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1 Bornological spaces

In this section we introduce the notion of a bornological space. We show that the category
of bornological spaces and proper maps is cocomplete and almost cocomplete. We explain
how bornologies can be constructed and how they are applied.

Let X be a set. By Px we denote the power set of X. Let B be a subset of Px.

Definition 1.1. B is called a bornology if it has the following properties:
1. B is closed under taking subsets.

2. B is closed under forming finite unions.

3. Upes B = X.

The elements of the bornology are called the bounded subsets of X. |2 in Definition

Definition 1.2. B is a generalized bornology if it satisfies the Conditions [1] and [3 in
Definition [1.1]

Thus we we get the notion of a generalized bornology by dropping Condition [3|in Definition
LIl

Remark 1.3. Let x be in X. Then the singleton {z} belongs to any bornology. Indeed,
by Condition [3| there exists an element B in B such that € B. Then {z} C B and hence
{z} € B by Condition [1]

If B is a generalized bornology, then a point x in X is called bounded if {x} € B. Otherwise
it is called unbounded. A generalized bornology is a bornology if and only all points of X
are bounded.

If X is a generalized bornological space, then we have a disjoint decomposition X = X,LI1X,,
into the subsets of bounded and unbounded points. Then B becomes a bornology on Xj.
[

Remark 1.4. Let A be an abelian group and consider the abelian group A% of functions
from X to A. For f in AX we let

supp(f) := {z € X | f(z) # 0}
be the support of f. We have supp(f + f’) C sup(f) U supp(f’).

If B is a generalized bornology on X, then we can consider the subset

Cp(X,A) = {f € A* | supp(f) € B} .



We shall see that this is a subgroup of AX. Indeed, if f, f" are in C5(X, A), then supp(f)
and supp(f) belong to B. Since supp(f + f') C supp(f) U supp(f’) we see that also
supp(f + f) belongs to B so that f + f’ is in Cp(X, A). Similarly, supp(—f) = supp(f)
so that with f also —f belongs to Cs(X, A).

In this way B determines a subgroup of AX of functions with bounded support.

If Ais a ring, then A¥ is also a ring and Cy(X, A) is a subring since supp(ff’') C
supp(f) N supp(f’). -

We now turn to examples and constructions of bornologies.

Let X be a set and (B;);c; be a family of (generalized) bornologies on X.

Lemma 1.5. The intersection (\;c; B; is a (generalized) bornology.

Proof. Let B :=(),c; Bi- Consider B in B and let B’ be a subset of B. Then B € B; for
all 7 in I and hence B’ € B; for all 7 in I. Hence B’ € B'.

Assume that B, B’ belong to B. Then B € B; and B’ € B; for all i in I. Hence BUB’ € B;
for all 7 in I and hence BU B’ € B.

This finishes the case of generalized bornologies. For the case of bornologies we consider x
in X. Then {z} € B; for every i in I and hence {z} € B. Hence x € |Jgz 5 B. O

Let A be a subset of Px. Then there is a smallest bornology containing A given by

B(A) = () B,

B, ACB

where the intersection runs over all bornologies B on X. Similarly there is a smallest
generalized bornology containing A

B, ACB

where the intersection runs over all generalized bornologies B on X containing A.

We can describe B(A) explicitly. We will assume that |J,., A = X. Since singletons
belong to every bornology (see Example we can enlarge A by singletons without
changing B(A) in order to ensure this condition.

Lemma 1.6. Assume that |J .4 A= X. Then a subset B in Px belongs to B(A) if and
only if of there exists a finite family (A;)ier in A such that B C |J,c; Ai.



Proof. We consider the subset B’ of P of subsets B of X such that there exists a finite

One checks that B’ is a bornology which contains A. Therefore B(A) C B’. On the
other hand, B’ is contained in any other bornology which contains A. This implies that

B C B(A). O

Remark 1.7. The generalized bornology B(A> has a similar description. We let X :=
UacaA. Then A generates a bornology B’ on X; whose elements are described as in

Lemma [1.6, We have B(A) = B'.

Example 1.8. If X is a set, then it has the minimal bornology B,,;, of finite subsets and
the maximal bornology B,,.. of all subsets.

It has the empty generalized bornology. O
Example 1.9. Let X be a topological space. The set B,. of subsets of quasi-compact

subsets of X is a bornology.

The set B,. of relatively quasi compact subsets (subsets whose closures are quasi compact)
is a generalized bornology. It might happen that the closure of a point is not quasi compact.
This can happen of X is not Hausdorff.

If we replace the condition “quasi compact” by “compact”, then in general we do not get
a bornology since the union of two compact subsets is not necessarily compact. Again this
can happen since compactness includes the condition of being Hausdorff and a union of
two Hausdorft subsets need not be Hausdorff. m

Example 1.10. Let d be a quasi-metric (infinite distances are allowed) on X. Then the
metrically bounded subsets generate a bornology B;. Note that we must say “generate”
since the union of two bounded sets might be unbounded.

But if d is a metric, then the bounded sets form a bornology since Condition [2] follows
from the triangle inequality for the metric.

The bornology By is generated by the set of balls {B(z,r) |z € X r € [0,00)}. O
Example 1.11. Let Y be a topological space, A be a subset, and X :=Y \ A.

Let B:={Z C X | Z N A=0}. This is a generalized bornology. If Y is Hausdorff then it
is a bornology. O]

Example 1.12. Recall that a filter on a set X is a subset F of Px with the following
properties:

1.0 ¢ Fand X € F.

2. F is closed under forming finite intersections.



3. F is closed under taking supersets.

If F is a filter on X, then the set of complements
Fe={X\F|FeF}

is a generalized bornology on X. Vice versa the complements of a generalized bornology
B is a filter if and only if X & B, i.e., B is not the maximal bornology.

