint 0 € X.

Definition.
Letr > 0. We call a Lipschitz chain a in X r-avoidant, if image(a)NBy(0) = 0.

Figure 1: An r-avoidant cycle a with a pr-avoidant filling (compare [7]).

One now wants to fill r-avoidant cycles by (nearly) r-avoidant chains. To do this,
we need the cycle to be a boundary. In contrast to the case of the filling func-
tions, here it doesn’t suffice that X is highly connected as the avoidant-condition
can be imagined as deleting the r-ball around the basepoint. This leads to the
following definition:

Definition.

For 0 < p <1 we call X (p,n)-acyclic at infinity, if every r-avoidant Lipschitz
j-cycle a has a pr-avoidant filling for all 0 < 5 < n, i.e. there is a pr-avoidant
Lipschitz (j + 1)-chain b with 0b = a.

The divergence dimension divdim(X) of X is the largest integer n, such that X
is (p,n)-acyclic at infinity for some p.

It can be easily seen, that the divergence dimension is always smaller than
dim X — 2, as there are (dim X — 2)-cycles homotopic to the boundary of the
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r-ball B, (0) around o. These cycles, of course, are not boundaries of chains in
X \ By(0).

In the following let m be always less or equal to the divergence dimension of
X.

Given an r-avoidant m-cycle one is interested, similar to the case of the filling
functions, in the best possible avoidant filling of it. Now the virtual hole, arisen
by making the ball around the basepoint a no-go area, complicates the geometry
of the space. Therefore it is not so easy to produce from this a asymptotic prop-
erty of the space. So there is need of some technical parameters, whose use will
be explained later.

Definition.
For0<p<1and a>0 we set

divy', (r) = sgp divy(a, ar™) = sgp iréf mass(b) Vr € R,
where the infimum is taken over all pr-avoidant (m + 1)-chains b with b = a
and the supremum is taken over all r-avoidant m-cycles a with mass(a) < ar™.

Then the m**-divergence function of X is the 2-parameter family

Div™(X) = {div}s }par -

Above we asked m to be less or equal to the divergence dimension. Alternatively
one could set the infimum over the empty set as co. In this case, the divergence
dimension is the biggest number n € IN, such that there is an p € (0, 1] with
divf;’a < oo for all j <n.

The functions dinfa are very explicit in terms of the metric. For example if
one scales the metric by a constant ¢ > 0 the functions will scale to div}',(c ).
As we are mostly interested in the asymptotic behaviour, we look at the equival-
ence classes of the higher divergence functions Div™(X) under the below defined
equivalence relation for special 2-parameter families of functions. This makes

Div™(X) an quasi-isometry invariant.
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Definition.

a) A positive 2-parameter m-family is a 2-parameter family F = {fs+} of func-
tions fs1 : RT — R, indezed over 0 < s < 1,t > 0, together with a fized

integer m.

b) Let m € N and let F = {fs;} and H = {hs;} be two positive 2-parameter
m-families, indexed over 0 < s <1,t>0.
Then we write ' <X H, if there exists thresholds 0 < sy < 1 and tg > 0, as
well as constants L, M > 1, such that for all s < sg and all t > ty there is a
constant A > 1 with:

fst(x) < Ahpsare(Az + A) +O(2™) .

If both F <= H and H =< I, so we write F' ~ H. This defines an equivalence
relation.

We read this notation F' < H as “F is bounded from above by H” respectively
“H is bounded from below by F'” depending on whether we are more interested
in Flor H.

The nicest (and very special) case is that of a positive 2-parameter m-family
F = {fst}s+ bounded from above (or below) by a constant positive 2-parameter
m-family H, i.e. H = {h}s;. This means that all functions f,; are bounded
from above (or below) by the same growth type. As this will often appear in the
following, we just write h for the constant positive 2-parameter m-family {h}s;
(supposing, that it is clear which m we mean).

Remark.
We consider Div™(X) as positive 2-parameter m-family, indexed by p and c.

The relation ”=<” (and consequently ”~") only captures the asymptotic beha-
viour of the functions for » — oo :

Let h : Ry — Ry be an increasing function. If B > 1 and divy',(B) < h(B)
then divy’,(r) < B - h(B + Br) for all 7 < B, because both sides are increasing.
So we need to examine the relation ”<” (and consequently ”~") only for r larger
than an arbitrary constant B = B(p,a) > 1.

The proof of the following proposition can be found in [1, Prop. 2.2]. It uses the
fact that one can vary the parameter p by multiplying the constant L in the equi-
valence relation and that the constant A is chosen after the parameters p and «
(at this point there is an error in the appropriate definition of equivalence in [1]).
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Proposition 1.5.
Let n € IN and le X,Y be metric spaces with basepoints and let divdim(X) > n
and divdim(Y') > n. Then holds:

X quasi-isometric to Y = Div/ (X) ~ Divj(Y) Vi < n.

Again we look at the example of the n-dimensional Euclidean space and its
higher divergence functions.

Example.
The higher divergence functions of the Euclidean space R™ are

Diviga (r) ~ 7% for j <n—2 = divdim(R").

As in the case of the filling functions, this enables us to use the terms Fuclidean,
sub-Euclidean respectively super-Euclidean j*-divergence for j**-divergence func-

tions with the same, strictly slower respectively strictly faster growth rate than
rI T,

It remains to explain the importance of the upper bound ar™ on the mass of
the r-avoidant m-cycles. In general there is the need of an upper bound in terms
of r to prevent the possibility to choose cycles with exponential mass and at
least exponential filling mass (e.g. a codimension > 2 sphere of radius e” in R"),
which would make Div"™ always exponential. The explicit choice of polynomial
growth of degree m is mostly due to the fact, that the higher divergence were
originally introduced for symmetric spaces. There the bound ar™ is exactly the
right one to prove the following result of Leuzinger:

Theorem 1.6 (see [21]).
Let X be a symmetric space of non-compact type and rank k.

Then holds:
Divh (r) < 77t for <k -2,
Divit(r) ~ e .
This shows, that higher divergence functions detect the rank of a symmetric

space. A similar result for the more general case of Hadamard spaces is proved
in [36] by Wenger.
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Other recent results are due to Cornelia Drutu and Jason Behrstock, who com-
puted in [4] higher divergence functions for mapping class groups. Their results
show, that there is a change from super-Euclidean to Euclidean growth at the
dimension equal to the rank of maximal abelian subgroups of the mapping class

group.

1.4 INTEGRAL CURRENTS

For the proofs of some of our main results we need the notion of integral currents.
These are functionals which can be seen as a completion of the space of Lipschitz
chains. Here we will only give the basic definitions and will state the for our
purpose most important properties. For a comprehensive study see 3] and [13].

We will state all the definitions in the most general setting of complete metric
spaces, as we will need them in particular for Carnot groups (G, d.). The original
idea of currents is due to Federer and Fleming and the setting of the Euclidean
space R". As we will see later, many of their results can be transferred to

Riemannian manifolds.

Let X be a complete metric space and m € IN U {0}.

Denote by D™(X) the R-vector space of (m + 1)-tuples (f,m1,...,7y) of real
valued Lipschitz functions on X with the restriction that f has a bounded set
of values.

Definition.
An m-dimensional metric functional on X is a map

T:D"X) =R, (f,m1,ee,mm) = T(f, 71y ey Tm)

such that for every w,n € D™(X) and every t > 0 holds:
(1) |T(w+n)|<|T(w)]+|T(n) (subadditivity),

(ii) |T(tw)|=1t-|T(w)| (positive 1-homogeneity).

For metric functionals one can define the boundary operator and the push-forward
along a Lipschitz map.
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For w= (f,m1,...,mm) € D™(X) denote by dw the (m + 2)-tuple

dw = (Lfv 1, -~-77Tm) € Dm+1(X) :

Definition.
Let T be an m-dimensional metric functional on X. Then the boundary of T is
given by

0T (w) = T (dw)

for allw € D™ H(X).

Definition.

Let T be an m-dimensional metric functional on X and let ¢ : X — Y be a
Lipschitz map from X into another complete metric space Y. The push-forward
of T along @ is the metric functional on'Y given by

(p#T(gaTl? ---aTm) = T(g OPY,T1 ©Y,....; T, © 90)

for all (g, 11, ..., Tm) € D™(Y').

Let T be an m-dimensional metric functional on X, ¢ : X — Y be a Lipschitz
map from X into another complete metric space Y and w = (g, 71, ..., Tm—1) €
D™~L(Y). Then one can execute the following computation:

04 (0T)(w) =0T (gop, 10, .c;Tm—109) =T(1,g0op,T10Q,....;Ti—1°¢)
:T(l © ()079 © g077_1 © 907 ---7Tm—1 © ()0) = ¢#T(17g77_17 ---va—l)
=0(pyT)(w)

So we see, that boundary and push-forward commute.

Another important operation on metric functionals is the restriction:

Definition.

Let T be an m-dimensional metric functional on X and n = (g,71,...,7Tk) €
DF(X), k < m. The restriction of T' to 1 is the (m — k)-dimensional metric
functional on X given by

TLT](f? TLyeeey ﬂ-m*k) = T(ng Tlyeeey Tk, T, ...,ﬂ'm,k)

fO?” all (fa 1, "'77Tm—k) € Dm_k(X)
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An important example of a restriction is the case n = (14) € D°(X) for a Borel
set A C X. The restriction of an m-dimensional metric functional 7" to 7 is given
by

Ton(f, 7, mm) = TAaf, 715 ™) = T(fla, 715 s Tm) -

In the following we will denote it briefly by TLA.

Definition.
Let T be an m-dimensional metric functional on X. Then T is called of finite
mass, if there exists a finite Borel measure p on X, such that

(1)) < [ [ 300 /X |Fldu

for all (f,m1,...;mm) € D™(X).
The minimal measure p with this property is denoted by ||T||. The number
M(T) = ||T||(X) is called the mass of T.

In literature often T is called mass of T, too. But if one is interested in
metric functionals (in particular in integral currents) as relatives of Lipschitz
chains, then the measure M corresponds more closely with the measure “mass”
of Lipschitz chains.

Definition.

The support of an m-dimensional metric functional T on X is the set

spt(T) :=={z € X | |[T|(By(x)) >0 Vr >0} .

Now we are ready to do the first step of specialising:

Definition.
An m-dimensional metric functional T on X is called an m-dimensional current
if it satisfies the following properties:

(i) T is multi-linear.

1) If for all © € {1,...,m} the sequence ) converges pointwise to m; for
/]
j — oo and if sup; ; Lip(w]) < oo, then holds:

T(f,w{,...,w%) EmiaN T(f, 1y ey Tm) (continuity).
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(111) If there are Borel sets B; C X, i € {1,...,m}, such that m; is constant on
B; and the set {x € X | f(z) # 0} is contained in the union |J;~, B;, then
holds:

T(f, 71,0y Tm) =0 (locality).

(iv) T has finite mass, i.e. M(T) < co.

The set of m-dimensional currents on X is denoted by M, (X).

Example.
Let X =IR", B C R" be a Borel set and d\" the Lebesgue measure of R™. Then
every function 3 € L'(B,R) induces an n-dimensional current [B] € M ,(R"™)

by
o om; n
(A1) = [ /3fdet<(8xj>m> ar.

It can be proved, that restriction and push-forward map currents onto currents
(see [3]). But the boundary of a current is not always a current again. The
properties (i), (i7) and (iii) in the above definition are preserved, but the finite
mass postulation can be violated.

Definition.

A current T € M, (X) is called normal, if its boundary 0T is again a current.

As a convention, all currents in M(X) are called normal. The set of normal
m-dimensional currents on X is denoted by IN,,(X). On this set one defines the
measure of normal mass by

N(T) := M(T) + M(JT) .

As 0(0T) = 0 for all metric functionals, one sees that normal currents are
mapped under the boundary operator onto normal currents.

To define the integral currents we need the notion of rectifiability. For this
we denote for m € IN the m-dimensional Hausdorff-measure of X by H™.
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Definition.
Let U be a subset of X and m € IN. Then U is called

a) m-rectifiable, if there exists a bounded subset V. C R™ and a surjective
Lipschitz map ¢ : V — U.

b) countably m-rectifiable, if U is the union of countably many m-rectifiable
subsets U; C X.

¢) countably H™-rectifiable, if there ezists a countably m-rectifiable set S C X,
such that H™(U \ S) = 0.

This leads to the notion of rectifiability of currents:

Definition.
Letm>1 and T € M, (X).

a) T is called integer rectifiable, if

i) the measure ||T|| is concentrated on a countably H™-rectifiable set and
vanishes on all Borel sets B with H™(B) = 0,

i1) and for every Lipschitz map ¢ : X — R™ and every open subset U € X
there is a function 3 € L'(R™,Z), such that ¢u(T U) = [A].

b) T is called an integral current, if T' is normal and integer rectifiable. The set
of m-dimensional integral currents on X is denoted by I,,(X).

Integral currents are mapped under the boundary operator onto integral cur-
rents, as the following theorem states:

Theorem 1.7 (see |3, Theorem 8.6]).
Let m > 1 and T € I,(X) be an m-dimensional integral current. Then its
boundary is again an integral current 0T € I,_1(X).

Now we explain how every Lipschitz m-chain can be associated with a m-

dimensional integral current.
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Lets consider a Lipschitz m-chain

n
a = E zjaj
j=1

with z; € Z and a; : A™ — X Lipschitz.
Then a gives rise to a m-dimensional integral current

ag =Y zajg[lan] € In(X) .
j=1

In the case that X is a Riemannian manifold, one gets coinciding mass for
the Lipschitz chain and the associated integral current: mass(a) = M (ax)
(see [, B3)).

In the case of X = R™, there is a bijection between the classical integral currents
defined by Federer and Fleming in [13] and the above defined (metric) integral
currents. This means, that for every m < n there is a map

I,(R") = ITF(R™) , T T

such that

M(T) < M(T) < c¢(n,m) - M(T)
where ¢(n, m) > 0 is a constant only depending on the dimension m of the in-
tegral current 7" and the dimension of the space R™ (see [3]).

1.5 FILLING INVARIANTS FOR INTEGRAL CURRENTS

We will use integral currents to prove our results for the filling invariants for
Lipschitz chains. In order to do this, we modify already existing results concern-
ing filling invariants for integral currents. So we have to introduce isoperimetric
inequalities and higher divergence functions for integral currents. This is mainly
done by replacing the words "Lipschitz chain’ by ’integral current’ in the respect-
ive definitions.

Definition.
Let X be a complete metric space and let m € IN. Then X satisfies an isoperi-
metric inequality of rank ¢ for I, (X), if there is a constant C > 0, such that for
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every integral current T' € I,,(X) with 0T = 0, there exists an integral current

S € I,41(X) with 0S =T and

M(S)<C-M(T) .

To define higher divergence functions for integral currents we need, as in the
case of Lipschitz chains, some auxiliary technical terms:

Definition.

Let (X,0) be a complete metric space with basepoint and let v > 0. We call
an integral current T on X r-avoidant, if spt(T) N By(0) = 0. Further (X, o)
is (p,m)-acyclic at infinity for integral currents, if for every r-avoidant integral
current T € I1;(X) with OT = 0 there is an pr-avoidant integral current S €
I;11(X) with9S =T, for all j <n.

The divergence dimension of (X, 0) for integral currents is the mazimal number
n € IN, such that there is an p € (0,1], such that (X,0) is (p,n)-acyclic at

infinity for integral currents.

From now on let m be less or equal the divergence dimension of (X, 0) for integ-

ral currents.

Definition.
For0<p<1and a>0 we set

div, ,(r) = Slclbp irgf M (b)

where the infimum is taken over all pr-avoidant (m+1)-dimensional integral cur-
rents S € I, 11(X) with 0S =T and the supremum is taken over all r-avoidant
m-dimensional integral currents T € I, (X) with M (T) < ar™ and 0T = 0.

Then, for m € N, the m'*-divergence function of X for integral currents is
the 2-parameter family

Div" (X) = {div, o }pa -

As for the higher divergence functions Div"™ (X)) for Lipschitz chains, we consider
ﬁ/m(X ) as a positive 2-parameter m-family and look at the equivalence classes
with respect to the equivalence relation for positive 2-parameter m-families intro-
duced in Section[I.3] Remember that we denote a constant positive 2-parameter



1.6 Asymptotic cones 17

m-family F' = {f}, briefly by f.

The main result we will use is the following theorem due to Wenger:

Theorem 1.8 (see [36, Prop. 1.8]).

Let X be a complete Riemannian manifold and m € IN. If there is an § < TtL

m

such that X satisfies an isoperimetric inequality of rank & for I, (X), then holds:

Div (X) < r¥™ |

This theorem implies sub-Euclidean upper bounds for the higher divergence func-
tions for integral currents, whenever a sub-Euclidean isoperimetric inequality for
integral currents is satisfied.

1.6 ASYMPTOTIC CONES

For the previously defined invariants of the large scale geometry of a metric
space X, one follows the idea to examine the asymptotic behaviour of functions.
Another way to encode the large scale geometry of X is to examine how the ap-
pearance of X behaves if one “zooms out”. Formally this leads to the concept of

asymptotic cones. For the definition of these objects, we need some preparation.

Definition.
Let w C P(IN) be a family of subsets of IN.

a) The family w is a filter on IN, if the following is satisfied:
i) ¢w,
it) Acw, BCA = Bew,
iii)) A Bew = ANBcw.

b) A filter w is called an ultrafilter, if it is mazimal, i.e. if there is another filter
W' with w C W', then already holds w = W'.

c) An ultrafilter is called non-principal, if it doesn’t contain any finite set.
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Another way to understand a non-principal ultrafilter w is to consider it as a
probability measure @ on IN. Then one has to demand, that for all subsets of
IN, @ only takes values in {0,1} and that for all finite subsets B C IN holds
w(B) =0.

Definition.

Let w be a non-principal ultrafilter and
z:IN—->RU{o0}, n—a,

be a sequence.
The w-limit of x, denoted as lim,, x,, is the unique point z,, € R U {oc}, such
that for every open neighbourhood U of x., holds = (U) € w.

In the alternative view of non-principal ultrafilters as probability measures, one
can describe the w-limit of a sequence = = (zp,)neN as the unique point z,, €
R U {oo}, such that for every open neighbourhood U of z,, holds

5{neN|z,cU}) =1.

In both views one sees immediately, that there have to be infinitely many ele-
ments of x = (x,)neN in every open neighbourhood of the w-limit .

Definition.

Let (X, dp)nen be a sequence of metric spaces and let w be a non-principal ul-
trafilter. The ultralimit of (X,,,dp)neN is the metric space (X, d,,) defined as
follows:

Let X*°:= X X, and x = (Zp)neN,Y = (Yn)neN € X°°. Then set
nelN

dy(z,y) = limy, (dn(zn, yn))

and
Xw = XOO/ ~o

where x ~y y if and only if d,(z,y) = 0.