The generalized bornology ¢ is a bornology if and only if the filter is free, i.e., if and only
if per £ = 0. Hence, upon taking complements, non-maximal bornologies correspond to
free filters on X. N

Example 1.13. Let F be a subset of Px. Then
Fr={YCX|(VLeFI||ILNY| < oo}

is a bornology. It is called the dual bornology to F. We have an obvious inclusion
FC(FHh -

Definition 1.14. A (generalized) bornological space is a pair (X,B) of a set with a
(generalized) bornology.

Usually we write X for generalized bornological spaces and let Bx denote its generalized
bornology.

Example 1.15. For a set X we write X,,;, and X, for X equipped with the minimal
and maximal bornology. We write Xj for the generalized bornological space with the
empty bornology. O

Example 1.16. We consider a bornological space X and a subset L:

Definition 1.17. L is called locally finite if |L N B| < oo for all B in By.

We let LF(X) denote the set of locally finite subsets of X. By Example |1.13] the subset
LF(X) of Py is a bornology on X.

We write (X, LF(X)) =: X*+. With this notation we have (X,in)*t = Xnaz and (Xppaz)t =
Xomin.- ]

Let f: X — Y be a map between the underlying sets of generalized bornological spaces.
Definition 1.18. f is called:
1. proper if f~1(By) C Bx.

2. bornological, if f(Bx) C By.



Let A be a subset of Py. By the following lemma we can check properness of a map on
generators.

Lemma 1.19.

1. We assume that Y = J,c 4 A and By = B(A). Then the map f is proper if and
only if f~1(A) € Bx for all A in A.

2. We assume that By = B(A). Then the map f is proper if and only if f~'(A) € Bx
for all A in A.

Proof. We show Assertion . If f is proper, then f~!(A) € By for all A in A since A C By.

For the converse we assume that B is in By. Then by Lemma [I.6|there exists a finite family
(Ai)icr in A such that B C J,c; Ai. Then f71(B) C f"HU;e; Ai) = Uies [ (A) € Bx
since f71(A;) € By for every i in I and By is closed under forming finite unions.

For Assertion [2] we argue similarly using Remark [1.7] We do not have to assume that A
covers Y. [

Example 1.20. Let f : X — Y be a proper map between bornological spaces. Let A be a
group. Then the pull-back f*: AY — A¥ restricts to a homomorphism f*: Cp, (Y, A) —
Cpy (X, A). This follows from the relation supp(f*®) C f~!(supp(¢)) for all ¢ in AY. O

Example 1.21. Let f : X — Y be a map between the underlying sets of bornological
spaces. If f: X — Y is proper, then f: X+ — Y+ is bornological. Indeed, let L be in
LF(X) and B be in By. Then f(L)N B = f(LN f~'(B)) is the image under f of a finite
subset of X and hence finite. We see hat f(L) € LF(B). O

Example 1.22. Let X be a bornological space, Y be a set, and f : Y — X be a map.
We set

f7HBx) = {f"(B)| B € Bx} .
Then B{f'(Bx)) is called the induced bornology. It is the minimal bornology on Y such
that f: X — Y becomes a proper map of bornological spaces.

Similarly one can define the induced generalized bornology B(f~'(Bx)). It is the minimal
generalized bornology such that f becomes a proper map of generalied bornological spaces.
If Y contains unbounded points, then the inclusion B{f~!(Bx)) C B{f~!(Bx)) might be
proper. O

Example 1.23. Let X be a (generalized) bornological space and f : X — Y be a map
of sets. Then we can consider the maximal (generalized) bornology on Y such that f
becomes a proper map. This bornology is given by

fBx ={BCY|f(B)€Bx}.

We call this bornology the coinduced bornology. O



We let Born denote the category of bornological spaces and proper maps. Furthermore,

we write Born for the category of generalized bornological spaces and proper maps. Our
next goal is to study these categories and various functors relating them with the category
of sets.

We have a forgetful functors S : Born — Set and S : Born — Set.

Proposition 1.24. We have an adjunctions

(X = Xpae) : Set S Born: S, (X — X,4.): Set =S Born : S .

Proof. For the case of Born on checks the equality
HomBorn (Xmagm Y) = HomSet (X7 S(Y)>

for all sets X and bornological spaces Y.

The argument for Born is similar. O]

Proposition 1.25. We have an adjunction

S :Born S Set : (X — Xj) .

Proof. One checks the equality
Hom——~— (S(Y), X)) = Homget (Y, Xy)

Born

for all sets X and generalized bornological spaces Y. O

Note that there is no such adjunction in the case of Born.

e~

Proposition 1.26. The categories Born and Born are cocomplete.

Proof. Let X : T — Born be a small diagram. We then define the set Y := colimy S(X).
It comes with a family (e; : S(X) — Y);er of maps of sets exhibiting Y as a colimit of
S(X) in Set. We equip Y with the intersection of the coinduced bornologies

By = ﬂ ei,*BXi .
i€l

In other words a subset A of Y belongs to By if and only e; '(A) is bounded for all 7 in I.

From now on Y denotes the bornological space (Y, By ). Then e; : X — Y are morphisms
in Born. We now check that (Y, (e;)se1) is a colimit of X in Born. Let T be in Born
arbitrary. By construction the family of maps (e;);cr induces a bijection

Homget (S(Y), S(T)) = LimHomset (S(X), S(T)) . g (g0 €)ier

op



Since e; is a morphisms Born for every ¢ in I one first observes that this bijection restricts
to a (necessarily injective) map

Homporn (Y, S) — llim Homporn (X, 7T) .

In order to show surjectivity assume that (f; : X — T');e1 represents an element in
limg Homporn (X, 7') and let g : S(Y) — S(T) be the corresponding map of underlying
sets. We must show that g € Homper (Y, S), i.e., that g is proper. If B is in By, then
fi1(B) =¢; (g7 (B)) is in By, for all i in I. By the definition of By we conclude that

g '(B) € By. Hence g is proper.

The same argument works for generalized bornological spaces. O]

Example 1.27. Let (X;);c; be a family of bornological spaces. Then we can describe
its coproduct X := [[..; in Born explicitly. The underlying set is the disjoint union
S(X) := |;e; S(X;) of the underlying sets of the X;. We consider the sets X; as subsets
of X. A subset B of X is bounded if and only if BN X; is bounded in X; for all 7 in I.

For example, for a set Y we have Y4, = || oy {y}-

Proposition 1.28. The category Born is complete.

Proof. Let X : T — Born be a diagram. We define the set Y := 1imy S(X). It comes with
a family of maps (p; : Y — S(X));er exhibiting Y as a limit of S(X). We equip Y with
the generalized bornology

By = B<UP;1(BX1~)> :

1€l

Then p; : Y — X becomes a morphism in Born for every ¢ in I. One now checks that

(Y, (pi)ic1) is a limit of X. Let T be in Born. By construction the family (p;);cr induces a
bijection
HomSet(S(T)a S(Y)) E} l}-m HomSet<S(T)7 S(X)) o g (pz © g)iEI

e~

Since p; is a morphism in Born for every 7 in I it restricts to a (necessarily injective) map
Homg—(T,Y) — liLmHoméggl(T,X) .

In order to show surjectivity we consider a family (f; : T'— X;);er in 1img Homg— (T, X)
and let g : S(T') — S(Y) be the corresponding map of underlying sets.

We must show that g is proper. We use Lemma [1.19] in order to check properness on
generators. Fix i in I and assume that B is bounded in X;. Then p;'(B) is a typical
enerator of the generalized bornology of Y. Then g~ (p;*(B)) = f; '(B) is bounded in T
since f; is proper.

We conclude that g is proper. O



The empty limit in Born is a final object *y. It does not belong to Born.

Proposition 1.29. The category Born admits all non-empty limits.

Proof. The same argument as for Proposition works. In this case By, is a bornology for
every i in I. The condition I # () ensures that every point in Y belongs to B(,;c; p; ' (Bx.))
so that this generalized bornology is a bornology. O]

Example 1.30. Let (X;);c; be a family of bornological spaces. Then we can describe
its cartesian product X := [],.; X; explicitly. The underlying set of the product is the
cartesian product S(X) := [[,.; S(X;) of underlying sets. The bornology on X is generated
by the cylinder sets p; '(B) for all 4 in I and B in By, . O

The categories Born and Born have a symmetric monoidal structure which will be denoted
by ®. It will be obtained from the cartesian product of the underlying sets by equipping
the products with bornology specified as follows:

Definition 1.31. We define the functor

— ® — : Born x Born — Born

such that it sends X, X' in Born to the set X x X' with the bornology generated by B x B’
for all B in Bx and B’ in Bx:.

If f: X —>Yand f': X’ — Y’ are proper, then f® f': X ® X’ - Y ® Y’ is again proper
since it is obvious that preimages of generators are again generators. The space {*}pax is
the tensor unit of this structure.

The tensor structure on Born restricts to a structure on Born.

We have a morphism X x X’ — X ® X’ given by the identity of the underlying sets, but
this map is general not a morphism except if both X’ and X’ are bounded.

Example 1.32. For sets X, Y we have X,,;, @ Yinin = (X X Y)in.

We have X ® {x}y = S(X)p which shows that {*}y does not act as a tensor unit. O

2 Coarse spaces

In this section we introduce the category of coarse spaces and proper map. We show that
it is complete and cocomplete. We explain various ways how coarse structures can appear,
and how they are used to define subalgebras of matrix algebras.



Let X be a set. We call subsets U of X x X entourages. The diagonal diag(X) is an
example of an entourage. For an entourage U of X we define its inverse by

Ult={(y,z) € X x X |(2,y) €U} .
If V is a second entourage, then we define the composition of V' and U by
VoU:={(z,2) e X x X |(Fye X|(z,y) € Vand (y,2) e U} .
We have the relations

diag(X)oU =Uodiag(X)=U, (WoV)oU=Wo(Vol).

Let U be an entourage of X and B be a subset of X. Then we call the subset
UB|={zeX|(3be B|(z,b) eU)}

of X the U-thickening of B.
Write o ~y y if (x,y) € U. So U[Y] consists of all points = in X such that x ~y y.

Let Y, Z be subsets of X and U be an entourage on X.
Definition 2.1. We say that Y is U-separated from Z if Y NU[Z] = (.

This means that there is no pair of points y in ¥ and z in Z such that y ~¢ 2.

Example 2.2. Let X be a set with subsets Y and Z. Let U and V be entourages of X.
Then we have the following assertions.

If Y is U-separated from Z, then Z is U~ !-separated from Y. Indeed y ~y z is equivalent
to z ~p-1 9.

If Y is V o U-separated from Z, then Y is V-separated from U[Z]. If Y were not V-
separated from U[Z], then there exists y in Y, z in X and z in Z such that y ~y = and
x ~y z. But then y ~yop 2. O

Example 2.3. Let U be an entourage on X. Then U is an equivalence relation if and
only if

1. diag(X)C U

2.U=U0""
3. UoU=U.
In this case, for  in X the set U[{x}] is the equivalence class of x. O

10



Example 2.4. Let f: X — X be a map. Then the graph of f
graph(f) == {(f(z),z) |z € X}
is an entourage. We have the relations
graph(f’ o f) = graph(f’) o graph(f)

and if f~! exists, also

graph(f~") = graph(f)~" .
Note that

graph(idy) = diag(X) .