If further o, € X,, n € N, are basepoints, then the based ultralimit is the
(connected) metric space ((X2,dy),0), where

0= (0p)nen and X ={z € X, |du(z,0) < oo} .
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Now we are able to define the asymptotic cone of a pointed metric space with
respect to a non-principal ultrafilter.

Definition.

Let (X,d) be a metric space and 0 € X be a basepoint. Further let w be a non-
principal ultrafilter and v : N — R U {oo} be a sequence with lim,, r, = oco.

The based ultralimit of ((X, %d), 0) is called asymptotic cone of X.

Ultralimits of metric spaces are a generalisation of limits with respect to
(pointed) Gromov-Hausdorff convergence in the following sense:

Proposition 1.9 (compare [1§]).

Let ((Xn,dn), pn)neN be a sequence of pointed proper metric spaces converging
in the sense of pointed Gromov-Hausdorff convergence to a pointed proper metric
space ((X,d),p).

Then ((X,d),p) is isometric to the based ultralimit (X5, d,),p) for all non-
principal ultrafilters w.

The for us most interesting case in the above proposition is the one of an in the
sense of pointed Gromov-Hausdorff convergence converging sequence ((X, %d), 0).
In this case the limit space is isometric to the, now up to isometry unique, asymp-
totic cone of (X,d, o).

1.7 STRATIFIED NILPOTENT LIE GROUPS

The achievement about filling functions and higher divergence functions is mostly
limited to spaces of non-positive sectional curvature. Further one requires by
Theorem positive curvature for the chance to produce examples of super-
Euclidean filling functions. As spaces of strictly positive curvature are bounded,
we have to examine spaces with curvature of different types. By results of
Wolf [39] nilpotent Lie groups provide a rich class of such spaces.

A Lie group G with Lie algebra g is called nilpotent, if its lower central series
G=Gi>Gy>Gy>... with Gj+1 = [G, Gj]

determines to the trivial group in finitely many steps. Here the bracket [G, Gj]
denotes the commutator group, i.e. the group generated by all commutators of
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elements of G and G;. This condition is equivalent to the condition that the
lower central series of the Lie algebra

determines in finitely many steps to the null-space. Here the bracket [g, g;] de-
notes the linear subspace of g generated by all brackets of element of g and g;.
In both cases, group and algebra definition, the minimal number of steps in the
lower central series needed to arrive at the trivial group or at the null-space,
respectively, is the same, say d. It is called the degree of nilpotency of G and g.
For brevity we call a nilpotent Lie group of nilpotency degree d in the following
short d-step nilpotent Lie group.

In the examples for filling functions and higher divergence functions above, we
examined the Fuclidean space IR™. This space with its additive group structure
is the unique simply connected abelian Lie group of dimension n. As nilpotency
is one natural way to generalise being abelian (this can be seen as 1-step nilpo-
tent), nilpotent Lie groups lend themselves to be the next candidates.

Our main concern is for a special class of nilpotent Lie groups, the stratified
nilpotent Lie groups. Their advantage is, that they additionally admit a family
of self-similarities which are automorphisms. Further these self-similarities have

nice properties concerning left-invariant (sub-)Riemannian metrics on the group.

Definition.
A stratified nilpotent Lie group is a simply connected d-step nilpotent Lie group
G with Lie algebra g together with a grading

g=V1eVa®..0Vy
with [V1,V;] = Vig; where Vi, =0 if m > d.

For example, every simply connected 2-step nilpotent Lie group G is such a strat-
ified nilpotent Lie group with grading g = Vi @ |[g, g], where V; is isomorphic to

g/lg, g]-
Recall that on a Lie group G any two left-invariant Riemannian metrics are

equivalent. This means, if g and ¢’ are left-invariant Riemannian metrics on G,
then there is a constants L > 0, such that

1
7959 <L-g.

From this it follows directly, that (G, g) and (G, ¢’) are quasi-isometric. So for
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our purpose to understand the asymptotic geometry of GG, both metrics lead to
the same results. Therefore it doesn’t matter which left-invariant Riemannian
metric we choose.

Most of time in which we will work explicitly with the Riemannian metric, we
will choose, for technical reasons, a left-invariant Riemannian metric such that
V; is orthogonal to V; whenever 7 # j. We call such a metric fitting to the grading.

Now we can introduce the above mentioned self-similarities on a stratified nil-
potent Lie group.

Definition.
Let G be a stratified nilpotent Lie group with grading g = V1 @ ... ® Vy of its Lie
algebra. For every t > 0 we define the map

d:9—9, &v)=tv; for vj €V

As 8 is an automorphism of the Lie algebra, there is an uniquely determined
automorphism sy : G — G of the Lie group G with L(s;) := desy = 8. We call
this automorphism sy scaling automorphism.

As the elements of the first layer V; of the grading of the Lie algebra g are scaled
least, they play an outstanding role.

Definition.
The elements of the first layer Vi are called horizontal.

Definition.

a) Let M be a Riemannian manifold, G be a stratified nilpotent Lie group and
f: M — G be a Lipschitz map.
Then f is horizontal, if all the tangent vectors of its image lie in the subbundle

=) dL,vy
geG

of the tangent bundle of G.

b) Let X be a simplicial complez and f : X — G be a Lipschitz map. Then f is
m-horizontal, if f is horizontal on the interior of all j-simplices, 7 < m, of X.
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Lemma 1.10.
Let G be a stratified nilpotent Lie group.

a) To be horizontal is a left-invariant property, i.e. if f is a horizontal map,
then Lg o f is a horizontal map for all g € G (see [10, 2.2.1]).

b) To be horizontal is invariant under scaling automorphisms, i.e. if f is a
horizontal map, then sy o f is a horizontal map for allt > 0 (see [10, 2.2.1]).

We now equip GG with a left-invariant Riemannian metric g fitting to the grad-
ing of g with associated length metric d,. Then we get the following scaling
estimates:

<t-dy4(p,q) fort<1

Vp,q € G.
>t-dg(p,q) fort>1

dg(st(p); 5:()) {

In the above inequalities holds equality in both cases if and only if the distance
of p and ¢ is realised by a piecewise horizontal path. So we get in this special
case:

dg(se(p),se(q)) =t-dg(p,q) vt >0.

This leads to the following important property:

Lemma 1.11.
Let G be a stratified nilpotent Lie group with Riemannian metric g fitting to the
grading of g and let a be a horizontal Lipschitz m-chain in (G,dg). Further let
t>0 and s, : G — G be a scaling automorphism.
Then holds:

mass(s¢(a)) =t - mass(a) .

Proof.
As the mass of a Lipschitz m-chain is defined as the sum of the m-dimensional
volume of its summands, it suffices to prove

voly,(sy 0 a) = t™ - vol,,(a)

for any horizontal Lipschitz m-chain a = a7 : A™ — G.

By the definition of the scaling automorphism, we have exp~!os; = §, o exp™!.
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So we get:

Vol (st © a) :/ JIspoa(T) dA

= / det l)((eXpi1 OL(stoa(x))*l) o (St o CL)) (l’) dA

@ det D ( exp Los; o Ly(zy-10a)(z) dX

A™Mm

= / det D(3; 0 exp ! oLg(z)-1 © a)(z) dA

t
(i / det ( e : D(exp_l OLa(m)—l o a)(w)) dA
t

= / t™ . det D((eXp_l OLa(x)—l) o a) (LE) dA

~

=t [ Ju(x) dA
Am

=t" - voly(a)

The equality (1) holds as s; is a group automorphism. As a is a horizontal

1

m-chain, we have that D(exp™" oL,(;)-1 0 a)(x) always lies in a m-dimensional

subspace of V; and so is linearly scaled by §;. Therefore equality (2) holds. [

On a stratified nilpotent Lie group there is another interesting metric. It is called
the Carnot-Carathéodory metric. It is the left-invariant sub-Riemannian metric
d. induced by h = V4. This means it is the length metric defined by the length
with respect to the Riemannian metric g of horizontal curves:

d.(p, q) = inf{Length(c) | ¢ piecewise horizontal curve with ¢(0) = p, ¢(1) = ¢}

A stratified nilpotent Lie group equipped with its Carnot-Carathéodory metric
is called a Carnot group.
For the Carnot-Carathéodory metric, the nicest possible scaling behaviour holds:

de(se(p), se(q)) =t-de(p,q) Vp,qgeG.

The Carnot-Carathéodory metric is a length metric using the same length func-
tional as the Riemannian distance. Further is the class of admissible curves a
subset of all the piecewise smooth curves which are admissible for the Riemann-
ian distance. So we get the following relation between the two metric spaces
(G,d.) and (G,dy), which later will become important:
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Lemma 1.12.

Let G be a stratified nilpotent Lie group with left-invariant Riemannian metric
g and associated length metric dgy and induced Carnot-Carathéodory metric d..
Then the identity map

v (G,de) = (G, dy), z—x
1s 1-Lipschitz, i.e.

dg(z,y) < de(z,y)  forall z,y € G.

For the geometry of stratified nilpotent Lie groups the first layer V; of the grad-
ing of the Lie algebra plays an important role. In the following definition we
look at it more analytically, such that we can define certain possible properties
of subspaces of V. Later the presence of these properties will be very useful.

Definition.

Let G be a stratified nilpotent Lie group of dimension n with Lie algebra g.
Let ‘H be the horizontal distribution induced by the first layer Vi. Further let
n1 = dim Vy. Then this distribution can be described as the set of common zeros
of a set of 1-forms {n1,...,Mm—n, }. These forms induce a (vector-valued) form

Q= (Wi, .oy Wnen,y ) : A%V, — g/Vh =2 R"™,

the curvature form, where the w; denote the differentials w; :== dn; for
t1=1,...,n—nq.

Let (045) € RO=0IXk - For g k-dimensional subspace S C Vi consider the system
of equations

wil§, X)) =0y i=1,..,n—nyandj=1,..k

where {X;} is a basis of S.

Then S is called Q-regular, if for any (0;;) € RM=m)%k the system of equations
has a solution & € V7 .

Further a subspace S C Vi is called Q-isotropic, if Q restricted to A%S is the
zero form.

Let by,...,b, be a basis of the Lie algebra g, such that by, ...,b,, span the first
layer V1. Then one can choose the 1-forms 7; as the dual forms of the remaining
basis vectors by, 41, ..., bn:

ni = by, ie{l,.,n—ni}.
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Using the formula

(p+ DAY (KXo, -, Xp) = Y (=1 Ty ([X4, X5, Xoy oy Xiy oo Xy oy Xp)

i<j

for the differential of a left-invariant p-form -, one gets

wi(Xo, X1) = % by, i ([Xo, Xa])
So we see, that an (2-isotropic subspace S is nothing else than an abelian sub-
algebra, which is totally contained in the first layer V; of the Lie algebra.
Further we can interpret the property “Q2-regular”, as something like in general
position.
A more geometric interpretation of these subspaces will be given in Chapter

We close this section mentioning two important properties of Carnot groups:

Proposition 1.13 (see |29]).

Let G be a stratified nilpotent Lie group equipped with a left-invariant Riemann-
ian metric g with associated length metric dy. Then the metric spaces (G, % dg,e)
converge in the pointed Gromov-Hausdorff sense for r — oo to (G,d.,e), where
d. denotes the Carnot-Carathéodory metric.

This means, that the group G equipped with its Carnot-Carathéodory metric,
is the (up to isometry) unique asymptotic cone of (G, dy).

It can be shown (see |27, Theorem 2]), that the Hausdorff-dimension D of (G, d.)

is given by
d

D=> j-dimV;
j=1
where d is the degree nilpotency of G and the V; are the summands of the
grading of the Lie algebra g. We will see this number again, when we establish
the equivalence classes of high-dimensional filling functions of stratified nilpotent
Lie groups.

1.8 HEISENBERG (GROUPS AND THEIR GENERALISATIONS

The most basic examples of non-abelian stratified nilpotent Lie groups are simply
connected 2-step nilpotent Lie groups. And the most basic example of a simply
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connected 2-step nilpotent Lie group is the classical Heisenberg Group. One way
to define it is as the subgroup

Heis = | z,y,z € R

o O =
O = 8
[ SN

Then the natural way to generalise it is as the group of real upper triangular
(n x n)-matrices with ones on the diagonal.

Definition.

Let n € N be greater or equal 3. The @-dimensional Lie group

Nn:{A:(aij)eGln(IR)\ajjzl, aij:0V1§j<i§n}

is called the group of unipotent upper triangular (n x n)- matrices.

By construction one obtains the classical Heisenberg Group for n = 3:
N3 = Heis .

As a simply connected 2-step nilpotent Lie group, the Heisenberg group is auto-
matically a stratified nilpotent Lie group. One would like to have this property
for its generalisation, too. But as N, is no longer 2-step nilpotent if n > 4, one
has to construct the grading of the Lie algebra explicitly.

Lemma 1.14.

Let n € N, n > 3, and N,, be the group of unipotent upper triangular (n x n)-
matrices. Then N, is simply connected, (n — 1)-step nilpotent and for its Lie
algebra n,, holds:

(i) The Lie algebra is given by
nn:{B:(bij)EMat(n,lR)\bjj:O, bij:0V1§j<i§n} .

(i) The decomposition
n,=Vio..eV,1

with

Vin :{B: (le) EMat(n,]R) ’ b'ij =0Vy 7éz+m} , Mme¢c {1,...,’0*1}
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is a grading in the sense of the definition of stratified nilpotent Lie groups,
i.€. [‘/1, Vm} == Vm+1.

Therefore N, is a stratified nilpotent Lie group.

The proof of this lemma is a short computation.

Another way to generalise the classical Heisenberg Group Heis is inspired by
its property to be 2-step nilpotent, to have an 1-dimensional centre and by the
relations of the Lie algebra heis of Heis. This is given by

heis = (X, Y, Z)r
with
0 1
X=100
0 0
as vector space and with

X,Y]=2

as the only non-trivial bracket of the generators.

This generalises to the family of matrix Lie groups given as

1 27 2
H" = 0 I, yl||z,yeR" zeR 3 C Gl;2(R)
0 0 1

where I,, denotes the (n X n) unit matrix.
One can check, that H" is a (2n+ 1)-dimensional 2-step nilpotent Lie group and
that its Lie algebra is given by

[]n = <X17 ooy Xn7Y17 ey Yna Z>]R

with
OejTO 00 0 0 0 1

X;=10 0 0],Yi=[0 0 ¢|and Z=[0 0 0|, 4ie{l,..,n}
0 0 0 00 0 00 0

where e, denotes k" unit vector. The only non-trivial brackets of the generators
are
(X, Y;l=2, je{l,..,n}.
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As it is 2-step nilpotent and simply connected it is a stratified nilpotent Lie
group with the grading

bn = <X17“‘7Xna}/iv "-aYn>1R @ <Z>]R .

By using exponential coordinates, this leads to the following abstract way to
construct these Lie groups:

Definition.

The complex Heisenberg Group H{ of dimension 2n + 1 is as manifold
H¢ =C"xImC

where C denotes the complex numbers. The group law is given by

(5 0)w,9) = (2 +w,z 4y — 3 > Tm(zam))
=1

This is a 2-step nilpotent Lie group with (real) Lie algebra b = Vi & Vo where
Vi=C" Vo, =ImC Z R and with the bracket

[(va)v (W> Y)] = (07 Zlm(Zsz)) .
=1

It can be seen as the unique simply connected Lie group with Lie algebra gener-
ated by

B = {j1, ., jn k1y oo ki, K}

and with the only non-trivial brackets of the generators

[k,j] = K if both elements in the bracket have the same indez.

Remark.
The Lie algebras h¢ and h™ are isomorphic.

The isomorphism is given by sending j, — Y, and k, — X, u € {1,...,n}.

The advantage of this definition is, that we can get two new generalisations of
this family of 2-step nilpotent Lie groups. We construct them by just replacing
the division algebra C by its relatives: The quaternions and the octonions.

It is notable, that doing the same construction with R, the real numbers, pro-
duces the abelian Lie group (R"™,+).
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Definition.
The quaternionic Heisenberg Group Hp; of dimension 4n + 3 is as manifold

Hip=H" xImH

where H denotes the Hamilton quaternions. The group law is given by

(z,z)(w,y) = (z4+w,x+y— % Z Im(z;w;)) .
i=1

This is a 2-step nilpotent Lie group with (real) Lie algebra by = Vi ® Vo where
Vi=H",Vo = ImH and with the bracket

[(2,X),(W,Y)] = (0,> Im(ZW;)) .
=1

It can be seen as the unique simply connected Lie group with Lie algebra gener-
ated by

B = {hl, ceey hn, ’il, ceey in;jly ...,jn, kl, ceey k‘n, I, J, K}

and with the only non-trivial brackets of the generators

[a,h] = A for a € {i1,....in, 1, s Jns K1,y oy kn }, (here A denotes the capital let-
ter of the choice of a)

and
k7l =1, [i,k]=1J, [j,i]=K
if both elements in the bracket have the same index.

Definition.

The octonionic Heisenberg Group H{ of dimension 8n + 7 is as manifold
HE=0" xImO

where O denotes the Cayley octonions. The group law is given by

(z,z)(w,y) = (z4+w,x+y— % Z Im(z;w;)) .
i=1

This is a 2-step nilpotent Lie group with (real) Lie algebra by = Vi & Vo where
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Vi =0V, =ImO and with the bracket

[(Z,X), W, Y)] = (0, ZIm(ZZWz)) :

=1

It can be seen as the unique simply connected Lie group with Lie algebra generated
by

B = {dl,-.-,dn, 617"'7 en’ fl?"'7 f?’l:glr"vgna hl?"'7 hn7i17"'7in7j17"'7jn7 kl?"'? kn?
E . F,G,H,I,J K}

and with the only non-trivial brackets of the generators

[a,d] = A
fOT ac {617 "‘7€n7f17 "‘7fn7g17 "'7gn7h17 "'7hn7i17 "'7in7j17 "'7jn7k17 "‘7kn}7
(here A denotes the capital letter of the choice of a)

and

[i, f] = [k, h] = [, 9] = E,
[e,z] = [.?h] = [gvk} =F,
[k, ] = [e,j] = [h,i] = G,
li,g) = [f,j] = [e,k] = H,
l9.h] = [f,e] = [k, j] =1,
[h, f1=lg, €] = [i, k] = J,
[f,9]=le,h] =]j,i] =K

if both elements in the bracket have the same index.

We constructed the complex Heisenberg Group Hg as 2-step nilpotent with 1-
dimensional centre (and relations inspired by the classical Heisenberg Group
Heis). As for a 2-step nilpotent stratified nilpotent Lie group the centre of
the Lie algebra is given by the second layer V5 of the grading, we have ImH
respectively Im O as centre of the quaternionic respectively octonionic Heisen-
berg Groups. These are not 1-dimensional (indeed they are 3- respectively 7-
dimensional) and so we lost this property by our further generalisation. But we
conserved the nilpotency of degree 2 and and as the groups are simply connected,
we obtain two families of stratified nilpotent Lie groups.