Entourages can be considered as generalized maps, which may be multivalued and not
everwhere defined. O

Let C be a subset of Pxyx.

Definition 2.5. C s called a coarse structure if it has the following properties:
1. diag(X) € C.
2. C 1s closed under finite unions and taking subsets.
3. If U,V are inC, then VoU €C.

4. If U isin C, then U~ € C.

The elements of C are called the coarse entourages of X.

Remark 2.6. The notion of a coarse structure and the main ideas of coarse geometry as
presented here have been invented by John Roe [Roe93].

Example 2.7. Let X be a set. Let R be a ring, and consider the R-module R[X]. We let
[x] denote the basis element corresponding to x in X. For every subset Y of X we can
consider a projection (YY) in End(R[X]) determined by the condition that

_f 2] zeY
py)le] = { 0 2y
Let A be in End(R[X]) and U be an entourage of X.

Definition 2.8. We say that A is U-controlled if for all pairs of subsets Y, Z of X such
that Y is U-separated from Z we have u(Y)Au(Z) = 0.

11



Let now C be a coarse structure on X.

We consider the subset

End“(R[X]) := {A € End(R[X]) | (3U € C| A is U-controlled)} .

The first three axioms of a coarse structure for C imply that End®(R[X]) is a subalgebra
of End(R[X]).

1. The identity 1p[y] is diag(X)-controlled and belongs to End®(R[X]).

2. If A, B are in End®(R[X]) and A is U-controlled and B is V-controlled, then A + B
is U UV controlled. Indeed, if Y is U U V-separated from Z, then it is U- and
V-separated from Z. Hence

n(Y) A+ B)u(Z) = n(Y)Au(Z) + p(Y)Bu(Z) =0+ 0=0.

3. If A, B are in End®(R[X]) and A is U-controlled and B is V-controlled, then A o B
is U o V-controlled. Assume that Y is U o V-separated from Z. Let W = V[Z].
Then Y is still U-separated from W, and X \ W is V-separated from Z. Hence using
Ly = p(W) 4+ (X \ W) we get

p(Y)(Ao B)u(2) = p(Y)Au(W)Bu(Z) + (Y ) Ap(X \ W)Bu(Z) =0+ 0 =0 .

O

Example 2.9. Note that the Example does not yet motivate the fourth condition
that a coarse structure is stable under taking inverses. This is achieved with the following
related example.

Let X be a set. We equip X with the counting measure. Then we consider the Hilbert
space L?(X). We have an orthonormal basis ([x]),cx. For a subset ¥ of X we can define
the orthogonal projections p(Y) in B(L?*(X)) as before such that

py)le] = { [ﬁ] . 23{

We define the notion of U-control as in Definition 2.8l Let now C be a coarse structure.
We let

B(L*(X)) :={A € B(L*(X)) | (3U € C | A is U-controlled)} .
We claim that B¢(L?(X)) is a *-subalgebra. It is a subalgebra by the same argument as
in Example Furthermore, it is closed under taking adjoints since if A is U-controlled,
then A* is U~ !-controlled. This follows from the fact that for subsets Y, Z of X we have:
Y is U-separated from Z if and only if Z is U~ !-separated from Y.

Note that in general B¢(L?(X)) is not (topologically) closed, i.e., a C*-algebra. But it is
so if C has a maximal entourage, i.e., if it is generated by an equivalence relation.

12



Definition 2.10. The C*-algebra C(X,C) := B¢(L*(X)) obtained by forming the closure
of BC(L*(X)) in B(L?(X)) is called the uniform Roe algebra of the coarse space (X,C).

]

We now turn to examples and constructions of coarse structures. Let X be a set and
(Ci)ier be a family of coarse structures on X.

Lemma 2.11. The intersection (\,c;C; is a coarse structure.

Proof. We set C := (), Ci.
Since diag(X) € C; for every i in I we conclude that diag(X) € C.

Assume that U and V are in C, and that W is a subset of U. Then for every ¢ in I we
have U € C; and V € C;. This implies W in C;, UUV € C;, VoU € C; and U~ € C; for
every i in 1. Hence W in C,UUV €C,VoU €Cand U™ ! €C. O

Let A be a subset of Px.x. Then there is a smallest coarse structure containing A is
given by

cA) =] ¢,

¢, ACC

where the intersections runs over the coarse structures on X containing A.

Let X be a set an A be a subset of Py, x. We can describe the elements of C(.A) explicitly.
Since any coarse structure contains diag(X) we can add diag(X) to A without changing
the coarse structure generated by A. Furthermore with U in A we have U U U™ € C(A).
So by enlarging the generators without changing C(.A) we can assume that all elements in
A are symmetric.

Lemma 2.12. For simplicity we assume that diag(X) € A and that A consists of
symmetric entourages. An entourage V. of X belongs to C{A) if and only if there exists a

-----

VQUUMO'--OUJ-M .

jeJ

Proof. Let C' be the subset of Px«x of entourages V' such that there exists a finite family

-----

VQUUj,lo”'OUj,nj'

jeJ

13



Then C’ is a coarse structure. Indeed, diag(X) € C’ since diag(X) € A. Furthermore, by
construction C’ is closed under taking subsets and finite unions.

IfV C UjeJ Uji0---0Ujy; and V' C UjeJ Ujp0---0Uj,, for families ((Uji)ier,..., n‘j)je‘]
and ((Uj{/,i)i@ ..... n;_,)j/eJ', then

VoV'C |J UjoolUj ol 00U, .
jed e !

It is clear that C’ contains A and therefore C(A) C C'. On the other hand C’ is contained
in every coarse structure containing A, hence C' C C(A). O

Example 2.13. Coarse structure generated by a single entourage are particularly easy to
describe. Let U be an entourage. We set U° := diag(X) and

Ur=Uo---0U
~———

nx

for all positive integers. Then we consider the coarse structure Cy := C({U}).

Assume that U = U~!. Then an entourage V belongs to C({U}) if and only if there exists
n in N such that V' C U".

If U is an equivalence relation, then Cy = {V € Pxyx |V C U}. O
Example 2.14. Let X be a set. It has a minimal coarse structure C,,;, consisting of all
subsets of diag(X). We have C,,;, = C(0).

The set C,az := Pxxx is the maximal coarse structure. O

Example 2.15. Let (X, d) be a quasi-metric space. Then for r in [0, 00) we define the
metric entourage

U.:={(r,y) € X x X |d(z,y) <r}
of width r.

The coarse structure Cq := C{(U,)rejo,00)) is called the metric coarse structure on X.

The triangle inequality for the quasi-metric implies that U, oU; C U,.,. In view of Lemma
an entourage V' of X belongs to C, if and only if there exists an 7 in [0, 00) such that
V CU,.

The U,-thickening of a point is given by the r-ball centered at this point: U,[{z}] = B(x,r).
[

Example 2.16. Let U be an entourage of X with U = U~!. Then we can define a
quasi-metric on X as follows:

dy(z,y) :=inf{n e N| (z,y) € U"} .

14



It can happen that dy(z,y) = oo, namly if the argument of inf above is empty. We verify
the axioms of a distance.

1. dy(x,z) =0 since (x,z) € U° = diag(X).
2. dy(z,y) = dy(y, z) since U™ = (U™)~! for every n in N.

3. If dy(z,y) = m and dy(y,z) = n, then (z,y) € U™ and (y,z) € U". Hence
(x,2) € U™ o U™ = U™, Hence dy(z,y) < m+n=dy(z,y) + du(y, 2).

We then have the relation
Cu =Cq, .

]

Example 2.17. The space R" is a coarse space with the coarse structure induced by the
usual metric. If not said differently we will consider subsets of R" like Z", R”! or Q" as
coarse spaces with respect to the induced metric. O

Example 2.18. Let X be a topological space and Y be a subset of X. We consider
X:=X\Y.

A subset U of X x X is called continuously controlled (w.r.t (X, Y)) if for every net
((z;,}))ier in U the condition z; — y € Y implies that #} — y and U~ satisfies the same
condition.

The set of continuously controlled entourages forms a coarse structure called the continu-
ously controlled coarse structure. We verify the axioms:

1. It is clear that the diagonal is continuously controlled.

2. It is also clear that if U is continuously controlled and V is a subset of U, then
V' is continuously controlled. Assume that U and V' are continuously controlled.
We must show that U UV is continuously controlled. Let ((x;,})):e;r be a net
in U UV such that z; - y € Y. We can find subsets Iy and Iy, of I such that
I =1yUly and (x;,2}) € V for i in Iy and (x;,2}) € U for i in Iy;. If Iy is cofinal
in I, then we conclude that limcy, x; = y, and similarly, if Uy is cofinal in I, we
have lim;cr, o) = y. This implies lime; 2} = y.

3. Assume that U and V are continuously controlled. We show that UoV is continuously
controlled. The main argument is as follows. Let ((x;,}));e; be a net in U oV
such that 1lim;x; = y € Y. For every ¢ in I we find z/ such that (z;,z]) € U and
(xf,x) € V. We first conclude that lim;e; 2 = y since U is contlnuously controlled,
and then limc; ) =y since V' is continuously controlled.

4. If U is continuously controlled, then U~ is continuously controlled by definition.
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Example 2.19. Let C be a coarse structure on X. Then
R:=JU
veC

is an equivalence relation on X. For z,y in X we have x ~ y if and only of (z,y) € C.

Definition 2.20. The equivalences classes for R are called the coarse components of X.

We let 7§ (X) denote the set of coarse components. O

Definition 2.21. A coarse space is a pair (X,C) of a set with a coarse structure.

We usually write X for a coarse space and Cx for the corresponding coarse structrure.

Example 2.22. For a set X we write X, := (X, Cnin) and X,e := (X, Px).

Let X,Y be coarse spaces and f : X — Y be a map between the underlying sets. We
write f(U) := (f x f)(U).
Definition 2.23. The map f is called controlled if f(Cx) C Cy.

In details this means that for every coarse entourage U of X the set f(U) is a coarse
entourage of Y. We obtain the category Coarse of coarse spaces and controlled maps.

Let A be a family in Py« x and assume that Cx = C(A).

Lemma 2.24. Then the map f: X — Y is controlled if and only if f(A) € Cy for all A
in A.

Proof. If f is controlled, then f(A) € Cy for all A in A since A C Cy.

We now consider the converse. Since f(diag(X)) C diag(Y’) we know that f(diag(X)) €
Cy. Furthermore f(UUU™Y) C f(U)U f(U™1). Hence we can assume that A contains
diag(X) and consists of symmetric entourages.

......

of elements of A such that
Vel lJUiooUsn, .
jeJ
Then
FV) S fUJUjao-0Uin) S FUn) 0+ 0 f(Usn,)
jeJ jeJ
belongs to Cy.

Here we used the relations f(U o U’) C f(U)o f(U') and f(UUU’) = f(U)U f(U"). O
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Example 2.25. Assume that X and Y are metric spaces and have the metric coarse
structures.

Lemma 2.26. A map f: X — Y is controlled if and only if for all S in [0,00) there exist
R in [0,00) such that dx(z,2") < S implies dy (f(z), f(2')) < R.