To close this chapter, it should be mentioned, that the above defined general-
ised Heisenberg Groups are not only abstractly constructed Lie groups. They
rather arise in geometry as natural generalisations of the complex Heisenberg
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Groups. For seeing this one has to consider the complex hyperbolic spaces
SU(n,1)/S(U(n) x U(1)), the quaternionic hyperbolic spaces

Sp(n,1)/(Sp(n) x Sp(1)) and the Cayley plane F_a0) / SO(9) of real dimensions
2n, 4n respectively 16. In these spaces the horospheres are biLipschitz equivalent
to the Heisenberg Groups Hgil, Hﬁfl respectively Hé. So they are of more
general interest, for example for the geometry of non-cocompact lattices in the
above mentioned hyperbolic spaces.

If one adds the real hyperbolic space SO(n,1)/SO(n) of dimension n to the
above list, the horospheres become biLipschitz equivalent to the ”“real Heisen-
berg Group” (R"~1,+). So, by the classification of rank 1 symmetric spaces (see
for example [19]), the Heisenberg Groups can be seen as horospheres in rank 1
symmetric spaces of non-compact type.

1.9 THE h-PRINCIPLE

For the proofs of our main theorems we will need m-horizontal triangulations.
We will produce them by approximating ordinary triangulations by subdivided
m-horizontal ones. To do this, we use a technique called the h-principle.

The h-principle (or homotopy principle) is a method to solve systems of par-
tial differential equations (or inequalities) by homotopical techniques.

Such a system of partial differential equations is given by a set of equations
imposed on a unknown smooth map f and its partial derivatives. For example
consider a smooth map f : R" — IR? and let the system of partial differential
equations be of order r, this means that only partial derivatives up to order r
are involved. Then a solution at a point x € IR” can be viewed as a point

(z, f(2), f'(x), fP (), .0, [ (2)) € R x R? x REMD - x Red0)

where d(n, s) denotes the number of all partial derivatives of order s. Denote the
subset of such points by R. Then every section with image in R, i.e. a map

F:R" - R CR" x R? x RUMY | x R#M7)

with
prio F = idgrn

where pry denotes the projection to the first factor, consists of point-wise solu-
tions of the system of partial differential equations. But in most cases its pro-
jection pr(F') : R™ — RY to the second factor will be no solution of the system
of partial differential equations, not even locally, i.e. there is no open neighbour-
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hood U of x such that F' has the shape

F(y) = (y,pr(F)(y),pr(F) (y), ... pr(F)" ()

forally e U.

The approach of the h-principle is to examine whether such a formal solution
F' is homotopic in R to a genuine solution of the system of partial differential
equations. If one knows, that for a special type of system of partial differential
equations every formal solution is homotopic to a genuine solution, then the ex-
istence of a formal solution guarantees the existence of a genuine solution.

We want to give a short introduction to the vocabulary and the basic ideas
of the h-principle. For a more detailed introduction see [12].

We start with some notations, which are used in the relevant literature (com-
pare [12], [15]).

Definition.

Let f: R™ — RY be a smooth map and x € R™ and r € IN. For s € IN denote
by [ (x) the lexicographically ordered tuple of partial derivatives of order s, i.e.
the entries of f)(x) are

Df(x) with o= (a1,aq,...,ap) and Zai =s,
i=1

where D f(z) stands on the left hand side of DP f(x) iff there is a t € {1,...,n}
such that o; = B; for all i <t and oy < Ps.

The r-jet of f at x is the tuple
Tp(@) = (F(@), f'(@), s fO (@) -

Let d(n,s) denote the number of all partial derivatives of order s of a function
f:R™ — R. Then the r-jet J}(az) can be considered as a point in the space

RY x qu(nvl) X qu(n72) X ... X ]qu(n,’/‘) = RqN(T)
with N(r) =1+ 7%, d(n, j).

For # € R™, the space {z} x R¥() contains all possible r-jets at the point
x of maps R" — IRY.



1.9 The h-principle 33

Definition.

The space
J(R™,R?) := R" x RV ()

1s called the space of r-jets of maps R™ — IRY.

Definition.
Let V' be a smooth manifold and p : X — V be a fibration. A section is a map
F:V - X withpo F =1idy.

Every map f : R™ — IR? can be viewed as a section of the fibration p : R xIR? —
R"™ by sending x + (z, f(z)). Analogously each section F' : R — R" xRY, x
(z,y(x)) of the fibration p : R™ x R? — R™ can be seen as a function R" — R?
by sending = +— y(x). From now on we use the term section, as we later treat a
more general setting.

Definition.
Let f:R™ — R"™ x RY be a section. The map

Jp :R" = J(R",RY) , z— J(v)

is called the r-jet of f.

Let V be an n-dimensional smooth manifold. We want to define the space of
r-jets of sections V' — X for a (n + ¢)-dimensional smooth fibration p : X — V.
To do this we have to use the local trivialisations. So we have to consider r-jets
up to change of coordinates.

For a subset A C V we denote by Op(A) an arbitrary small (not specified)
open neighbourhood of A. For a point v € V we denote by Op(v) the open
neighbourhood Op({v}).

Definition.

Let v € V and f : Op(v) — X and g : Op(v) — X be two local sections with
fw) =g(v) =: 2. Then f and g are r-tangent, if there is neighbourhood U C X
of x and a local trivialisation ¢ : U — R™ x RY such that

o (V) = g (0 (v))

where oxf = @ o fopo (gope) " and prg = ogopo (vjopm)
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The r-tangency class of a section f : Op(v) — X at a point v € V is called
the r-jet of f at v and is denoted by j;(v).

As we now have defined r-jets at points, we are able to define the space of r-jets:

Definition.
The space of r-jets X is the space of all r-tangency classes of local sections
f:0pv) =X ,veV.
Let f:V — X be a section. The map
iV = X0 v i)

1s called the r-jet of f.

The above definition induces the smooth fibration p” : X — V.

One has to distinguish between two types of sections F : V — X of the
space of r-jets: sections induced by sections f : V — X and the rest.

Definition.
Let py : X — XO) = X be the projection to 0-tangency classes and let
F:V = X" be a section.

a) The section bs F :=pjo F : V — X is called the base section of F'.

b) The section F is holonomic, if F' = jl . The space of all holonomic sections
is denoted by Hol X7,

If one denotes the space of sections V' — X by Sec X and the space of sections
V — X by Sec X("), one can consider the jet map
§7:Sec X — Sec X, f — Jf -
Then the space of holonomic sections is exactly the image of the jet map:
Hol X" = j"(Sec X)) .

In the introduction to this section we motivated the h-principle from the view
point of systems of partial differential equations. But there is no need to define
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the set R by such a system. In practice it’s often easier to describe the set R
than the corresponding system of equations.
So one defines a partial differential relation R directly as a subset of the jet space:

Definition.
a) A partial differential relation is a subset R C X of the jet space.

b) A section F': V — R is called formal solution of R. We denote the set of
formal solutions of R by SecR. If a solution F' € SecR is holonomic it is
called genuine solution of R. For the set of genuine solutions we write Hol R.

Sometimes we will also call the base section bs F': V' — X of a genuine solution
F' a genuine solution of R, too.

In the following all families of maps are at least continuous.

Definition.
Letp: X =V be a fibration and let R € X ") be a partial differential relation.

a) R satisfies the h-principle, if every formal solution of R is homotopic in
SecR to a genuine solution.

b) R satisfies the parametric h-principle if each homotopy F : V. — R in Sec R
with FO, F1 € Hol R can be deformed in Sec R to a homotopy in Hol R while
FO and F*' are fized.

c) Let A C 'V be a subset. R satisfies the local h-principle near A if every formal

solution F' : Op(A) — R is homotopic to a genuine solution by a homotopy
Ft': Op(A) —» R.

d) Let A C V be a subset. R satisfies the C°-dense local h-principle near
A if R satisfies the local h-principle near A and for every formal solution
Fy : Op(A) — R and for every arbitrary small neighbourhood U C X of
bs Fy, there is a homotopy F* : Op(A) — R from Fy to a genuine solution
such that bs F stays in U, i.e. bs F*(Op(A)) C U for all t € [0,1].
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Definition.
Let R € X") be a partial differential relation and let I" be the unit cube in R™.

a) R is locally integrable if for every map h : I — V and every family of
sections F, : h(p) = R, p € I", and every family of holonomic extension
F, : Op(h(p)) = R, p € Op(0I™) there is a family of holonomic extension

F,: Op(h(p) = R, pe I"

such that F, = F, Ype Op(dI™).

b) Let DiffV(X(T)) be the group of fiber-preserving diffeomorphisms of X,

Then there is the projection map © : Diffy (X)) — Diff(V), restricting dif-
feomorphisms of X") to V.
Then R is Diff(V)-invariant if there is a homomorphism j : Diff(V) —
Diffy (X)) with 7w o j = id and if for every h € Diff(V) the action s —
hys,s € X) leaves R invariant, where h, denotes the image of the diffeo-
morphism h under the homomorphism j : Diff (V') — Diffy (X)),

¢) R is microflexible if the following holds: Let K™ = [—1,1]™ and denote for
m < n =dimV by O,, the pair (K", K™ UO0K"). Then for every m < n
and every sufficiently small open ball U C V and any pair (A,B) C U x U
diffeomorphic to ©,, and every holonomic section F° : Op(A) — R and
every holonomic homotopy F' : Op(B) — R, t € [0, 1] which is constant over
Op(0B), there is a number o > 0 such that there is a holonomic homotopy
F': Op(A) = R, t € [0,0] which extends F' and is constant over Op(dA).

A very important example of a Diff (V')-invariant partial differential relation is
the following:

Definition.

Let W, V' be smooth manifolds, n > dimV', and let S C Gr,W be a subset of
the n-planes in the tangent bundle TW. An immersion f : V. — W is called
S-directed if df maps the tangent bundle TV into S.

We denote the corresponding differential relation by Rg.

Lemma 1.15 (see [12, Chapter 7]).

The differential relation Rs of S-directed immersions is Diff (V')-invariant for
every S C Grp,W.
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1.10 HOLONOMIC APPROXIMATION

Holonomic approzimation is one way to prove, that the (local) h-principle is
satisfied. To do this, one first constructs holonomic approximations of formal
solutions and then shows that these are homotopic. The proofs of the statements
in this section can be found in [12].

In the following let V be a Riemannian manifold. Further we assume that X ()
is equipped with an Euclidean structure near F', this means with a family of
Fuclidean metrics on the fibres in a neighbourhood of the image of the section
F. We denote the corresponding (local) distance-function by d.

Definition.
Let V' be a smooth manifold. A polyhedron P C V is a closed subset of V', which
can be obtained as an union of simplices of a smooth triangulation of V.

Definition.
Let § > 0. A diffeotopy ht : V =V | t € (0,1], is called §-small, if

dy (v, h'(v)) <6

for allv € V and all t € [0, 1].

Theorem 1.16 (Holonomic Approximation Theorem (compare [12, 13.4.1])).
Let R be a locally integrable microflexible differential relation, A C'V be a poly-
hedron of positive codimension and let F': Op(A) — R be a section.

Then there exists for arbitrary §,& > 0 a §-small diffeotopy ht : V — V, t € [0,1],
and a holonomic section F : Op(h'(A)) — R such that

d(F(v), F(v)) <e Yo € Op(h'(A)) .

Similar theorems holds for the relative and the parametric h-principle:

Theorem 1.17 (Relative Version of Theorem .

Let R be a locally integrable microfiexible differential relation, A C'V be a poly-
hedron of positive codimension and let F': Op(A) — R be a section. Further let
B C A be a subpolyhedron of A and F : Op(B) — R be already holonomic.
Then there exists for arbitrary 6, > 0 a §-small diffeotopy h' : V — V, t € [0,1],
fited on Op(B), and a holonomic section F : Op(h'(A)) — R coinciding on



38 1 Background

Op(B) with F' such that

d(F(v),F(v)) <e Yove Op(h'(A)).

Theorem 1.18 (Parametric Version of Theorem .

Let R be a locally integrable microflexible differential relation, A C'V be a poly-
hedron of positive codimension and let F, : Op(A) — R be a (continuous) family
of sections parametrized over [0,1]™ with m € IN, such that F, is holonomic for
z € Op(0[0,1]™).

Then there exists for arbitrary §,& > 0 a family of §-small diffeotopies hl : V — V,
t €10,1], z € [0,1]™, such that h!, = idy for z € Op(9[0,1]™). Further there is
a (continuous) family of holonomic sections F, : Op(h'(A)) — R coinciding for
z € Op(0[0,1]™) with F, such that

d(F(v), F(v)) <e Yo € Op(h'(A)) .

Using the above theorems one can prove that (locally integrable) microflexible
Diff (V')-invariant differential relations satisfy several versions of the h-principle
(see |12]):

Theorem 1.19 (Local h-principle (compare [12, 13.5.1])).

Every locally integrable microflexible Diff (V')-invariant differential relation sat-
isfies the C°-dense local h-principle near any polyhedron A C 'V of positive codi-
mension.

Theorem 1.20 (h-principle for open manifolds (compare |16, p.79], |12} 13.5.2])).
Every microflexible Diff(V)-invariant differential relation R satisfies the para-
metric h-principle.

1.11 A-PRINCIPLE FOR SHEAVES

As mentioned at the beginning of Section [1.9] we will use the h-principle to
construct m-horizontal triangulations. To do this, we need some results of
Mikhael Gromov formulated in an alternative language of the h-principle, the
h-principle for sheaves. This is closely related to h-principle treated above. For
proofs and other details compare [15].
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Definition (compare |15 or [33]).
a) A quasi-topology on a set A is a subset Tguasi of the set
{f:T — A|T topological space}
of all maps from topological spaces into A, such that the following holds:

(1) If f: Ty — A is in Tquasi and if ¢ @ To — Ty is continuous, then the
composition f o ¢ is in Tquasi-

(i) Let f:T — A be a map. If there is for every point p € T a neighbour-
hood U, of p such that f‘Up i5 1 Tquasi, then f is in Touasi-

(iii) Let Py, Py be two closed subsets of T with T = PLUP, and let f : T — A
be a map. If fip,, fip, are in Tquasi, then f is in Touasi-

b) Let (A, TA,.;) and (B, T2

quasi quast
with quasi-topologies. A map F : A — B is called continuous in the sense

) be two quasi-topological spaces, i.e. sets equipped

of quasi-topologies if for all topological spaces T and all maps ¢ : T — A in
TA  the composition F o ¢ is in T2

quast quast*

Definition.
Let V' be a smooth manifold and U C V.

a) A sheaf ® over V is called continuous if every set ®(U) is equipped with a
quasi-topology, such that for all inclusions v : U < U' C 'V the maps ®(1) are
continuous in the sense of quasi-topologies.

b) Let ® be a continuous sheaf over V and denote by ® the continuous sheaf

over V- x 'V defined by
(i) The sections are by V' parametrized families of sections of ®.
(ii) For U,W CV open subsets ®V (U x W) is defined as (®(U))V.

(iii) A map Q — ®V (U x W) is continuous if and only if the corresponding
map Q x W — ®(U) is continuous.

Then we define ®* as the restriction of ®V to the diagonal A CV x V.
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The sections of ®* are continuous families of germs ¢, € ®(v). On the other
hand, every section of ® can be seen as a unique constant family of sections of
® with parameter space V, i.e. as a section of ®*. This makes ® into a subsheaf
of ®*. Denote this inclusion homomorphism of sheaves by D.

Definition.

Let A, A" be quasi-topological spaces and o : A — A’ be a continuous map. Then
« is a microfibration if for all compact polyhedra P and all continuous maps
¢ : P — A and all homotopies ® : P x [0,1] — A" with (I)\/PX{O} = ¢ defined as
¢ = ao, there is a positive o € (0,1] and a map ® : P x [0,0] — A such that

Pipxoy =@ and ao ® = (I)\,Px[o,a]'

Definition.

Let © be a continuous sheaf over V.

a) ® satisfies the h-principle (for sheaves), if for any open subset U C V' every
section p € ®*(U) can be homotoped to ®(U) C ®*(U).

b) ® satisfies the local h-principle (for sheaves) near A C V, if ®(Op(A)) sat-
isfies the h-principle (for sheaves).

¢) ® is microflexible if for any pair C' C C C V' of compact subsets the restric-
tion map ®(C) — ®(C") is a mircofibration.

Remark.

a) There is a close connection between differential relations and sheaves:
Let R ¢ X") be a differential relation for a fibration p : X — V. Then for
k € N>, U{oo} the space of C*-solutions of R forms a sheaf ® over V.. The
sheaves ®(U), U C V, are the C*-solutions of R over U.
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b)

Let @ be the sheaf of (generic) solutions of a differential relation R € X and
U be the sheaf of continuous sections V-— R (i.e. of formal solutions). Then
there is a homomorphism J : ®* — W such that (Jo D)(f) = j}: U - R
for all open subsets U C 'V and all f € ®(U). If this J is a weak homotopy
equivalence, the h-principle for the sheaf ® implies the h-principle for the
relation R.

Looking at the definition of the local h-principles, one can see immediately
that this relationship stays true for the local case.

Let again ® be the sheaf of solutions of a differential relation R € X ). Then
one can prove that the microflexibility of ® implies the microfiexibility of R
(just take C = A, C" = BUOA and P = {e} in the respective definitions).
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2 MAIN RESULTS

In this chapter we state our main results. We do this separately for statements
about filling function, higher divergence functions and more concrete results for
generalised Heisenberg Groups and applications to rank 1 symmetric spaces.
Summarized, our results show that stratified nilpotent Lie groups behave Euclid-
eanly in low dimensions, this means similar to flat spaces, and sub-Euclideanly
in high dimensions, this means similar to negatively curved spaces. For some
examples, including the generalised Heisenberg Groups, we prove the appear-
ance of the third possible kind, i.e. dimensions of super-Euclidean behaviour.
This corresponds to the three types of sectional curvature, which appear in every
point of a nilpotent Lie group (compare [39]).

Remark.

In stratified nilpotent Lie groups equipped with the sub-Riemannian metric there
are no Lipschitz chains (of positive mass) in high dimensions (i.e. dimensions
greater than the maximal dimension of abelian subalgebras of the first layer of
the grading of the Lie algebra, compare |25]). So it’s more reasonable to exam-
ine filling functions and higher divergence functions for the Riemannian metric.
Therefore every statement about this two invariants for stratified nilpotent Lie
groups will be with respect to a left-invariant Riemannian metric.

In the sub-Riemannian case the problem is rather how to define suitable analogues
to filling functions and higher divergence functions without using Lipschitz chains
(or integral currents, for which the same problem turns up).