Proof. Assume that f is controlled. If S is in [0,00), then Uxgs € Cx and there-
fore f(Uxs) € Cy. As explained in Example there exists R in [0,00) such that
f(Us) € Uy. This inclusion is equivalent to the assertion that dx(x,z’) < S implies

dy(f(z), f(2')) < R.

We now consider the converse. Let V' be in Cx. Again by Example there exists
S in [0,00) such that V' C Uxs. The condition on f says that there exist R in [0, c0)
with f(Ux,s) C Uyg. Since Uy € Cy and f(V) C f(Ux,s) C Uyr we conclude that
f(V) € Cy. O

If f is Lipschitz with Lipschitz constant C, then we can take R := C'S. In particular,
Lipshitz maps are controlled. More generally maps which satisfy

d(f(x), f(z')) < Cd(z,2) + C'

(quasi-Lipschitz) for some C,C" and all z,z" in X are controlled.

The map
R —7Z , t+— nearest integer to ¢

satisfy this with ¢’ =1 and C' = 1.
The map x +— x4+ 1 on R is controlled.
The map x — —z on R is controlled.

The ma
g N—=N, n—n?

is not controlled. O

Example 2.27. Let X be a coarse space and f : Y — X be a map of sets. Then
C{f~!(Cx)) is the induced coarse structure on Y. It is the largest coarse structure on Y’
for which f becomes controlled map. O]

Example 2.28. Let X be a coarse space and f : X — Y be a map of sets. Then C(f(Cx))
is the coinduced coarse structure on Y. It is the smallest coarse structure on Y such that
f becomes a controlled map. O]

We now study the category Coarse and its relation with the category Set of sets.

Let S : Coarse — Set be the forgetful functor.
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Lemma 2.29. We have adjunctions
S : Coarse < Set : (X — X,00)

and
(X = X,in) : Set < Coarse : S .

Proof. We have equalities for all sets X and coarse spaces Y
Homgoarse (Xmma Y) = Homget (X, S(Y)>

and
HomCoarse (Y, Xma:p) = HomSet(S<Y)7 X) .

]

By Lemma the underlying set of a limit or colimit is the limit or colimit of the
underlying sets.

Proposition 2.30. The category Coarse admits all limits and colimits.

Proof. We start with colimits. Let X : I — Coarse be a diagram. We consider the
colimit of sets Y := colimy S(Y') with the family of structure maps (e; : X; — Y);er. We
equip Y with the smallest coarse structure such that e; is controlled for all 7, i.e., with

Cy = C<Uie[ €z<CXz)>

We claim that (Y (e;)ier) is the colimit of the diagram X. Let T" be a coarse space. Then
we have a bijection

1%

Hom(S(Y'), S(T)) — limHom(S(X), S(T)) .

Iop

It restricts to an injective map

HomCoarse(Ya T) — lI}gn HomCoarse (X, T) .

We must show that it is surjective. Let (f; : X — T);e; represent an element in the limit
and assume that g : Y — T is the corresponding map of underlying sets. We must show
that g is controlled. It is enough to consider generating entourages. Let U be an entourage
of Y. Let U; be an entourage of X; and e;(U;) be the corresponding generating entourage
of Y. Then g(e;(U)) = f;(U;) is a coarse entourage of T since f; is controlled.

We now consider limits. We form the limit Z := 1im;S(X) of underlying sets with

canonical projections p; : Z — S(X;). We equip Z with the maximal coarse structure such
that all p; become controlled. This is the intersection of the coarse structures induced by
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the p;. We claim that (Z, (p;)ic1) has the required universal property of a limit of X. For
T in Coarse we have a bijection

Hom(S(T), S(Z)) = LinHon(S(T), 5(2)) .

It restricts to an injective map

Homcoarse(T, Z) — l:iLm Hom(T', X)) .

In order to show that this map is surjective we consider a family (f; : T — X;);e1 in the
limit and the corresponding map of underlying sets g : " — Z. We must show that g is
controlled. Let U be an entourage of 7. Then f;(U) = p;(g(U)) is a coarse entourage of
X; for every ¢ in I. This implies by construction of the coarse structure of Y that g(U) is
a coarse entourage of Z. O

Example 2.31. Let (X;);c; be a family of coarse spaces. Then we can describe its
coproduct [],.; X; explicitly. The underlying set of the coproduct is the disjoint union
S(X) := | ];e; S(X;) union of the underlying sets. An entourage U of X is coarse in X for
all 7 in I, and if U N (X; x X;) is coarse in X; and U N (X; x X;) = diag(X;) for all but
finitely many ¢ in 1. O]

Example 2.32. Let (X;);e; be a family of coarse spaces. Then we can describe its
cartesian product [],., X; explicitly. The underlying set of the product is the cartesian
product S(X) := [[,.; S(X;) union of the underlying sets. The coarse structure on X is
generated by entourages (U;);e; of X where U; is a coarse entourage of X; for every i in I.

O

In the following we will introduce various concepts of coarse geometry.

Let f,g: X — Y be two maps between sets and U be an entourage of Y.
Definition 2.33. We say that f and g are U-close to each other if (f,g)(diag(X)) C U.

We also write f ~y g.

Let f,g: X — Y be two maps into a coarse space.
Definition 2.34. f and g are close to each other if f ~y g for some U in Cy.

Remark 2.35. Let X be a set and Y be a coarse space. The condition that f,g: X — Y
are close to each other is equivalent to the condition that map h : {0,1},00 X Xopin = Y
with h(0,2) := f(x) and h(1,x) := g() is a morphism of coarse spaces. O

Example 2.36. The map
R—-R, z—x+1

is close to idg. The map
R—-R, z+— —x

is not close to idg. O
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Lemma 2.37.
1. Closeness is an equivalence relation on morphisms of Coarse.