Nevertheless, the Carnot-Carathéodory metric is an useful tool to examine the
geometry of stratified nilpotent Lie groups. Whenever we use the Carnot-
Carathéodory metric, we will highlight it by the notation (G,d.).

2.1 FILLING FUNCTIONS OF STRATIFIED NILPOTENT LIE GROUPS

First we describe our results for the filling functions. We will prove, that the
existence of a (k+ 1)-dimensional, Q-regular abelian subalgebra in the first layer
of the Lie algebra leads to Euclidean filling functions up to dimension k£ + 1. For
technical reasons we additionally assume the existence of a scalable lattice in G.
Remember the notation s; : G — G , t > 0, for the scaling automorphisms of a
stratified nilpotent Lie group (see Section .
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Theorem 1.

Let G be a stratified nilpotent Lie group equipped with a left-invariant Riemann-
ian metric. Further let g be the Lie algebra of G and Vi be the first layer of the
grading and let k € IN. If there exists a lattice T C G with so(I') C T and a
(k + 1)-dimensional Q-isotropic, Q-reqular subspace S C Vi, then holds:

FIPNU) ~ 15 forall j < k.

k+144d

Let d denote the degree of nilpotency of G. Then further holds F§+2(l) <R

The upper bound on Féf2 is the (higher dimensional) analogue to Gromov’s
bound ér(n) < n'*¢ on the (1-dimensional) Dehn function for nilpotent groups
in [28, 5.A".5] (see also [30]) as there is the relation §¥7! < F*+2 (see Proposition

).

Remark.
Gromov proved in [28] the following dimension-formula for Q-isotropic, Q-regular
subspaces S C Vi:

dimV; —dim S > dim S(dimg — dim V) (%)

For the existence of Q-isotropic, Q-reqular subspaces this means, that the ho-
rizontal distribution has to be large, i.e. dimV; >> codimg Vi. This formula
comes from the fact, that the Q-isotropy and Q-regularity of S implies that the
linear map

Qe : V1 = Hom(S,g/V1), X — Q(X, )

is surjective and vanishes on S. The left hand side in the above inequality equals
the dimension of V1 /S and the right hand side the dimension of Hom(S, g/V1).
As S is in the kernel of Qe we get by the surjectivity of Qe the inequality as
necessary condition.

And on the other hand Gromov proved, that (%) is sufficient for generic €, i.e.
for a class of forms, which form an open and everywhere dense subset.

Our second result refers to “high dimensions”. We assume the existence of a
scalable lattice and a (k + 1)-dimensional abelian Q-regular subalgebra in the
first layer of the Lie algebra.. Then we can prove sub-Euclidean filling func-
tions in the k£ dimensions below the dimension of the group (if the group is not
abelian). So the geometry of stratified nilpotent Lie groups is not Euclidean in
high dimensions.
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Theorem 2.
Let G be an n-dimensional stratified nilpotent Lie group equipped with a left-
invariant Riemannian metric. Further let g be the Lie algebra of G with grading

d
g=WV1&®..®Vy Denote by D = Zz -dimV; the Hausdorff-dimension of

the asymptotic cone of G and let k é_ﬂl\l If there exists a lattice I' C G with
s9(I') € T and a (k + 1)-dimensional Q-regular, Q-isotropic subspace S C Vi,
then holds: A b

FL7() ~ 11 forallj <k—1.

Note that every lattice I' in a nilpotent Lie group G is cocompact. So G and
I' are quasi-isometric. Therefore their asymptotic cones are isometric and have
coinciding Hausdorff-dimensions.

Therefore the above result extends a classical result of Nicolas Varopoulos (see
[17], [34]).

Theorem (compare [34]).
Let T be a lattice in an n-dimensional nilpotent Lie group G. Further denote by
D the Hausdorff dimension of the asymptotic cone of I'. Then holds:

n—1 _D_
guY(1) ~ 1T

Varopoulos’ result corresponds to the case j = 0 in Theorem [2| (remember the
different meaning of the exponents in the notation of the filling functions and
the Dehn functions, discussed in Section |1.2]).

Now we turn to the special case of simply connected 2-step nilpotent Lie groups.
As seen in Section all simply connected 2-step nilpotent Lie groups are strat-
ified nilpotent Lie groups and so fit to our situation. We will see that in every
such group there is a lattice I" which satisfies the condition so(I') C T'. So this
doesn’t remain a restriction to the Lie group and we can drop this requirement.
This leads to the following version:

Theorem 3.

Let G be an n-dimensional simply connected 2-step nilpotent Lie group equipped
with a left-invariant Riemannian metric. Further let g be the Lie algebra of G
with grading g = V1 @ Va. Let ng = dim Vs and let k € IN. If there exists a
(k + 1)-dimensional Q-regular, Q-isotropic subspace S C Vi, then holds:

(i) FEP ) ~ 15 forall j <k,
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(ii) FE¥(0) < 1

-

n+ng—j

(iii) F (1) ~ 17251 forall j <k — 1.

Now it would be interesting to know, what happens in the dimension above the
maximal dimension of an Q-regular, Q-isotropic subspace of V;. The above the-
orems only give us a (super-Euclidean) upper bound on the filling function in this
dimension. The following theorem, which generalises a theorem of Wenger [38,
Theorem 5.2|, states a super-Euclidean lower bound in the special case, that the
maximal dimension of Q-regular, Q-isotropic subspaces of V; coincides with the
maximal dimension of (2-isotropic subspaces of V.

Theorem 4.

Let G be a stratified nilpotent Lie group equipped with a left-invariant Riemann-
tan metric. Further let g be the Lie algebra of G with grading g =V, & ... ® Vj.
Let ko, k1 € IN, such that (ko + 1) is the mazimal dimension of an Q-reqular, €)-
isotropic subspace of Vi and (k1 + 1) is the mazimal dimension of an Q-isotropic
subspace of V1. Further let one of the following two conditions be satisfied:

a) There is an ko < k < ki such that there is an integral current T € I?f:l(G, de)
with 0T = 0 and T # 0 but no integral current S € I?ﬁz(G, de) with 0S =T.

b) The two numbers ko and ki coincide: ko = k1 = k.

Then holds:

FEF2(1) 0

We will see in the proof, that condition b) implies condition a). Nevertheless we
allow condition b) to stand in the theorem, as it is easier to check directly for
some specific groups.

A stratified nilpotent Lie group which fulfils the conditions of Theorem {4 has at
least one super-Euclidean filling function. This wouldn’t be possible, if the group
would be a space of non-positive curvature. Of course a stratified nilpotent Lie
group can’t be a space of strictly positive curvature, as it is diffeomorphic to
some RY and therefore not bounded. So the above theorem recovers for (some)
stratified nilpotent Lie groups the result of Wolf [39] about the appearance of all
different types of sectional curvature.

We will see, that the Heisenberg Groups H¢, Hy; and Hg are such groups.
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2.2 HIGHER DIVERGENCE FUNCTIONS OF STRATIFIED NILPOTENT LIE
GROUPS

Our results for the filling functions of stratified nilpotent Lie groups lead directly
to lower bounds for the higher divergence functions. This is, as we will see in
the proof, mainly due to the left-invariance of the Riemannian metric. In the
low dimensions we obtain the following theorem:

Theorem 5.

Let G be a stratified nilpotent Lie group equipped with a left-invariant Riemann-
ian metric. Further let g be the Lie algebra of G and Vi be the first layer of the
grading and let k € IN. If there exists a lattice ' C G with so(I') C T and a
(k + 1)-dimensional Q-isotropic, Q-regular subspace S C Vi, then holds:

DivZ,(r) 5= ritt for all j < k.
G

In the high dimensions we obtain additional upper bounds for the higher diver-
gence functions, which coincide with the lower bounds. The lower bounds come
in the same way as in the low dimensions, while the upper bounds are possible
to establish because the filling functions are sub-Euclidean (in contrast to the
Euclidean filling functions in the low dimensions).

To establish the upper bounds on the higher divergence functions it is important
to know the divergence dimension of the stratified nilpotent Lie group. Every
simply connected nilpotent Lie group of dimension n is polynomial Lipschitz

~

equivalent to R™ via the exponential map exp : R® =2 g — (. This means

1 on balls of radius R grow at

that the Lipschitz constants of exp and exp~
most polynomial in R. Using this, one can construct in G (pr-avoidant) fillings
with polynomial bounded mass of (r-avoidant) cycles from Euclidean ones (com-
pare |28, Chapter 5]) and vice versa. Therefore G and R"™ have the same diver-

gence dimension: divdim(G) =n — 2.

Theorem 6.
Let G be an n-dimensional stratified nilpotent Lie group equipped with a left-
invariant Riemannian metric. Further let g be the Lie algebra of G with grading

d
g=Vi®..dVy. Denote by D = Zz -dimV; the Hausdorff-dimension of

i=1
the asymptotic cone of G and let k € IN. If there exists a lattice I' C G with
s9(') € T and a (k + 1)-dimensional Q-regular, Q-isotropic subspace S C Vi,
then holds:

(D=j)(n=j—1)

Dian_j(T) ~r  D=i—t  forall2<j<k.
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As we can reduce the conditions of Theorem [I] and Theorem [ in the case of
simply connected 2-step nilpotent Lie groups (see Theorem [3]), we can do the
same for Theorem [Bl and Theorem [f] and obtain:

Theorem 7.

Let G be an n-dimensional simply connected 2-step nilpotent Lie group equipped
with a left-invariant Riemannian metric. Further let g be the Lie algebra of G
with the grading g = V1 @& Va, let ng = dim Vs and let k € IN. If there exists a
(k + 1)-dimensional Q-regular, Q-isotropic subspace S C Vi, then holds:

i) Divl,(r) 5= ritt for all j <k,
(i) Divg,

i (ntng—5)(n—j~1) .
(i) Divg 77 (r) o i forall2 <j<k.

2.3 RESULTS FOR GENERALISED HEISENBERG GROUPS

In [42] and [43] Young computes upper bounds for filling functions of the com-
plex Heisenberg Groups H¢. His technique for the dimensions < n + 1 is the
foundation of our upper bounds in Theorem [I} The proof of the upper bounds
in Theorem [2|is based on the technique he uses for the dimensions 2n + 1 down
to n + 2. Both techniques of Young need a lot of conditions, which are a lot of
work to check explicitly for each specific group. Our new conditions are much
easier to check for a single group and we will do this for the quaternionic and
octonionic Heisenberg Groups. Young verified his conditions for the complex
Heisenberg Groups and together with the coinciding lower bounds computed by
Burillo [9] they get:

i
] for 1 < j < n,

j+1 n+2
Ji+2

i+t forn < j < 2n.

So the filling functions of the complex Heisenberg Groups are known in all di-
mensions. This comes as Young’s first technique works for the first n dimensions,
providing Euclidean bounds, plus the super-Euclidean bound in the dimension
above and Young’s second technique works for the n dimensions below the di-
mension of the group. And the conditions for the first technique are contained
in the conditions for the second one, so the symmetry (n from below and n from
above) is no coincidence.

As the dimensions of the quaternionic and octonionic Heisenberg Groups Hp
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and Hg are bigger than 2n+1 = dim H¢, there remains a gap in the dimensions
between (n+1) and (3n+3) respectively (7n+7). For these dimensions we can’t
compute the filling functions with our techniques. But we obtain the following
bound on the filling functions of the quaternionic and octonionic Heisenberg
Groups:

Corollary 2.1.
Let Hyy be the 4n + 3 dimensional quaternionic Heisenberg Group.
Then holds:

j+1
i) FRE ) ~ 1T for j<n,

n+2

i) Fp () < 1%

m+1 mid
m)F () ~Um+3  for 3n+3 <m < 4n+ 3.

Corollary 2.2.
Let H{ be the 8n + 7 dimensional octonionic Heisenberg Group.
Then holds:

j+1
i) i) ~ 15 for j<n,

n+2

i) PRty <1

i) Fm“()wz%i? for Tn+7<m<8n+7.

The proof of Theorem [5| and Theorem |§| (respectively Theorem [7)) on the higher
divergence functions only uses the bounds on the filling functions. So these the-
orems remain true if one replaces the conditions of them by the bounds on the
filling functions established in Theorem [1land Theorem [2] (respectively Theorem
3). Using the bounds for the complex Heisenberg Groups (computed in [42]
and [43]) we get the following behaviour of the higher divergence functions:

Corollary 2.3.
Let HE be the 2n + 1 dimensional complex Heisenberg Group.
Then holds:

i) Divgg (r) =it for j<m,
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ii) DiVTIflg (r) =rt2 |

(m+2)m
iii) Divgg(r) ~r mE for n4+1<m < 2n.

And for the quaternionic and octonionic Heisenberg Groups we obtain:

Corollary 2.4.
Let Hyy be the 4n + 3 dimensional quaternionic Heisenberg Group.
Then holds:

i) Div%'{ﬁ(r) =ritl for j<n,

(m+4)m
ii) Divﬁﬁ(r) ~r omEs for 3n4+3<m<4n+2.

Corollary 2.5.
Let HG be the 8n + 7 dimensional octonionic Heisenberg Group.

Then holds:
i) Divjf'i,8 (r) =r* for j<nm,

(m+8)m
i) Divﬁg(r)wr m+7 for Tn4+7<m < 8n+6.

In the above Corollaries 2.1] and [2.2] concerning the filling functions of the qua-
ternionic and the octonionic Heisenberg Groups we only stated upper bounds in
dimension n. This is due to the fact, that the technique for the lower bounds,
used by Burillo in [9] to compute the lower bounds in dimension 7 for the complex
Heisenberg Groups, is very special. Indeed it can’t be generalised to stratified nil-
potent Lie groups, not even to the octonionic Heisenberg Groups as the example
of Hé (discussed below) shows. But in the case of the quaternionic Heisenberg
Groups we managed to compute the desired lower bound in dimension n:

Theorem 8.
Let Hyy be the quaternionic Heisenberg Group of dimension 4n + 3.
Then holds:
n+2
Frtt()y ~ 1w .

H

So the quaternionic Heisenberg Groups have at least one strictly super-Euclidean
filling function.
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By the discussion following Theorem [I, one can see, that n is the maximal
possible dimension of an 2-isotropic, {2-regular subspace S of V; in the grading
of the Lie algebra of the quaternionic respectively octonionic Heisenberg Group
Hy; respectively H{. This follows from the equalities

dimVi —n=4n—n=3n=n(4n+ 3 — 4n) = n(dimg — dim 1)
for the quaternionic case, and
dimVi —n=8r—n=Tn=n(8n+7—8n) =n(dimg — dim V)

for the octonionic case.

And as the left hand side is strictly decreasing and the right hand side is strictly
increasing in the dimension of the Q-regular, Q-isotropic horizontal subspace,
the necessary condition for the existence of such a subspace is not satisfied for
any dimension greater than n.

One could think, that this is only a technical appearance, i.e. there could be
the same behaviour of the filling functions in the dimensions above n. But
Theorem [§] shows, that for the quaternionic Heisenberg Groups, this is not the
case and we observe a change from Euclidean to super-FEuclidean behaviour of
the filling functions. The same holds in the case of the complex Heisenberg
Groups (see [9] and [42]) and for the octonionic Heisenberg Groups (see Corol-
lary . Unfortunately, in contrast to the complex and the quaternionic case,
the technique of Burillo doesn’t work in the octonionic case (compare the discus-
sion in Section [2.4). But we will see, that for Hg the number n is the maximal
dimension of Q-isotropic subspaces of Vi, too. So Theorem [ applies and we get
at least a super-Euclidean lower bound:

Corollary 2.6.
Let H{ be the octonionic Heisenberg Group of dimension 8n + 7.
Then holds:

FRE D 515

The additional lower bound for the (n + 1)-dimensional filling function of the
quaternionic Heisenberg Group Hy; stated in Theorem (8| and lower bound for
the (n + 1)-dimensional filling function of the octonionic Heisenberg Group Hg
stated in Corollary induce lower bounds for the higher divergence function
in dimension n. As in the case of the complex Heisenberg Group H¢ we observe
a change from Euclidean to super-Euclidean behaviour.
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Corollary 2.7.
Let Hyy be the 4n+3 dimensional quaternionic Heisenberg Group and HE be the
8n + 7 dimensional octonionic Heisenberg Group.
Then holds:
Divign (r) iz P2

and
Div?{g (r) = rtL

2.4 APPLICATION TO LATTICES IN RANK 1 SYMMETRIC SPACES

For n > 2 the Corollaries and show that the 2-dimensional filling function
F? of HYYy and HY is of quadratic type in both cases (see also [42]). Furthermore,
one can use the fact that there is a gap between linear and quadratic Dehn
functions (see [5]). This means that a sub-quadratic Dehn function has to be
linear. By the relation §' < F? and the fact that the above groups are not
hyperbolic (and therefore can’t have linear Dehn funcitons), their Dehn functions
§! are quadratic, too. Christophe Pittet computed the Dehn function of HHI{
(which is cubic) in [31] and so the Dehn function of Hy; is known for all n € IN.
Unfortunately there is an error in Pittet’s computation of the Dehn function of
H{, (mentioned in [23]). And annoyingly this error can’t be repaired, because
the used proposition in |31] needs a 2-form w of the shape

w= S @l Ae) £0

z;€B1,Y;€B2

with differential

dw= > A A2))=0

z;,€B1,Y;€B>

where By = {d,e, f,g,h,i,j,k} and By = {E,F,G,H,1,J,K}. The condition
on the differential leads to a system of linear equations with no non-trivial solu-
tion. So there is no such 2-form and Pittet’s technique doesn’t work for Hé
One could think, that Burillo’s technique [9] could solve this problem, but this
leads to the same requirement of a 2-form with the properties described above.
This means the 2-dimensional filling function of H(l) is still unknown, while the
2-dimensional filling function of Hg is known for all n > 2.

Nevertheless our results have an application to the (higher dimensional) Dehn
functions of non-uniform lattices is the complex and quaternionic hyperbolic
spaces:
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Corollary 2.8.
Let n € IN>3 and X be the complex hyperbolic space SU(n,1)/S(U(n) x U(1))
of dimension 2n or the quaternionic hyperbolic space Sp(n,1)/(Sp(n) x Sp(1))
of dimension 4n. Further let I' be a group acting properly discontinuously by
isometries, such that the quotient space X /T is of finite volume, but not compact.
Then holds: -

5%(l)~l% for1<j<n-—1.

Remark.

Let X be the complex hyperbolic plane SU(2,1)/S(U(2) x U(1)) of dimension
4 or the quaternionic hyperbolic plane Sp(2,1)/(Sp(2) x Sp(1)) of dimension 8
and I' a group acting properly discontinuously on X by isometries, such that the
quotient space has finite volume but is not compact. It is proved in [31] that:

op(l) ~ 6R(1) ~ 1P .