2. Closeness is compatible with composition.

Proof. We use the symbol ~ in order to denote the relation of closeness. We consider
maps from X to Y. We first show that closeness is an equivalence relation.

1. Since (f, f)(diag(X)) C diag(Y) it is clear that f ~ f.

2. We have (f,g)(diag(X)) = (g, f)(diag(X))~'. Then the coarse structure Cy is
closed under taking inverses conclude that f ~ ¢ if and only g ~ f.

3. For three maps f, g, h from X to Y we have

(f,h)(diag(X)) C (f,9)(diag(X)) o (g, h)(diag(X)) .
Since the coarse structure Cy is closed under forming compositions we conclude that

f ~gand g~ himplies f ~ h.

We next show that closeness is compatible with compositions. Let A : Y — Z be a
morphism. If f ~ g, then using that h is controlled we see that

(hof,hog))(diag(X)) = h((f, g)(diag(X)))

is a coarse entourage of Z. Hence ho f ~ hog.

Let [ : W — X be a morphism. Then

(fel,gol)(diag(W)) C (g, f)(I(diag(W)) € (f,g)(diag(X))

is a coarse entouarge of Y. Hence fol~ gol. n

We can form the category Coarse with the same objects as Coarse and closeness classes
of maps.

Definition 2.38. A morphism f : X — Y in Coarse is a coarse equivalence if it
1s invertible in Coarse. Two coarse spaces are called coarsely equivalent if they are
1somorphic in Coarse.

Remark 2.39. Explicitly, f : X — Y is a coarse equivalence if and only if there exists a
morphism ¢ : Y — X such that fog~ idy and go f ~ idy. [l

It is an overall idea in coarse geometry that one should study coarse spaces up to coarse
equivalence.
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Example 2.40. The embedding Z — R (where Z has the induced coarse structure) is a
coarse equivalence. An inverse up to closeness is the map = — [z] (integer part of z) [

Example 2.41. Let (X,dx) and (Y, dy) be metric spaces and f : X — Y be a map
between the underlying sets.

Definition 2.42. The map f is a quasi-isometry if there are constants C,C" in (0, 00)
such that
Cldx (2!, 2) — C' < dy(f(z), f(z')) < Cd(z,2") + C’ (2.1)

for all x,2" in X.

We have already seen in Example that a quasi-isometry induces a morphism f : X; —
Y, in Coarse. This only uses the second inequality in (2.1)). Let r be in (0, 00).

Definition 2.43. We say that f(X) is r-dense if | ),y B(f(x),r) =Y.

Lemma 2.44. If f is a quasi-isometry and f(X) is r-dense for some r in (0,00), then f
1S a coarse equivalence.

Proof. We define g : Y — X by choosing for every y in Y some x in X such that y in
B(f(z),y). Then g is controlled. Note that dy (f(g(y)),y) <r for all y in Y. By the first
inequality in (2.1)) we have

dx(9(y),9(v")) Cdy (f(9(y)), f(g(y))) +CC’

Cdy(y,y) + C(2r + C")

IAINA

for all y, /.

Furthermore f o g is close to idy since dy (f(g(z)),y) <r for all y in Y and g o f is close
to idx since

dx(g(f(x)),z) < Cdy (f(g9(f(x), f(z)) + CC" < Cr+ CC'

for all z in X. O

Let (X, d) be a metric space. Then we can define a new metric by
d(,y) = (1 +d(x,y))

The identity of the underlying sets is a coarse equivalence between X; and Xy. But if X
is unbounded, then it is not a quasi-isometry provided X.

So in general the condition of being quasi-isometric is stronger than the condition of being
coarsely equivalent. O
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Example 2.45. The embedding Z" — R" is an isometry, hence in particular a quasi
isometry. Furthermore, Z" is y/n/2-dense in R". O

The coarse spaces Z and R are equivalent, but Z is much smaller. It is often convenient to
represent coarse spaces up to equivalence but small models. To this end the notion of a
dense subset of a coarse space is useful. This notion extends the notion of r-density in the
metric case.

Let X be a set and L be a subset. Let U be an entourage of X.

Definition 2.46. L is U-dense if U[L] = X.

Explicitly this means that for every point x of X there exists a point [ in L such that
(x,0) e U.

Let X be a coarse space and L be a subset of X.
Definition 2.47. L is dense in X if it is U-dense for some coarse entourage U of X.

Example 2.48. The subset Z is U;-dense in R.

The subset {n? | n € N} is not dense in N. O

Let X be a coarse space and L be a subset equipped with the induced coarse structure.

Lemma 2.49. If L is dense, then the inclusion f : L — X is a coarse equivalence.

Proof. Let U be a coarse entourage of X such that L is U-dense. In order to construct an
inverse define a map ¢g : X — L by choosing for every z in X the point g(x) in L such that
x € U[{g(x)}]. Then f o g and idx are U-close and g o f and idy are U N (L x L)-close
to each other.

It remains to check that g is controlled. Let W bein Cx. If (z,y) isin W, then (g(z), g(y)) €
Ul oW oU since g(x) ~y-1  ~w y ~v g(y). Hence g(W) C (U oW oU)N (L x L).

This shows that (W) € Cy. O

Let X be a set, U be an entourage of X containing the diagonal and L be a subset.

Definition 2.50. We say that L is U-separated, if for every I,I'" with | # ' we have
"¢ U{l}].

In other words, we have U N (L x L) C diag(L).
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Lemma 2.51. If U is symmetric, then X admits a U-dense and U-separated subset.