2.5 GEOMETRICAL INTERPRETATION

All of our theorems have conditions concerning the existence of -regular, Q-
isotropic subspaces in the first layer of the grading of Lie algebra. The proofs
following in the next chapters will use this algebraic conditions in a more or
less technical manner. But it is interesting what the geometrical meaning of
these subspaces is. Furthermore, one can explain geometrically the change of the
behaviour of the filling invariants at the maximal dimension of such subspaces.

A good grasp of the meaning of the maximal dimension of an Q-regular, Q-
isotropic subspace S C Vi one can get from the view point of differential geo-
metry. More explicitly, one has to look at the sectional curvature. For the
sectional curvature of a Lie group equipped with a left-invariant Riemannian
metric, there is the following formula (see [26]):

Let G be a Lie group with Lie algebra g and let {ey,...,e,} be an orthonor-
mal basis of g. Define the numbers ., by
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Then holds for the sectional curvature K:

n
1
K(es e5) = Z <§aijk(_04ijk + ki + ki)
k=1
1

= (@i = ki + i) (i + ki — i) — akiiakjj>

Now consider G as 2-step nilpotent with the grading
g=Vi&[W,V]

of its Lie algebra. Further let {ej,...,en, } be an orthonormal basis of V; and
{€ny+1, s €n} an orthonormal basis of V5 := [V}, V]]. As G is 2-step nilpotent,
one gets

ey, 6] =0 if u>ni+1 or v>n;+1

and [ey,e,] € Vo for all v,u € {1,...,n}. Therefore ayy, = 0, whenever u ¢

{1,...nm}orvé¢{l,...,n1} or w < njy.

For the sectional curvature in the case 4,7 < ny follows:

K(ei, ej) = Z (laijk(—aijk + 0+ 0) — i(o&i]’k -0+ 0)(Oéijk +0— 0) -0 0)
= ) (- %(Oéijkf - i(%’jk)Q)

:—% > ()’

k=n1+1
= K1 1

)

And in the case i <nj; and j > ny + 1:

ni
1
K(e; ej) = (0(—0 + 0+ aggj) — 1(0 =0+ agiy) (040 — agy) =0 0)
k=1
ni
1
= Z(O‘kij)Q
k=1
1 &
= 1 (akij)Q
k=1

=: K2

)
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In the case, that both vectors are from the basis of V5, the sectional curvature
equals 0.

One can see, that K77 < 0 with equality if and only if [e;,ej] = 0; and K12 >0
with equality if and only if for all & € {1,...,n1} holds: m,([ex,e;]) = 0, where
e, denotes the projection on the subspace (e;).

Let S C V4 be an Q-isotropic, -regular subspace of maximal dimension, say
of dimension m, and let the basis {ey, ..., e,} be chosen in way, such that
S = (e1, ..., em). Then one gets:

1) K(ei,ej) :Olfl,j <m.

2) For all e; with m + 1 < j < ny there exists an ¢ € {1,...,m}, such that
K(ei,ej) < 0.

3) Forall e; with j > n1+1 there exists an i € {1,...,m}, such that K(e;,e;) > 0.

The first property comes by the Q-isotropy, the second by the maximality of the
dimension and the third by the 2-regularity.

This shows, that every plane in S has sectional curvature = 0. But whenever
one extends S by another direction, one gets a plane with sectional curvature # 0.

So one can explain the Euclidean behaviour of the filling invariants up to the
maximal dimension of Q-regular, Q-isotropic subspaces by the flatness of these
subspaces. The super-Euclidean behaviour in the dimension above is related to
the positive curvature, which occurs whenever one adds a direction not contained
in the first layer of the grading.

Another way to see the necessity of the 2-regularity is the following example:

The paper [9] of Burillo contains the interesting result:
For n > 4 the group N, of unipotent upper triangular (n x n)-matrices the
2-dimensional filling function fulfils

F2 () =B elt

which is a strictly super-Euclidean behaviour.

This is no contradiction to Theorem [ as the first layer of the grading

n, =Vi ® ... V,_1 has dimension n and the dimension of n,, is %
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Therefore

n*—3n,  n(n-1)
7 )=

dimVi; —m=n—m > m( —n) =m(dimn, —dim V})

holds never true for m > 2. By the discussion after Theorem [1| there can’t exist
a 2-dimensional Q-isotropic, Q-regular subspace S of V; and therefore Theorem [l
doesn’t apply.

On the other hand, there is a | §]-dimensional {2-isotropic subspace of V1, gen-
erated by the matrices Eor_1 21 = (e;5), 1 < k < [§], with only non-zero entry
eak—1,2k = L.

This shows, as [§] > 2 for n > 4, that the condition of the Q-regularity is of
crucial importance for the Euclidean behaviour of the filling functions.
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3 STRATEGY OF THE PROOFS

In this chapter we give a short sketch of the plan of action to prove our results
and state the theorems of Burillo and Young which we are going to use.

3.1 FILLING FUNCTIONS

For the proofs of the bounds on the filling functions we will use the following
theorems. The first of them, due to Burillo, will be crucial to establish lower
bounds on the filling functions.

Theorem 3.1 (see |9, Prop. 1.2]).

Let G be a stratified nilpotent Lie group equipped with a left-invariant
Riemannian metric and let m € IN. If there exists a Lipschitz m-chain b and a
closed G-invariant m-form v in G and constants C,r,s > 0 such that

1) mass(s;(0b)) < Ct"
2) fb'Y >0,

3) siy =1t

S ln

then holds FZ (1) = 1r.

The following two theorems, both due to Young, are essential to establish upper
bounds on the filling functions. For these theorems we need the notion of hori-
zontal maps introduced in Section [1.7]

Theorem 3.2 (see [42, Thm. 3)).

Let G be a stratified nilpotent Lie group equipped with a left-invariant
Riemannian metric, let (1, f) be a triangulation of G and let ¢ : 7 — G be a
m-horizontal map in bounded distance to f. Further let (n,h) be a triangulation
of G x [1,2] which restricts on G x {1} to (7, f) and on G x {2} to (1,820 f)
and let ¢ : n — G be an m-horizontal map which extends ¢ and sy o ¢ (i.e.
Y ey = 8 and ¥ oo = 520 60™). Then holds:

Jjt+1

FéJrl(l) <07 forallj<m-—1.
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Theorem 3.3 (see [43, Prop. §]).

Let G be a stratified nilpotent Lie group equipped with a left-invariant
Riemannian metric and let I' C G be a lattice with so(I') C ' and let (7, f) be
a T-adapted triangulation, i.e. f is I'-equivariant. Further let (T, ]7) be a s9(I)-
adapted triangulation of G x [1,2], such that for i € {1,2} the restriction to
G x {i} coincides with the triangulation (7,s; o f). Denote by D the Hausdorf-
dimension of the asymptotic cone (G,d.) of G. If there is a so(T")-equivariant,
m-horizontal, piecewise smooth map ¥ : G x [1,2] 2 7 — G with ¢¥(g,2) =
32(w(s%(g), 1)), then holds:

n—j 2L .
FL7(l) 1971 for all j <m —1.

To check that our conditions imply the conditions of these theorems, we will
use the h-principle and microflexibility. Roughly speaking, the existence of the
Q-regular, 2-isotropic subspace will give us small horizontal submanifolds, which
we are able to agglutinate to the desired triangulation.

We will give a proof by contradiction to establish the super-Euclidean lower
bound on the filling function in the dimension above the maximal dimension of
Q-regular, Q2-isotropic subspaces. More precisely, we will show that an Euclidean
upper bound on the filling function of the Riemannian manifold (G,d) implies
an Euclidean isoperimetric inequality for integral currents in the metric space
(G,d.). Then we will show, that our conditions exclude this possibility.

3.2 HIGHER DIVERGENCE FUNCTIONS

The lower bounds on the higher divergence functions follow mainly by the ho-
mogeneity of Lie groups. The idea is to move the hard-to-fill cycle out of the
r-ball around the base point. For the upper bounds in the high dimensions we
will use that sub-Euclidean fillings stay near the filled boundary. For technical
reasons we will have to use the terminology of integral currents, as these form
the completion of the space of Lipschitz chains.

In particular, our proofs don’t use the conditions like the existence of an -
regular, 2-isotropic subspace directly, rather they need the deduced bounds on
the filling functions.
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3.3 GENERALISED HEISENBERG GROUPS AND THE APPLICATION

Most of our results for the generalised Heisenberg Groups Hy for K € {C,H, O},
follow as direct corollaries of our general theorems for stratified nilpotent Lie
groups. In fact we will show, that Hg has in all three cases an n-dimensional
Q-regular, Q-isotropic subspace of the first layer V7.

More work is to do to establish the bounds on the (n + 1)-dimensional filling
functions:

For the lower bound on the (n + 1)-dimensional filling function of the qua-
ternionic Heisenberg Group Hp; we will use the above stated theorem of Burillo.
For this we have to construct the needed Lipschitz chain and the differential
form explicitly.

The lower bound on the (n + 1)-dimensional filling function of the octonionic
Heisenberg Group H( is again a corollary of our general Theorem E| for strati-
fied nilpotent Lie groups. To see this, we will show that the maximal dimension
of Q-regular, 2-isotropic subspaces and the maximal dimension of (2-isotropic
subspaces coincide for Hg.

The application to rank 1 symmetric spaces follows directly from the results for
the generalised Heisenberg Groups by using the "horosphere-trick’ (see [22]).
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4 HORIZONTAL APPROXIMATION

To apply Theorem and Theorem of Young, we need to approximate a
triangulation (7, f) of a stratified nilpotent Lie group G by a (k + 1)-horizontal
map ¢ : 7 — G. In this chapter we collect the techniques to do this.

We consider GG equipped with the sub-Riemannian metric d.. We further will

use a lot the properties Q-isotropic and 2-regular, so remember the definition of
the curvature form  (see Section |1.7]).

4.1 SOME DEFINITIONS

Let W be a simplicial complex and let V' be a smooth manifold. We call a map
f: W — V smooth, immersion or horizontal if the respective property holds for
f restricted to each single simplex of W.

Definition.

Let W' be a simplicial complex and let V' be a smooth manifold. A map f: W' —
V is a folded immersion if W’ has a locally finite covering by compact subcom-
plexes, W' = JW/, such that f is smooth on each simplex of W' and sends each
W/ homeomorphically to a smooth compact submanifold (with boundary) of V.
If V = G is a stratified nilpotent Lie group, we call a folded immersion f hori-
zontal (and/or Q-regular) if f(W/) is horizontal (and/or Q-regular) for all i.

2

Definition.

Let G be a stratified nilpotent Lie group and let T and T’ be m-dimensional
simplicial complexes. We say f' : T' — G approximates f : T — G, if for
every neighbourhood U C G x T of the graph {(f(z),x) |z € T} of f and every
neighbourhood V. C T x T of the diagonal {(z,x) | = € T} there are proper
homotopy equivalences o : T — T' and ¢' : T' — T such that:

i) The graph of v o ¢ is contained in V.

ii) The graph of f' oy is contained in U.
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4.2 THE FOLDED APPROXIMATION THEOREM

To construct approximations of maps into stratified nilpotent Lie groups by ho-
rizontal ones, we need the following Lemma:

Lemma 4.1 (local h-principle, |16, 4.2.A’], compare [11] and [15, 2.3.2]).

Let G be a stratified nilpotent Lie group with grading g = V1 @ ... @ Vg of the Lie
algebra. Further let T be an m-dimensional simplicial complez.

Then the sheaf of horizontal, Q-reqular, smooth immersions f : T — G is micro-
flexible and satisfies the local h-principle. In particular, for every Q-regular,
Q-isotropic m-dimensional subspace S C V1 and every g € G there exists a germ
of smooth integral submanifolds W; C G at g with Tg(W;) = dL,S.

This is a corollary of the Main Theorem of [15] 2.3.2] as the differential operator
which sends smooth maps f : T'— G to the induced forms {f*(n;)}; is infinites-
imal invertible on Q-regular horizontal immersions (compare |15} 2.3.1]).

Proposition 4.2 (Folded Approximation Theorem, |16, 4.4]).

Let G be a stratified nilpotent Lie group and let T be a m-dimensional simplicial
complex.

Then a continuous map fo : T — G admits an approzimation by folded hori-
zontal Q-reqular immersions [’ : T' — G if and only if there is a continuous
map T > x — Sy, where Sy is the translate of an Q-regular, Q-isotropic m-
dimensional subspace S C V.

Proof.

Let fo : T — G be continuous and let f' : 7" — G be a folded horizontal Q-
regular immersion approximating fo. Then, by definition, there is a homotopy
equivalence ¢ : T — T’. The pullback under ¢ of the folded tangent bundle over
T’ provides a continuous map T' > z — S, C dL fo(z)V1- This proves the ”only
if” part.

Let’s turn towards the ”if” direction:

As the sheaf of horizontal 2-regular immersions f : 7' — G are microflexible,
Diff (V)-invariant and by Lemma [4.1|locally integrable, we can use Theorem 1.16]
to prove the above Proposition for the (m — 1)-skeleton Tm=1) of T

T(m=1) is a subpolyhedron of codimension 1 and

Fy: Op(T™ ) 5 R, x> (folx), Sy)
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is a formal solution near 70™~1), With Theorem there is a genuine solution
F : Op(T(™=1)) - R homotopic to Fy and such that f = bs F is arbitrary close
to fo.

It remains to prove the existence of the approximation in the top-dimensional
case under the assumption that fy is an horizontal Q2-regular immersion near the
(m — 1)-skeleton of T'.

We can treat each simplex A™ C T separately. So let fo : A™ — G be an
horizontal Q-regular immersion near A™ c T("=1),

We consider A™ as A™ = (0A™ x [0,1])/ ~ , with ~ the equivalence relation

defined by (z,1) ~ (y,1) Vz,y € OA™. Denote by A(t) the layer IA™ x {t}.

A©O)

A®

Figure 2: The layers of A™ for m = 2.

Each of this layers A(t) has dimension < m — 1. We look at the maps

and by Theoremwe get horizontal Q-regular immersions f! : Op(A(t)) — G
close to fo (for t = 0 we take f = fy). With Theorem the parametric
version of Theorem we can choose the family {f’} to be continuous in t.
Now let € > 0 be sufficiently small, such that the 2e-neighbourhood of the t-layer

Nac(t) i= (A™ x ((t — 22,1 +22) 1 [0, 1))/ ~
is contained in Op(A(t)) for all t. We define the (holonomic) homotopy
H®: (N:(0) UN:(e)) x [0,1] = G,
0 .
(2.0) [o(z), if x € N<(0)
fi(x), ifx € Ne(e)

The microflexibility gives a positive ¢; € (0, 1] such that we can extend H° on
Op(A(0)) x [0,¢1]. Then we replace f© by Hy .
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We define the (holonomic) homotopy

H': (N:(ti —e)UN:(t1 +¢)) x[0,1] = G,

(:E t) . fh(;p), if GN%(tl—i—g)
) ft1+t(:c), ifx € N§ (tl _ 8)

where f* = f! for all s > 1.
The microflexibility gives a positive t3 € (0, 1] such that we can extend H' on
Op(A(t1)) x [0,t2]. We replace f'* by H.
We define the (holonomic) homotopy
H?: (N(ti+1ty —e) UN:(ti + o +¢) x[0,1] = G,
titta (), if x € Ne(t; +ty — ¢
(2.8) s frr(a), if @ € Ne(th 412 —¢)
flatbett(y) ifx e Ne(ti+t2 +¢)

The microflexibility gives a positive t3 € (0, 1] such that we can extend H? on
Op(A(t1 +t2)) x [0,t3]. We replace fi+%2 by H7.

We continue this procedure until we reach f!. As the number t; depends con-
tinuously on the layers, i.e. on t € [0, 1], there is the minimum min{¢;} > 0 and
so we only need finitely many steps (less than (mw many).

We define 7" := | J N 2 .(t;) as the disjoint union of the closed %s—neighbourhoods
of the A(t;). Further we make identifications corresponding to the intersections
of their images under the HZZ o and give it a simplicial structure such that the
A(t;) are contained in the (m — 1)-skeleton. 7" is obviously homotopy equivalent
to T'. Then we get the approximating map as

f = LJHZZ_+1 T 5 QG

! — gt
where f‘m =Hy .

The above proof shows, that we need folded immersions only in the top-dimension
(i.e. in dimension m, the dimension of the Q-regular, -isotropic subspace S).
In lower dimensions we can consider T as a subcomplex of an m-dimensional
simplicial complex T and the local h-principle yields an 2-regular horizontal
immersion

f:0p(T) = G

approximating fy on T and the desired approximation is given by f := ﬂT.
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Figure 3: Schematical illustration of he images of the f% (left) and the images
of the Hfi_H (right) for m = 2.

Corollary 4.3 ( 4.4 Corollary]).

Let G be a stratified nilpotent Lie group with Lie algebra g and m € IN. Further
let S be a m-dimensional Q-isotropic, 2-reqular horizontal subspace of g. Then
every continuous map fo : T — G from an m-dimensional simplicial complex
T into the stratified nilpotent Lie group G can be approximated by continuous,
piecewise smooth, piecewise horizontal maps f: T — G.

Proof.

We define S; = dLy,)S and get a horizontal approximation f' : 7" — G
by Proposition As f’ approximates fj, there is a homotopy equivalence
@: T — T and we can use f = f’ o ¢ as the desired approximation. O

Remark.

a) Later we want to use horizontal approximations in the Riemannian manifold
(G,dy). For the change from the Carnot-Carathéodory metric to the Rieman-
nian metric one can use the fact, that both metrics d. and dy induce the same
topology on G (see Proposition 2.26]). What one really needs to trans-
port the above results to G equipped with a left-invariant Riemannian metric
is, that every continuous map f : T — (G,d.) is also continuous as map
f:T — (G,dy). This holds in any case if the by d. induced topology is finer
than the topology of the Riemannian manifold. This is true, as the identity
map ¢ : (G,d.) = (G, dy) is 1-Lipschitz (compare Lemma[1.19) and therefore
continuous. So every open set in (G,dy) is also open as subset of (G,d.).
Further is the notion of being horizontal in both cases the same. So the above
lemma yields a piecewise horizontal approximation of fo with respect to the

Riemannian metric.
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b) The above Proposition and its C'm"ollary hold true for each microfiex-
ible differential relation Rg of S-directed immersions on a smooth manifold
M. The points one has to change are to demand the map © — Sy to be a
continuous map into S and the resulting immersion will be S-directed instead
of horizontal. Then the proof goes exactly the same way as above, one has just
to replace the G by M, the translates of the Q-regular, Q-isotropic subspaces
by S and horizontal by S-directed.
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5 PROOFS FOR FILLING FUNCTIONS

In this chapter we give the proofs for the bounds on the filling functions of
stratified nilpotent Lie groups. We start with the proof of Theorem

5.1 THE PROOF OF THEOREM [1]

Theorem [I] states the following behaviour of the filling functions of a stratified
d-step nilpotent Lie group G equipped with a left-invariant Riemannian metric:
If there is a (k4 1)-dimensional Q-isotropic, 2-regular subspace of the first layer
of the grading of the Lie algebra and a lattice I' < G with s9(T") C T', then holds:

The filling functions are Euclidean up to dimension k¥ + 1 and bounded from

k+1+4d

o in dimension k + 2.

above by a rational function of degree

To prove Theorem [1| we split its statement into three parts: The upper bounds
in the dimensions from dimension 2 up to dimension k£ + 1, the lower bounds in
these dimensions and the upper bound in dimension k£ + 2. We prove the first
part in Proposition the second part in Proposition [5.2] and finally the third
part in Proposition [5.3}

Proposition 5.1.

Let G be a stratified nilpotent Lie group with Lie algebra g and Vi as first layer
of the grading of the Lie algebra. Further let k € IN and let d be the degree
of nilpotency of G. If there exists a lattice T' with so(T') C T' and a (k + 1)-
dimensional Q-isotropic, Q-reqular subspace S C Vi, then holds:

Jjt1

FPN ) < U7 forall j < k.

Proof.

First we look at the quotient M = G/I'. As G is a simply connected nilpotent
Lie group and as I' is a lattice in G, we know by [32, Theorem 2.18] that I is
torsion free. So M is a smooth manifold.

Let (7ar, far) be a triangulation of M. This triangulation (7ar, far) lifts to a
I-invariant triangulation (7, f) of G.

By [42, Lemma 4.5] we get an so(I')-invariant triangulation (n, f) of G x [1,2]
which restricts on G x {1} to (7, f) and on G x {2} to (7, s20 f). Here, the s9(T')-
action on G x {1,2} is defined by ¢,(g,7) = (si(q/)g,i) for (g,7) € G x {1,2}
and v € so(I).
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Define the map 19 : n = G by ¢y = prg of where prg : G x [1,2] — G de-
notes the projection to the first factor. Let further f*¢+1) . 7+ _ G and
¢(()k+1) : k1) 5 @ be the restrictions of f and vy to the (k + 1)-skeletons of 7
and 7.

As there is a (k + 1)-dimensional Q-isotropic, 2-regular subspace S C Vi, the
group G fulfils the conditions of Corollary - 4.3| for m = k + 1. Therefore (men-

(k+1)

tioning the remark following Corollary |4.3)) we can approximate f by a

horizontal map
¢(k+1) kD) o

Further, as 1y extends f and sg o f, i.e.
Vojfraxqy =1 and s dojfa ey = s20f
we can, using again Corollary E approximate wo by a horizontal map
Py 5 @
which extends ¢+ and sy 0 ¢D e,

¢(k+1 ¢(k+1) and w k+1

_ (k+1)
[F-1Ex{1}) =5209 '

H(Gx{2})
Now we extend ¢+ and **1 to the whole simplicial complexes such that
¥ :n — Gextends ¢ : 7 — G and so0¢ : T — G. We do this by filling
successively the boundary of each r-simplex A" of n, r > k + 2, by a Lipschitz
map ™) : AT — G with ®) (8A”) = W—l)(aﬁ). This can be done as G is
contractible.

So we have the triangulations (7, f) and (1, f) and the (k + 1)-horizontal maps
¢ and 1 in bounded distance to f and f as required in Theorem

So G fulﬁls the conditions for Young’s filling theorem and we get the bound
Fé“(l) 17 for all j<k. O

To prove the remaining lower bounds in Theorem [I] we use Theorem of
Burillo:

We have to construct a (j + 1)-form « and a closed (j + 1)-chain b for the con-
stants r = j and s = j+ 1 for 1 < j < k. To do this we use again the results
of the previous chapter, in particular the local integrability, i.e. the existence of
germs of horizontal submanifolds.
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Proposition 5.2.

Let G be a stratified nilpotent Lie group equipped with a left-invariant Riemann-
ian metric. Let g be the Lie algebra of G and Vi be the first layer of the grading of
the Lie algebra and let k € IN. If there exists a (k + 1)-dimensional Q-isotropic,
Q-regular subspace S C Vi then holds:

J+1

FPN ) =17 forall j <E.

Proof.

Let 1 < j < k. We will show that there exist v and b which fulfil the conditions
of Burillo’s filling theorem for » = j and s = j + 1 (Theorem [3.1)).

Let Xy, ..., X;41 be a basis of S and define S; = (X1, ..., Xj41). By Lemma
there is an integral submanifold M to S; C S, ie. T,M = dL,S; Vp € M,
where dL, denotes the differential of the left-multiplication by g € G. Let € > 0
and b = BM (id) be the e-ball in M. Further let v = X; A X3 A ... A X7, where
X/ denotes the G-invariant dual-form to X; defined by X (X,) = dy,. Then ~
is a closed G-invariant (j + 1)-form as all of the X; lie in S; C .S C Vi which has
trivial intersection with [g, g].

It remains to check the conditions of Theorem [3.1k

1) mass(s¢(9b)) = mass(db) -t/ as b C M is a horizontal j-cycle.
As constant we can choose C' = mass(0b).

2) fb’y > (0 as « is a multiple of the volume form of M.
3) sfy =ty asall X; liein V4 and v is a (j + 1)-form.

So the conditions of Theorem are fulfilled for r = j and s = j + 1. Therefore
. +1
holds for all j < k: FLY(1) =177 . 0

It now remains to prove the upper bound in the dimension above the dimension
of the Q-regular ()-isotropic subspace S:

Proposition 5.3.

Let G be a stratified d-step nilpotent Lie group equipped with a left-invariant
Riemannian metric. Let g be the Lie algebra of G and Vi be the first layer of
the grading of the Lie algebra and let k € IN. If there exists a lattice I' with
s9(') € T and a (k + 1)-dimensional Q-isotropic, Q-regular subspace S C Vi,
then holds:

Féf,“(l) < ==
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Proof.
With the proof of Proposition we have the triangulations (7, f), (n, f) and
the (k + 1)-horizontal maps ¢, 1 in bounded distance to f anf f. Therefore
the conditions of [42, Theorem 7] are fulfilled for a function ~ t*+1+¢ (compare
also [42, Discussion before Theorem 8]).
Let A = AF*2 be a (k + 2)-simplex of 7. Then ¢ is already horizontal on OA.
Identify A with the cone Cone(9A) = (0Ax[0,1])/(0Ax{0}) over the boundary.
Define the map

ha: A = G, (x,a) — sq(d(z)) .

Then ha coincides with ¢ on 0A. Further holds
mass((s; 0 ha)(A)) < -1+ mass(ha(A))

as in every point the tangent space to ha is the span of a (k + 1)-dimensional
horizontal subspace and another vector v. As G is d-step nilpotent, for v holds
ls¢(v)|| < t%||v||. Replace ¢ by quA = ha for every (k 4 2)-simplex A of 7 and
extend ¢’ to all of 7 (compare with the proof of Proposition [5.1)).
With the same techniques one can constlfuctda sufficient map 1)’

14

By [42, Theorem 7] follows: Fe™2(1) < 1+ . O

So we obtain the lower bounds on the filling functions by Proposition and
Proposition 5.3l Together with the upper bounds from Proposition this
proves Theorem

5.2 THE PROOF OF THEOREM [2]

Theorem [2] states sub-Euclidean filling functions in the k£ highest dimensions, if
there is a (k + 1)-dimensional Q-isotropic, Q-regular subspace of the first layer
of the grading of the Lie algebra and a lattice I' < G with so(I") C I'.

Similarly as for the proof of Theorem [T} we split the statement of Theorem
into parts. In Proposition [5.4] we prove the upper bounds and in Proposition [5.5
we prove the lower bounds on the filling functions.

Proposition 5.4.
Let G be an n-dimensional stratified nilpotent Lie group equipped with a left-
invariant Riemannian metric. Let g be the Lie algebra of G with grading
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d
g=WV1&..®Vy. Furtherlet D = Zz -dim V; be the Hausdorff-dimension of

the asymptotic cone of G and let ng]N. If there exists a lattice I' C G with
s2(') € T and a (k + 1)-dimensional Q-regular, Q-isotropic subspace S C Vi,
then holds: A b

Fo () x1p=i=1 for all j <k —1.

Proof.

We want to use Young’s filling theorem for high dimensions (Theorem . So
we have to check that our conditions imply the conditions of this theorem. This
means we have to construct an sy(I')-adapted triangulation (7, f) of G x [1,2],
such that the restrictions to G x {i}, i = 1,2 are transformed into each other
by the scaling s. Further we need a piecewise smooth, so(I')-equivariant, k-
horizontal map ¢ : 7 — G with (z,2) = 52(¢(s%($), 1)). Here we used the
notation (x,t) for points in 7 as this simplicial complex is homeomorhic to
G x [1,2]. Further does s 1 denote the change from the triangulation of G x {2}
to the triangulation of G x {1}.

We look at the quotient M = G/T'. As G is a simply connected nilpotent
Lie group and as I' is a lattice in G, we know by |32, Theorem 2.18] that I' is
torsion free. So M is a smooth manifold.

Let (7ar, far) be a triangulation of M. Then (7, far) lifts to a I'-adapted tri-
angulation (7, f) of G.

Let My = G/s2(I"). This is again a smooth manifold. The I'-adapted triangula-
tion (7, f) projects down to a triangulation (7az,, fas,) of M.

Denote by s;(7) the triangulation (7,s; 0 f). Let ¢y : 7 — 7, v € T', be the
I-action on 7. Then we define the so(I")-action on s1(7) by @}Y = @5%(7) and on

so(T) by Lp,zy = ¢, for v € s5(I"). In respect to this actions, both triangulations
are so(I")-adapted.

As in |42, Proposition 4.5] we can extend the projected triangulation to a tri-
angulation (7ar,, far,) of Mo x [1,2], such that this restricts to s;(7)/s2(T") on
My x {i}, i =1,2. Then (7ar,, fas,) lifts to a so(T')-adapted triangulation (7, f)
of G x [1,2] with the required restrictions.

To construct the map ¥ we use the h-principle on Ms. The translates of the
(k + 1)-dimensional Q-regular, Q-isotropic subspace S C V; descend to a con-
tinuous subbundle of the tangent bundle of My (consisting of (k+ 1)-planes). As
the property to be microflexible is local, it descends to My, too. So we can use
Proposition (remember the Remark at the end of Chapter .

As 7y, is homeomorphic to My x [1,2], we can write each point of Ty, as (z,1),
where the second entry is the image of the point in the second factor of My x[1,2].
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Denote by pr),, the projection to the first factor of Ms x [1,2]. Define the map

’QZ)O : {(l’, 1) € 7~_M2} — Ms (IE’ 1) = Pryy, (fM2(x> 1)) = Pr'pp, (f(l‘)52(r)) .

We approximate ¢ on {(z,1) € 7a,} by a (k + 1)-horizontal immersion 1y,
using Proposition Then we lift 1/111\42 to a so(I')-equivariant map ¢’ : 7 — G
and define

Vi, {(2,2) € fagy} = Mo, (2,2) = pryg, (52 09) (51 ())52(T))

3
where s 1 (z) denotes the change from the triangulation so(7) to the triangulation
S1 (7’ )

Then we extend w]l\42 and w%b to a Lipschitz map 1/4\42 from 7y, to My by defining
1/1§\/12|%§2) = 1/10‘%1(\2) on the vertices and then successively filling the boundaries of
the simzplices. ’

To complete the construction we use (the relative version of) the Holonomic
Approximation Theorem (Theorem and approximate 1%42 on all of Ty,
fixed on {(z,7) € Tar, | © € {1,2}}, by a k-horizontal, piecewise smooth map

1/JM2 :7~']\42 —>M2

with W, (@,1) = Py, (2,9) for all (z,4) € Tar, with i € {1,2}.
This map rises to a so(I')-equivariant, piecewise smooth, k-horizontal map

YT — G with ¢(z,2) = sz(d)(s%(:p), 1)).

D—j

So the conditions of Theorem are fulfilled and we get Fg_j (I) g IPp=i1
for all j <k —1. O

It remains to prove the lower bounds. As in the proof of the low dimensions
(Theorem [1)), we will use Burillo’s filling theorem (see Theorem [3.1]).

Proposition 5.5.
Let G be an n-dimensional stratified nilpotent Lie group equipped with a left-
invariant Riemannian metric. Let g be the Lie algebra of G with grading

d
g=Vi®..®Vy. Furtherlet D = Zz -dim V; be the Hausdorff-dimension of

=1
the asymptotic cone of G and let k € IN. If there exists a (k + 1)-dimensional
Q-isotropic subspace S C Vi, then holds:

i _D—j
FE(l) =11 for all j < k.
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Proof.
As all left-invariant Riemannian metrics on G are biLipschitz equivalent, we can
choose one of our liking. So let the left-invariant Riemannian metric on G fitting
to the grading of g, i.e. Vs L V; for s # t.
Let j < k. We will use the filling theorem of Burillo (see Theorem with
m=mn-—j.
To do this, we consider the grading g = V1 & ... & V3. We choose an orthonormal
basis By = {vil), ...,vé}r)nvl} of V4, such that the vectors v%l), ...,v,(glll span the
(k + 1)-dimensional Q-regular, 2-isotropic subspace S C V;. Then we choose on
each summand V; an orthonormal basis

B; = {vgi), ...,Ué?mvi
which gives us an orthonormal basis B = Ule B; of the Lie algebra g.

As m-chain b we choose now the image under the exponential map of the unit
(1) 1

cube in all coordinates of B except v; /, ..., v, e
d dimV;
b= exp({z Z Qg - ng) |0<a;q<1ViVg, and oy 4=0"for 1 <q<j}).
i=1 g¢=1

The vectors of the i*" layer V; of the Lie algebra are scaled under the scaling
automorphism L(s;) : g — g in the way

L(se) (™) = 70
So we have for the cube b
mass(s¢(b)) = P~ mass(b) .

The proof of this scaling behaviour follows the same lines as the proof of Lemma
The only difference is, that the tangent space of the image of the chain b al-
ways is a translate of g/W for W = (vil), vél), . v](-l)>. Therefore the differential
of the sclaing automorphism §; is the matrix
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with (dim V4 — j) many ¢’s on the diagonal and dim V; many ¢"’s on the diagonal
for 2 < i < d. So the determinant of this matrix is t”?~7 and this implies the
scaling behaviour.

Then the boundary 0b of b consists of all unit cubes contained in b of dimension
one smaller than b and with one additional coordinate set 1 or 0. This further
by now constant coordinate has scaled under the scaling automorphism at least
linearly, and so we get

mass(s;(9)) < tP7771 . mass(b) .

Next we need to construct the G-invariant, closed m-form . We do this by
choosing v as the volume form of b:

* d *
v= M) A A )

Here v* denotes the dual form of v € g. This form + is by definition G-invariant
and

/7 = mass(b) >0

b
as -y is the volume form of b.
For the scaling behaviour of v we get

siy =170y
with the same argument as above for the scaling behaviour of the cube b.

So it remains to show, that « is closed. For that, we recall the formula for
the differential of a G-invariant p-form w:

~

(p+ DNdw)(Xo, ... Xp) = Y (—1) T w([Xe, X4, Xoy ooy Koo ooy X, o0 Xp) -

s<t
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The key essence of this formula is that it suffices to examine “pre-images” of
basis vectors under the Lie bracket to compute the differential of . This follows
as a dual form v* only sees the projection to the subspace spanned by v. To be
precise, the differential of v* is

)

2. (*)(X,Y) 2 o (X, 7)) & doowr(X)w(Y)= Y (uAw)(X,Y)

u,wEB u,wEB

[u,w]=v [u,w]=v
where (1) holds by the above formula and (2) is the evaluation by computing
the “length” of the projection to the subspace (v) C g.
For the left-invariant m-form - this leads to

d dimV; —
'L * d *
R =D DD DD DI AT C R ST R

=1 q= 1 v,weEB
()

[v,w]=
Now let ¢ > 2 (the case i = 1 is trivial, as V; has zero intersection with the image
of the Lie bracket). Let v((;) € Vj be one of the above chosen basis vectors. For
each pair

dim(Vs)

d 1m
tvt s § § tvt

||P1E

d
with [z, y] = v(gi) we get:

d dim(Vs)

[:an] = Z Z a81t1/832t2 Utl Ut2 ]

s1,52=1 t1,ta=1

By this and by the linearity of differential forms we can assume without loss of
generality, that  and y are basis vectors in B.

We first look at the case i = 2. In this case we have z,y € By as [V1, V] = Vi11.
The first k + 1 vectors v%l), "'7”1(;421 span the Q-isotropic subspace S C Vi and
therefore [vgl),fut(l)] =0for 1 <s,t <k+1. So at least one of the vectors z and
y has to be in By \ {vil), " 121421} But all dual forms of basis vectors ’Ué ) with

¢>k+1>j—1 are part of v (and are not the deleted vf ) ). Therefore all
these summands in d~y are zero.
Now let ¢ > 3. Then at least one of the vectors x and y has to be a basis vector
in a layer Vp with 2 < ¢ < i—1. But again all the dual forms of such basis vectors
are part of v and unequal to the deleted v(gi). Therefore all these summands in
d~ are zero, too.
This implies

dy=0
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and we can apply Burillo’s theorem and gain

D—j

Ry 1

which is the desired bound. O

5.3 THE PROOF OF THEOREM [3

Theorem [ reduces the conditions of Theorem [Il and Theorem [2] in the case of
2-step nilpotent Lie groups. It omits the condition of the existence of the lat-
tice I', but doesn’t weaken the statements about the filling functions. Therefore
Theorem [3] follows from Theorem [1] and Theorem [2] if in every 2-step nilpotent
Lie group there exists a lattice with the requested scaling property. So we only
have to prove the following lemma:

Lemma 5.6.
Let G be a simply connected 2-step nilpotent Lie group with Lie algebra g. Then
there exists a lattice ' C G with so(T") C T

Proof.
Let g =V} & Vs be the grading of the Lie algebra. Then take a basis

Bl p— {/Ugl), /U£2), ceey /UgdlmV1)}

of the first layer. For Va we complete {3[a,b] | a,b € B1} to a basis

B2 = {v£1)7 /U£2)’ A ,Uédlm V2)}
of V5. This leads to a Basis B = B; U By of the Lie algebra g.
Now let
Z=({blbeB})zCyg

be the Z-span of this basis. Then Z is, by construction, closed under the Lie
bracket [-, -] and fulfils L(s2)(Z) C Z as 2t € Z for all t € Z.
Then define

I = (exp(Z)) .

Then I' < G is a lattice :
The structural constants with respect to the basis B of g are rational. The set Z
is lattice of maximal rank in the Q-span gg of B. Therefore the group generated



5.4 The proof of Theorem|2| 7

by exp(Z) is a lattice in G (see |32, Theorem 2.12]).

The Baker-Campbell-Hausdorff formula in the case of 2-step nilpotent Lie groups

reduces to

exp(r) exp(y) = exp(z +y + %[9&, y])

and so for h = exp(z),g9 = exp(y) € I with x,y € Z holds:

hg = exp(z) exp(y) = exp(z +y + %[w, y])

The product hg is in exp(Z) as %[x,y] € Z. (One can see this by writing
=7 cgopband y =3, g Bb). Therefore holds I' = exp(Z).

Every g € ' can be written as

g = exp( Z npb + Z mbb)

bEB; be B2
and so
s2(g) = exp (L(s2)( Z npb + Z mpb)) = exp(z 2npb + Z dmpb) € T .
beB; be By be By be By
Therefore T" fulfils so(T") C T. O

5.4 THE PROOF OF THEOREM [4]

Theorem [ states the following for a stratified nilpotent Lie group G equipped
with a left-invariant Riemannian metric: The filling function in dimension k42 is
super-Euclidean, if there is either a unfillable (k+1)-dimensional integral current
in the Carnot group (G, d.) or the maximal dimension of Q-regular, Q-isotropic
subspaces is k + 1 and coincides with the maximal dimension of Q-isotropic sub-
spaces.

Recall that we denote the set of integral m-currents by I,,(G) and set of in-
tegral m-currents with compact support by I (G).

For the proof of Theorem [ we need two propositions. The first is due to Wenger:
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Proposition 5.7 ( [38, Proposition 3.6)).

Let G = (G,d) be a stratified nilpotent Lie group equipped with a left-invariant
Riemannian metric and denote by Goo = (G,d.) the same group equipped with
its Carnot-Carathéodory metric. If G satisfies an FEuclidean isoperimetric in-

equality for I""(G), then G satisfies an Euclidean isoperimetric inequality for
I (Goo)-

The original proposition in [3§] presumes an Euclidean isoperimetric inequality
for I,,(G). But an examination of the proof yields, that only an Euclidean iso-
perimetric inequality for I¢*(G) is needed.

Further we need the following proposition:

Proposition 5.8.
Let G be a Lie group equipped with a left-invariant Riemannian metric. Let
m&WN and 6 > 1. If ng—i-l < 1%, then G satisfies an isoperimetric inequality of
rank & for IPY(G).

Proof.

Let T € I*"(G) with T # 0 and 9T = 0. Note, that in particular T is
associated to a Lipschitz chain, i.e. 0T = ay for the Lipschitz chain a = 0.
Now embed G isometrically in some RY and look at 7' and 0T from now on as
integral currents of RY.

Let 7 > 0 be arbitrary small. With |13, Lemma 5.7] we get:

There is an integral current S € I,,,1(IRY), such that

i) T — 0S is a Lipschitz chain,
ii) N(S)=M(S)+ M(0S) <n and
iii) spt(S) C Uy(spt(T)).

As G is an isometrically embedded Riemannian manifold, it is a local Lipschitz
neighbourhood retract. This means, there is a neighbourhood U of G in RY and
a locally Lipschitz map

¢:U— G with ¢(g) =g VgeaQq.

Now let n > 0 be sufficiently small, such that spt(S) € U. Then the map
P = P spt(s) : SPH(S) = G is locally Lipschitz.
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For x € spt(S) we denote by U(x) the maximal neighbourhood of = such that ¢
is Lipschitz on U(x).
As T — 0S is associated a Lipschitz chain, it has compact support. Therefore
there is a finite cover

d
U U(z;) with zq,..,2q € spt(T — 9S) .
i=1

So one can subdivide T'— 9§ in finitely many smaller simplices (i.e. simplicial
chains a; : A — spt(T' — 05)), such that each «;(A) is completely contained in
one of the U(Xj;).

As now ¢ is Lipschitz on each «;(A), we obtain the Lipschitz chain

on G.

Further the support of T" is compact. Therefore the closure of the 2n-neighbourhood
of spt(T') is compact. So we can divide spt(S) in finitely many Borel sets A,,
such that each of these sets is completely contained in one of the neighbourhoods
U(z), z € spt(S). One can do this as RY is second-countable. Then, as @ is
Lipschitz on each A, C U(x,), we obtain the integral current

P (S) =Y Pu(SLAy)
v=1
on G.

Further holds
mass(¢* (T — 0S5)) ~ M(T)

as ¢ is Lipschitz on each simplex and M (9S) < 7.

Now let [ := M (T') and let b be a Lipschitz chain in G with 0b = ¢*(T'—0S) and
mass(b) < 1°. Such a chain exists due to the condition on the filling function.
So we get

O(by + ¢*(5)) = Oby + 9p™(5) = by + " (5)
= ¢ (T = 05) +¢7(05) =T = ¢"(95) + " (95)
=T
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and
M(by + ¢"(9) <

as @ is Lipschitz on each restriction and M (.S) <. O

Now we are prepared for the proof of Theorem [, We start with the easy case,
that condition a) is fulfilled and prove that this implies the desired bound on
the filling function.

Proposition 5.9.

Let G be a stratified nilpotent Lie group equipped with a left-invariant Riemann-
ian metric. Further let g be the Lie algebra of G with grading g =V1 @ ... ® V.
Let ko, k1 € IN, such that (ko + 1) is the mazimal dimension of an Q-regular, Q-
isotropic subspace of Vi and (ki +1) is the mazimal dimension of an Q-isotropic
subspace of V1. If there is an ko < k < ki, such that there is an integral current
T e IZI_’L(G, de) with 9T = 0 and T # 0, but no integral current S € I, (G, d.)
with 0S =T, then holds

FEF2(1) 7 05

Proof.

So there is an kg < k < k1 such that there is an integral current T' € T Z{’L(G, de)

with 9T = 0 and T # 0 but no integral current S € I;’%(G, d.) with 9S =T.
This means, that (G,d.) doesn’t satisfy an isoperimetric inequality of rank ¢

for T Z’fl(G,dc) for any 6 < oo, and in particular no Euclidean isoperimetric

inequality for I z’fl(G,dc). By Proposition G doesn’t satisfy an Euclidean
isoperimetric inequality for I'y1(G) and by Proposition we have

N

FE2(1) 37 1kt

as desired. 0

We finish the proof of Theorem || by showing, that if condition b) is fulfilled this
implies that condition a) is satisfied.

Lemma 5.10.
Let G be a stratified nilpotent Lie group equipped with a left-invariant Riemann-
ian metric. Further let g be the Lie algebra of G with grading g =V1 @ ... & V.
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Let ko, k1 € IN, such that (ko + 1) is the mazimal dimension of an Q-regular, €2-
isotropic subspace of Vi and (k1 + 1) is the mazimal dimension of an Q-isotropic
subspace of V7.

If the two numbers kg and ki coincide, then there is for k == kg = k1 an in-
tegral current T € I, ‘ (G,d.) with OT = 0 and T # 0 but no integral current

k+1
S € I, (G, d.) with 9S =T.

Proof. Suppose k + 1 is the maximal dimension of Q-regular, Q-isotropic sub-
spaces of Vj. Using the h-principle (as in the proof of Theorem , we can
construct an (k+ 1)-horizontal triangulation of G. The boundary of any (k + 2)-
simplex A*+2) forms an horizontal Lipschitz (k + 1)-chain a = dA*+2) £ 0
with da = 0. Viewed as current, this gives us the integral current T := ay €
I ZTI(G, dc). As k + 1 is the maximal dimension of Q-isotropic subspaces of V;
too, we have by [25, Theorem 1.1], that (G, d.) is purely H*T2-unrectifiable and
so there are no non-trivial integral (k + 2)-dimensional currents on (G, d.). So

condition a) holds. O

The combination of Proposition [5.9 and Lemma [5.10] proves Theorem [4

By this last proof, we finished the verification of the results for the filling func-
tions in the general setting of stratified nilpotent Lie groups. We will use these
results to prove the results for the higher divergence functions and the applica-
tions to the Heisenberg Groups.
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6 PROOFS FOR HIGHER DIVERGENCE FUNCTIONS

We proceed with the statements about the higher divergence functions.

The statements about the higher divergence functions of a stratified nilpotent
Lie group equipped with a left-invariant Riemannian metric can be naturally
divided into two parts: The lower bounds and the upper bounds.

Due to this subdivision we split the proof in the separated treatment of lower
and upper bounds. To establish the lower bounds we will prove the more general
Proposition which deduces lower bounds on the higher divergence functions
from lower bounds on the filling functions in the setting of arbitrary Lie groups.
Our technique for the upper bounds on the higher divergence functions (Propos-
ition needs sub-Euclidean lower bounds on the filling functions and so only
works in the top dimensions.

6.1 LOWER BOUNDS

We consider a Lie group G equipped with a left-invariant Riemannian metric.
So if we transport a cycle by left-multiplication, there is no change of the mass
of the cycle or of the mass bounded by the cycle. We use this fact to prove the
following proposition, which provides the lower bounds for the higher divergence
functions stated in the Theorems [5] [6] and [7]

Proposition 6.1.

Let G be a Lie group equipped with a left-invariant Riemannian metric and let
m € IN, such that divdim(G) > m. If the filling function Fg”l is bounded from
below by a function h : R™ — R™, then holds:

Divé(r) = h(r™) .

Proof.
By assumption holds for the (m + 1)-dimensional filling function

FEH (1) = h(1) .

So there is a constant C' > 1 such that for every I > 0 there exists a m-cycle q;

with mass mass(a;) = [ such that every (m + 1)-chain b with boundary 0b = a
has to fulfil
C -mass(b) + Cl+C > h(l) .
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Let a9 = 1 and pg < 1, such that G is (pg, m)-acyclic at infinity. We have to
show, that there are constants L, M > 1, such that for all p < pg and all a > ag
there is a constant A > 1 with:

A - diviy, po(Ar + A) + O(r™) = h(r™) .

To do this, we use the above ’hard-to-fill’-cycle a; with [ = r™.

As a; is a priori not r-avoidant, we transport it out of the r-ball around 1 € G
by left-multiplication with some suitable group element g € G and obtain the
r-avoidant m-cycle g e a;. For the mass we obtain

mass(g ® a;) = mass(a;) =1

as the metric is left-invariant.
The left-invariance of the metric also guarantees that the property ’hard-to-fill’ is
preserved under the left-multiplication, i.e. every (m+ 1)-chain b with boundary
0b = g e a; has

mass(b) = h(l) .

As the pr-avoidance of the filling is an additional restriction to the (m+1)-chain,
the above inequality for the mass of b holds true for pr-avoidant (m + 1)-chains
b with boundary db = g e a;. Here we need the assumption divdim G > m for
the existence of such pr-avoidant fillings.

Now we choose L = M =1 and for p < pg and o > g we set A =a - C.

Then we get

A-div, po(Ar + A) + O(r™) > A-divy) (Ar + A) + A-r™ + A

@
> C-divpy(r)+C-r"+C

&)
> C -mass(bg)+C - +C

where (1) holds true, as @ > 1, A > C' > 1 and as div},(r) is increasing in «
and r. Further (2) holds true, as we have the r-avoidant "hard-to-fill’ m-cycle ¢,
with mass(a;) =1 =" < a-r™ and as divdim(G) > m there is some optimal
pr-avoidant filling by of ;. And (3) holds true, as b is a filling of a; and therefore
has to fulfil this inequality by the lower bound on the filling function. O

With this Proposition and our results for the filling functions (Theorem
Theorem [2| and Theorem [3) we get the lower bounds in Theorem [5| Theorem |§|
and Theorem [7]
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6.2 UPPER BOUNDS

Theorem [f]states the following for an n-dimensional stratified nilpotent Lie group
G: If k + 1 is the maximal dimension of -regular, 2-isotropic subspaces in the
first layer of the grading of the Lie algebra g of GG, then there are sub-Euclidean
upper bounds of the higher divergence functions in the k highest dimensions. In
particular, this upper bounds coincide with the lower bounds established in the
previous Section

To obtain the upper bounds for the higher divergence functions, we prove a more
general theorem: We deduce sub-Euclidean upper bounds for higher divergence
functions from sub-Euclidean upper bounds for filling functions.

Proposition 6.2.
Let M be a complete Riemannian manifold and m € IN, m < divdim(M). If
there is a § < ™ such that the (m + 1)-dimensional filling function Fiyt (1)

m

is bounded from above by 1°, then holds:
Diviy(r) < o™ .
Proof.

First choose a basepoint g € M and let & > 1 and py = i. Let 79 > 0 be
sufficiently large. Further let C' > 0, such that

Fﬁﬂ(arm) < C - (ar™)? Vr > rg.
Let a be an r-avoidant Lipschitz m-cycle of mass(a) < ar™ =: .
The condition on the (m + 1)-dimensional filling function of M implies the ex-
istence of a Lipschitz (m + 1)-chain b (not necessarily avoidant) with
i) Ob=a and

ii)  mass(b) <C-1°.

Now let T' = ay be the Lipschitz cycle a considered as integral current. Then
there is an integral current S € I,,,41 (M) with

i) 0S=T and
i)y M(S)<C-I°.

For example, S = by would be an appropriate choice.
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So the proof of |36, Lemma 3.1] (see also |35, Lemma 3.4]) together with the
computation in the proof of |36, Proposition 1.8] yields the following:

For x € M and t > 0 denote by B(z,t) the closed ball of radius ¢ around
x.
For sufficiently large r and every € > 0 there is an integral current S; € I,,,41(M)
with:

i) 0S.=T,

i) M(S.)<C-1°+¢,

iii) sptS. C M\ B(zo, 37) -

Now we have an %T—avoidant integral current Sg, that “fills” the Lipschitz cycle

a. From this integral current we construct a por-avoidant Lipschitz (m+1)-chain
of the desired mass that fills a as follows:

For A C RY and ¢ > 0 denote by B(A,t) = {y € RY |Fz € A: |z —yl2 < t}.
At first we use the Nash embedding theorem to embed M isometrically in some
RY. Consider S. as an integral current in R"Y. Then [13, Lemma 5.7] provides
for every 1 > 0 the existence of a Lipschitz (m + 1)-chain b, such that:

i ob.,=a,

ii) mass(b.,) <C- P+etn,

iii) b, C B(spt(S:),n) -

As M c RY is a local Lipschitz neighbourhood retract, we can retract bla,n to a
Lipschitz (m + 1)-chain b, on M (compare proof of Proposition [5.8|) with

i) Ob.y=a,
ii)  mass(be,) < LM 10 L e 4 Lty |
iii) b, C B(spt(S:), Ln) ,
where L denotes the Lipschitz constant of the retraction.

So for n sufficiently small, i.e. such small that por < r — (Ln + %r) = %r — Ln,
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the Lipschitz chain b, is an ppr-avoidant filling of the cycle a. Further holds
for the mass of b, :

mass(b. ;) < L™HC 10 + LM 4 LMy = IO (ar™)? + LM e - LMy

,rmé

N

This proves the claim. O

Theorem [2] provides for an n-dimensional stratified nilpotent Lie group G with
a lattice T', such that so(I') C I', and with an Q-isotropic, {2-regular subspace
S €V of dimension k + 1, the following upper bound on the filling functions:

Fr(0) <1751 for j < k.

Whenever G is not abelian, i.e. not isomorphic to R", the Hausdorff-dimension
D is strictly larger than n. Therefore holds
D—j+1 n—j5+1
— < -
D—j n—j

and the above proposition applies for m = n — j with 2 < 5 < k. Here j has
to be less or equal 2, as the divergence dimension of an n-dimensional stratified
nilpotent Lie group is n — 2 (mentioned earlier in Chapter [2)).

Therefore holds

(D—=j)(n—j—1)

Divy /(r) ~ o Dt for all 2 < j <k,

where the lower bounds are obtained Proposition [6.1] and the upper bounds are
obtained by Proposition (For the case G = R" see [1].)

Together with the lower bounds obtained in Section [6.1] this proves Theorem [5]
Theorem [6] and Theorem [71
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7 PROOFS FOR HEISENBERG (GROUPS AND THE
APPLICATION

Most of the results for the generalised Heisenberg Groups are corollaries of the
results for stratified nilpotent Lie groups. These ones we will treat in Section[7.1]
The super-Euclidean lower bounds on the filling function in dimension n of the
quaternionic Heisenberg Group Hp} follows not as such a corollary, so it needs a
more extensive proof, which we treat in Section [7.3] The super-Euclidean lower
bounds on the filling function in dimension n of the octonionic Heisenberg Group
Hg follow as a corollary of Theorem [f} We treat its proof in Section [7.2}
Finally, it remains to prove Corollary [2.8 about the Dehn functions of non-
cocompact lattices in the complex and quaternionic hyperbolic spaces. We do
this in Section [7.4l

7.1 Proors oF THE COROLLARIES [2.1], [2.2] [2.3], [2.4] AND [2.5]

The complex, quaternionic and otonionic Heisenberg groups are two step nil-
potent. Therefore there exists, by Lemma [5.6] in each case a lattice with the
needed scaling properties. In other words, we can use Theorem [3]and Theorem
to prove the corollaries concerning the filling functions and the higher divergence
functions of the complex, quaternionic and otonionic Heisenberg Groups (except
the lower bounds on F"*1).

For the following remember the bases of the Lie algebras h; and hg introduced
in Section .8

Proposition 7.1.

Let G be the quaternionic Heisenberg Group Hyy or the octonionic Heisenberg
Group H{ and g the respective Lie algebra. Then there is an n-dimensional §2-
reqular, Q-isotropic subspace S C Vi of the first layer of the grading g=V1 @ [g, g].

Proof.

i) In the quaternionic case we define 71 = I, Zy = J, Z3 = K and n; = Zy,
where Z denotes the dual form to Z,. Then we get by the general formula
for left-invariant differential m-forms on Lie groups

(m + DUAY) (Yo, s Yin) = S (=1 [V, V5], Xos oy Voo Ty Vi)
1<J
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7 Proofs for Heisenberg Groups and the Application

i)

the following components of the curvature form §2:

1
w; =dn; = 3 Z X NX;, where X, € {hy,iq,jq kq}-

[leXm]:Zi

We choose S = (hi, ..., h,) C Vi, which is Q-isotropic as [hy, hy] = 0 and
therefore w;(hy, hy) = 0 for all u,v € {1,...,n}.

It remains to give for every choice of o), a solution & for w, (&, hy) = opq for
p=1,2,3and ¢ =1,...,n. Let X, denote the unique element in {iy, jq, k4 }
with [Xpg, hg] = Zp (compare Section [1.§). Then one can check by a short
computation, that such a solution is given by the following element:

£= Zququ :
P

In the octonionic case we define Z1 = FE, Zo =F, Z3 =G, Zy=H, Z5 =1,
Zg = J, Z7 = K and np = Z7, where Z, denotes the dual form to Z),. Then
we get by the general formula for left-invariant differential m-forms on Lie
groups the following components of the curvature form :

1 * * 3 .
wi=dn; = 3 Z X ANXy where X, € {eq, fq, 99, Pgiq, Jg: kq}
[Xl»Xm}:Zi

We choose S = (di,...,d,) C Vi, which is Q-isotropic as [dy,d,] = 0 and
therefore w;(d,,d,) =0 for all u,v € {1,...,n}.

It remains to give for every choice of o, a solution § for wy(&,dy) = opg
forp=1,2,3,4,5,6,7 and ¢ = 1,...,n. Let X,, denote the unique element
in {eq, fq, 9q, Pq. g, Jg. kq} With [X,q,dy] = Z,, (compare Section . Then
one can check by a short computation, that such a solution is given by the
following element:

£= Zququ ‘
P

By the above Proposition the quaternionic and the octonionic Heisenberg

Groups fulfil the conditions of Theorem [3land Theorem|[7]as they are 2-step nilpo-
tent. So Corollary [2.1] and Corollary [2.2] follow by Theorem [3] and Corollary
and Corollary follow by Theorem [7| as the Hausdorff-dimension of Hy; is
4n + 3 and the Hausdorff-dimension of H{ is 8n + 7.

For the proof of Corollary [2.3] concerning the higher divergence functions of the

complex Heisenberg Group H, we use [42, Corollary 1.1] and [43, Theorem 1],
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which together state the following behaviour of the filling functions:

. i+1
Fil}gl(ﬁ) ~ 0T forj<m,

gLy g2 ,
FHS () ~£i+1  for j > n.

With Proposition [6.1] and Proposition [6.2] this proves Corollary

7.2 THE PROOF OF COROLLARY [2.6]

To prove Corollary [2.6] we use Theorem [ We have seen above, that there is an
n-dimensional Q-regular, (2-isotropic subspace in the first layer V7 of H{. So the
lemma below implies, that condition b) in Theorem [4] is satisfied.

Lemma 7.2.
There is no (n + 1)-dimensional Q-isotropic subspace S C Vy in the octonionic
Heisenberg Group H.

Proof.
We prove this in two steps:

Step 1): Every n-dimensional Q-isotropic subspace W C Vj is Q-regular.

Let W = (wy, ..., w,)R be an n-dimensional Q-isotropic subspace spanned by

_ di ,,d2 kn
wy = (W', wp?, o wy) for 1< p <,

with coordinates with respect to the basis {dy, ..., k,} of the first layer V; of the
grading of Lie algebra.

Let Zy = B, Zo=F, 75 =G, Zy = H, Zs = I, Zs = J and Z7 = K. Then
holds for [ € {1,2,3,4,5,6,7}:



92 7 Proofs for Heisenberg Groups and the Application

dm (o, wp) = Z wqu;L—F Z wy X+ Z w,’qu:;l

q q q
[Xm.dql=2; [Xm.eql=2; [Xm, fql=2;
h .
Y WX+ Y wiXn Y wiX,
q q q
[megq]:zl [Xm’hq]:Zl [meiqv]:zl
j k
+oY L w X+ Y w'Xy,
q q
[Xm,iql=2; [Xm . kql=2Z
So we get:
d fq >s<+ qk*+ _ d*_ iqf*_ kqh*_ Jq *)

q

dq px iqg x hq -x kg x fa g% €q % Jq 7% *
dna(o,wp) = Z (wquq Fwy' ey +wp’ gy +wp gy —wp' dy —wptiy —wythy —wp”k )
d dg x 4 qk*+ Jq *+ _ qd*_ qf _ oG % hq'*)

n3(- wp gq Wp Wy’ €, wp q Wp Wp Wp Jq —Wp g
q

dna(, Z qh;—i-wng; f —i—w]’;qe*—wpqd* wpgq—wgqjq w;qk:;)
q

h j k
dns(o,wp) = Z (wp 7 +wpqg;+w§qf;+wfoq ;q q—wpqh*—wgqu—wqu;)
q
d dg .x fqh* o d*_ hq _opn9a % k*
6 (- (wp? gy +wph+ pgq—i-wp iy —wydy —wp? fr —wytes —wy'ky)
q

dnz (s, Z w;,lqk*—i-wqu +wp +w;qj;‘—w];qd*—wgng—wpqh* wzjf :;)
q
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As W is Q-isotropic, the curvature form
(Q(wpa 7)) = (( d m (wpa 7)7 d 772(wp7 7)7 [RE) d 777(wp7 7)))
P P

can be interpreted as a linear isomorphism V; /W = R™ — R™.

For 0 = (0pq) € R™ this leads, as the wp are linear independent, to a system
A¢ = o of linear equations with an invertible matrix A € R™*™ . So there
always exists a solution and W is Q-regular.

Step 2): There is no (n + 1)-dimensional Q-isotropic subspace S C V;.

Assume there is an (n+ 1)-dimensional Q-isotropic subspace S = (S1, ..., Sn+1)R
of Vi. Then W = (sq, ..., $)R is Q-isotropic and n-dimensional. Claim 1 implies
that W is Q-regular. So the linear map

Q¥ . Vi — Hom(W,g/V1), X — Q(X, )
is surjective and vanishes on S. Therefore:

T —1=8n—(n+1)=dim(V;/S)
> dim(V;/ kern(QY) = dim(image(QY))
= dim(Hom(W, g/V1)) = n(8n + 7 — 8n)
=T

But this is a contradiction and such an S can’t exist. Ul

7.3 THE PROOF OF THEOREM [§

Here we compute the (n 4 1)-dimensional filling function of the quaternionic
Heisenberg Group Hp. As Hp fulfils the conditions of Theorem 3, we already
have the super-Euclidean upper bound:

n—+1 %
FHﬁ UVEE

Thus we only have to prove the corresponding lower bound.
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Proposition 7.3.
Let Hyy be the quaternionic Heisenberg Group of dimension 4n + 3.
Then holds:

Proof.
We will use Burillo’s filling theorem (see Theorem [3.1)). To this end, we have to
construct a Lipschitz (n + 1)-chain b in Hg} and a closed Hyj-invariant (n + 1)-
form 7 on Hy; with the correct scaling behaviour.
For this we avail ourselves of the constructions Burillo did in the proof of |9, The-
orem 2.1] to obtain the lower bound for the filling function Fflgl of the complex
Heisenberg Group. We denote the there constructed (n + 1)-chain by " and the
corresponding (n + 1)-form by ~.
Now let x1,...,Zn,Y1,-.-,Yn, Z be the usual basis of the Lie algebra b¢ of the
complex Heisenberg Group H{ and hy, ..., kp, I, J, K the basis of the Lie algebra
by of the quaternionic Heisenberg Group Hy (compare Section |1.8)).
Then the complex Heisenberg Group H¢ embeds as Lie subgroup into the qua-
ternionic Heisenberg Group Hpy. We do this on the Lie algebra level via the
map

xi— ki, yi»—>hi, Z— K.

Hence we can consider the in [9] constructed (n 4+ 1)-chain b’ as an (n + 1)-chain
in the quaternionic Heisenberg Group Hyy. We set b := b’. The above embedding
respects the grading of the Lie algebras, i.e. vectors of the first layer are mapped
to vectors of the first layer and vectors of the second layer are mapped to vectors
of the second layer. Therefore the boundary 0b of the chain b has the same
scaling behaviour in the quaternionic Heisenberg Group Hy; as before in the the
complex Heisenberg Group HE, i.e. mass(s:(0b)) < mass(0b) - t".

Consequently it only remains to construct a closed, Hyj-invariant (n 4 1)-form
n on Hyy, such that n restricts on the embedded H¢ to the in [9] constructed
closed, Hg-invariant (n + 1)-form v on H¢ (this would imply condition 2) in
Theorem and satisfies

sin =t""2y .

The form v is given (with respect to the above notation for H¢ C Hy;) by
vy=(=1)"-K*ANh]A..NhR}
where for v € by the symbol v* denotes the dual form of v.

We start the construction of 1 by defining some special n-forms. Let &, be
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the set of all (Hpj-invariant) n-forms S of the shape
S=hy Ao Nhgy Nig AN

with increasing index within the h*-part, increasing index within the ¢*-part and
such that every number in {1,...,n} appears as index of an h* or an i*, as well
with an even number of ¢*’s. In particular, each integer between 1 and n appears
exactly once as index.

For example in the case n = 3 we get:

Sz = {h] AR5 AN h3, h] Ni5 Ny, hy Ni] Nz, hy Ai] Nig} .
Further let ¥,, be the set of all (Hf}-invariant) n-forms 7" of the shape
T=hiN..Nhy Nig A Ny

with increasing index within the A*-part, increasing index within the i*-part and
such that every number in {1,...,n} appears as index of an h* or an i*, as well
with an odd number of i*’s. In particular, each integer between 1 and n appears
exactly once as index.

For example in the case n = 3 we get:

T3 ={i] Niy Aiz, hi ANhy ANiz, h] Ah3 ANy, hg ANhy Nij} .

Each of this n-forms in &,, and ¥,, can be obtained either from h] or from i}
by adding successively hy ; or iy, in the rt" step at the last position of the
h*-part respectively at the last position of the i*-part. If one now gives h] the
[43

—” this induces a sign to each of the n-forms S € &,
and T € T, by the following rule:

sign “+” and ¢] the sign

Let A, be the signed r-form before adding h;,, or iy, ;. Then:

o If A, has an even number of i*’s, we change the sign if we add i, but
not if we add hj .

o If A, has an odd number of i*’s, we change the sign if we add h;, but
not if we add iy ;.

In the following we denote for S' € &,, respectively T' € T, the signed n-form by
S respectively T'.
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We observe, that if S and 7" only differ at position r, for the signs holds:

sign(S) = (=1)"" . sign(T) .

This is true, as after the step r of adding h* or i*, the two forms have different
signs. In each of the following steps one of the forms will change its sign and
the other one will not. So the signs of S and T differ if and only if the number
n — r of remaining steps is even.

Now we arrived at the point where we are able to define our candidate for the
Hyy-invariant (n 4 1)-form #:

n=(=1)". (Z K*AS= > J*AT)

Se6, Te,

The only form in &, UT,, which is not zero when restricted to Hg, is
hiANhy A ... Nk, €6, .

As the sign of this form is “+”, the form 7 coincides with v on Hg.
Further holds
sin = "

as each summand in 7 consists of n dual forms of vectors of the first layer of the
grading of the Lie algebra by; which scale linearly and one dual form of a vector
of the second layer of the grading which scales quadratically.

It remains to show that 7 is closed. As for this purpose the sign (—1)" has
no effect, we will neglect it in the following.

For fixed r € {1,...,n} let (Sp)pep be a numbering of the forms S € &,, contain-
ing h;. Then for each p € P there is an unique 7}, € ¥,, containing 7, such that
Sy and T}, only differ at position r. This means T}, arises from S}, by just repla-
cing h} by ir. This gives a numbering (T},),cp of the forms T' € T, containing iy
associated to the numbering (S)),ep. Analogously let (S;),c0 be a numbering
of the S € G&,, containing ;. Then for each ¢ € @ there is an unique 7, € T,

*

containing hy, such that S; and T, only differs at position r. This means that
T, arises from S, by just replacing i) by hy. This gives a numbering (7}),cq of

the forms 7' € T, containing h’ associated to the numbering (S5;)qcq-

Further let p and q be the (n — 1)-forms obtained by deleting the position in
which S, and T, differ and the position in which S, and 7, differ, respectively.
(Here it makes no difference whether one does this in the respective form 7' € T,
or S €6,
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Then holds:

(n+2)tdp= YD (K ARf+ i Aip)AS = Y > (GF Ay +if AR AT

Se6, t=1 Te%, t=1
n ~ ~
:Z(Z (kf ABF +GE N NS = ) (j;Ah:+izAk;)AT>
t=1 \SeG, TeET,
n ~ ~
—Z( S irnigAS+ >k ARAS
t=1 Se6n Se6n
with h;‘ with 1;‘
— > i ARAT =Y jjAthf)
TESy TEEn
with h;‘ with 7,2‘
n ~ ~
=> (Z [jz‘M:ASp—j;*Ah:ATp}
t=1 \peP

+Z[k:Ah;A§q—¢:Ak;qu]>
q€eQ

- < (=1 i mig Abg np = (=1 - w i i A

+3° [(—1)%.k;Ah:AigAq—(—l)yq-izAk;AthqD

where for each t € {1,...,n} the family (Sp)pep is a numbering of the S € &,
containing h} and the family (S;)4eq is a numbering of the S € &,, containing .

Before we continue the computation, we have to identify the signs of the sum-
mands. We do this by computing the congruence classes modulo 2 of exponents
of the —1’s. These exponents arise by pulling the h}’s and ¢;’s from inside of
Sp, 8¢, Tp and T}, to the third positions.

Denote by #}'A the number of A*’s in A € &,, UT,, with index smaller than m
and by #/" A the number of ¢*’s in A € &,,U%,, with index smaller than m. Then
for fixed t we have for the exponents z,, x4, y, and y, the following congruences
modulo 2:

Tp = #4555
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yp = sign(S,) — sign(T}) + #1T), + #IT,
=(n—t+1)+(n+1)+(t—1-#,5,)
=2n+1—#LS,
=1+#.5,

Ty = sign(gq) — Sign(fq) + #1 Sy + #iS,
=n—t+1)+(n)+({t—1-#7T)
= #5104

Yq = #ZTQ

We used for this, that S, and T}, respectively S, and T, only differ at posi-
tion ¢ and so one has #} S, = #! T, and #! S, = #: T,.

Further holds for the needed permutations the following:
PN Ny = (1) Ay NG
Ef AR NG = (=1)%-if NEF AR

Therefore we can continue with the computation:

(n+2)!dn = Z(Z (1)t Az ABg Ap = (1) -5 A g A
t=1 \peP

+Z [(—1)% ki NRENTGENq— (—1)yq-z’;“Akf/\h;“AqD

- Z(Z(—U#W (G5 i A A= (1) G5 ARE A A

+3 (~n#ita [k;‘Ah;‘/\if/\q—iIAkf/\hf/\qD

(Z(—u#% | i Ak AR = (=DM A AR A
1

+ 3 (~1#Ta [k; ARENTEAG— (=12 kS ARE AT A qD
So 7 is closed and therefore the conditions of Theorem are fulfilled and we

n+2

get Fitt(l) = Un . O
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n+2
n

Together with upper bound F}}gl(l) <1
orem [§

from Corollary this proves The-

7.4 THE PROOF OF COROLLARY [2.§

We have to prove the remaining corollary concerning the non-cocompact lat-
tices in the complex and quaternionic hyperbolic spaces. The main part of
Corollary [2.8] comes by the filling functions of the complex and quaternionic
Heisenberg Groups. So we only have to connect the Dehn functions of the lat-
tices with the filling functions of the Heisenberg Groups.

Lemma 7.4 (Corollary [2.8).
Let n € N>3 and X be the complex hyperbolic space SU(n,1)/S(U(n) x U(1))
of dimension 2n or the quaternionic hyperbolic space Sp(n,1)/(Sp(n) x Sp(1))
of dimension 4n. Further let I' be a group acting properly discontinuously by
isometries, such that the quotient space X/T" is of finite volume, but not compact.
Then holds: ,

5%(l)~ljfi'l for1<j<n-—1

Proof.

For the complex hyperbolic case this is proved in |22, Theorem 5].

For the quaternionic case we use, as in the proof of |22, Theorem 5|, that I" acts
geometrically on a space X obtained from the quaternionic hyperbolic space
Sp(n,1)/Sp(n) x Sp(1) by removing a I'-invariant family of horoballs. By the
Lemma of Svarc-Milnor, I' is quasi-isometric to X, and so 5{; ~ 5&0 ~ F )](Jorl for
all 1 < j <n—1. The filling functions of Xy are equivalent to the filling functions
of any of its boundary components (see |22, Theorem 5], |28, 5.D.(5)(c)]), which
are horospheres in Sp(n,1)/Sp(n) x Sp(1).

The horospheres in the quaternionic hyperbolic space Sp(n,1)/Sp(n) x Sp(1)
are biLipschitz equivalent to the quaternionic Heisenberg Group H]I”{_l.

By Corollarywe get 0L(1) ~ F)ng(l) ~ 1T for all 1 <j<n-1. O
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8 SOME OPEN QUESTIONS

We computed the filling functions for stratified nilpotent Lie groups under the as-
sumption of the existence of Q-regular, 2-isotropic subspaces of the first layer of
the Lie algebra. Our results suggest a division of the behaviour of the filling func-
tions in a part of Euclidean growth in the low dimensions, strictly sub-Euclidean
growth in the highest dimensions and at least one dimension of strictly super-
Fuclidean growth in between. Whether this is still true without the algebraic
condition, is an open question.

Burillo proved a cubic lower bound for the filling area function of the group N,
of unipotent upper triangular n x n-matrices for n > 4. So Gromov’s conjecture
(see |28, 5.D.]) about the first super-Euclidean filling function of a nilpotent Lie
group is wrong. The group N, is (n — 1)-step nilpotent and Gromov’s heuristic
argument is mainly based on observations for the complex Heisenberg Groups
which are 2-step nilpotent. So we ask:

Question 1.

Does every stratified nilpotent Lie group of nilpotency degree 2 have Euclidean
filling functions up to the maximal dimension of horizontal submanifolds and a
super-Euclidean filling function in the dimension above?

In Section [2.3] we gave a positive answer to this question for the quaternionic and
octonionic Heisenberg Groups. Further we reduced this problem by Theorem
to a question on the existence of boundaries without fillings in the corresponding
Carnot Group (without consideration of mass).

An important reason why we are interested in (non-abelian) nilpotent Lie groups
is the fact, that they have sectional curvature of both signs, negative and posit-
ive, at each point. All spaces of non-positive curvature have no super-Euclidean
filling functions, so it would be interesting, if the positive curvature at every
point could be seen by the filling functions:

Question 2.
Does every (non-abelian) nilpotent Lie group have a super-Euclidean filling func-
tion in some dimension?

This question may be easier to answer, if one restricts it to stratified nilpo-
tent Lie groups:



102 8 Some open questions

Question 2b.
Does every stratified nilpotent Lie group have a super-Euclidean filling function

in some dimension?

A more explicit problem concerns the filling function in dimension n for the
octonionic Heisenberg Group Hg. We proved lower bounds proportional to £ e
for the filling function of the quaternionic Heisenberg Group Hp. But this
technique fails for the octonionic Heisenberg Group Hg as we discussed above.
Nonetheless we proved, that the filling function of H{ is super-Euclidean, but
the exact growth type is still unknown. So:

Question 3.
What is the exact growth type of the filling function in dimension n of the oc-
tonionic Heisenberg Group Hg?

Another question arises for the higher divergence functions of stratified nilpotent
Lie groups. We computed the exact growth rate for higher divergence functions
in the high dimensions, but in the lower dimensions we only have been able to
establish Euclidean lower bounds.

Question 4.
Are there Euclidean upper bounds for the higher divergence functions of strati-
fied nilpotent Lie groups in low dimensions?
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