Proof. We consider the poset of U-separated subsets with respect to inclusion. We check
that any totally ordered chain (Lq)aea in this poset is bounded by (J, ¢ 4 La- Indeed, this
subset is also U-separated.

By the lemma of Zorn there exists a maximal U-separated subset L. We claim that it is
U-dense. Assume that it is not. Then there exists z in X with ¢ U[L]. But then LU {z}
is still U-separated. In order to see that U[{z}] N L = () we use that U is symmmetric.
We obtain a contradiction to the maximality of L. O

Let X be a coarse space.

Definition 2.52.

1. X is uniformly locally finite if for every entourage U of X we have sup,¢x |U[{z}]| <
0.

2. X has bounded geometry if it s coarsely equivalent to a uniformly locally finite coarse
space.

Bounded geometry is preserved under coarse equivalences by definition. This is not true
for uniform local finiteness.

Example 2.53. The inclusion Z — R is a coarse equivalence. Z is uniformly locally finite,
but R is not.

Let X be a set and U be in Px«x. Let B be a subset of X.
Definition 2.54. The subset B is called U-bounded if B x B C U.

Example 2.55. If X is a metric space, then B is U,-bounded if and only if diam(B) < r.
]

Example 2.56. For a set X let P(X) denote the space of finitely supported functions
p: X —[0,1] such that ) pu(z) = 1. If f: X — X' is a map of sets, then we define
the map P(f): P(X) — P(X’) by

P(f)(u(") =Y nl).

zef~1(z’)

We have

P(X) ¥ cg%)l(m P(F)

as sets where F' runs over all finite subsets of X. Note that the structure maps are injective
so that this can also be interpreted as forming a union of subets.
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As a topological space we identify P(F') with a subspace of R. Then we equip P(X) with
the topology of the colimit. The map P(f) : P(X) — P(X’) is then continuous.

Note that P(F) is a standard simplex of dimension |F| — 1, and P(X) is a simplicial
complex. The map P(f) is a morphism of simplicial complexes.

Let now U be an entourage of X. Then we consider the closed subspace Py (X) of P(X)
of functions which have U-bounded support. Note that Py (X) is a subcomplex of P(X).
If Xy has bounded geomety, then Py (X) is finite-dimensional. If U’ is an entourage of X'
and f(U) C U’, then by restriction we get a continuous map P(f) : Py(X) — Py/(X').
Indeed, if (2/,y’) are in suppf.(u), then there exist z,y in X such that f(x) = 2’ and
f(y) =y Then (z,y) € U and hence (¢, y') = (f(2), f(y)) € f(U) S U".

This construction is functorial on the category of pairs (X, U) (the Grothendieck construc-
tion of the functor Coarse — Set, X — Cx).

Assume now that f,¢g: X — X’ are morphisms such that f(U) C U’, g(U) C U’ and f
and g are V’'-close to each other for some further entourage V’'. Then P(f) is homotopic
to P(g) as maps from Py(X) to Py (X') for any entourage W’ of X’ such that U" C W’
and VU™ C W’. The homotopy is given by convex interpolation:

h(u, p) i= (1= u)P(f) (1) + uP(g)(p) -

One first checks continuity by observing that for every finite subset F' of X the restriction
of this map to Py (F') factors over the obviously continuous map Py (F) — P(f(F)Ug(F))
given by the same formula. It remains to check that the support of h(u, u) is U’-bounded
for every w in [0, 1].

If 2’,y" are in supp(h(u, 1)) then we have one of the following cases:

1. 2/,y" are in suppP(f)(u): In this case (2',y") € U’ since the support of P(f)(u) is
U’-bounded.

2. o',y are in suppP(g)(u): In this case (z',y") € U’ since the support of P(g)(u) is
U’-bounded.

3. 2/ is in suppP(f)(n) and v’ is P(g)(p): Then 2’ = f(z) and /' = ¢(y) for some z,y
in supp(p). Then (z,y) € U. This implies that (z',y’) € V o U’. To this end we
consider the chain ' = f(x) ~y g(z) ~yp g(y) = ¢/

4. 2’ is in suppP(g)(p) and y' is P(g)(x): This is analoguous to the previous case.

Let F': Top — M be any functor to a cocomplete target. Then we can define a functor

FP :Coarse - M, FP(X):=colimF(Py(X)) .

UeCx
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If F is homotopy invariant, then F'P is coarsely invariant and hence factorizes over a
functor
FP : Coarse - M .

For example, we can consider 7y : Top — Set. Then

T (X) = moP(X) .

Another example of a homotopy invariant functor is H2™¢(—) : Top — Ab. But observe
(Excercise!) that for n > 1 we have H"8P(X) = 0 for every coarse space X. We will
learn later how to modify the functor H2™8 to get non-trivial answers.

Using this construction we can use homotopy invariant functors from algebraic topology
to get invariants of coarse spaces up to equivalence.

Example 2.57. This example is the combinatorial version of Example 2.56] Let X be
a coarse space. Let U be an entourage containing the diagonal. Then we can define a
simplicial set P (X) as follows. A point (z,...,2,) in [[;_, X is called U-bounded if
(x;,xy) € U for all 4,7 in {0, ... n}.

We consider the simplicial set X* with the set of n-simplices X™ = []'_, X. The faces are
the projections, and the degenerations are diagonal insertions. Thus

0i(xoy .oy xp) = (T, oy Tiy e vy Tp)
and

Si(Toy ooy @) = (Toy ooy Tiy Tiy o o . Tp)

The complex P5(X) is the simplicial subset of X* consisting of all U-bounded simplices.
It is clear that it is preserved by the faces and degenerations.

Definition 2.58. The simplicial set P3(X) is called the Rips complex of X for U.

If f: X — X'is amapand f(U) C U’, then we get an induced map P(f) : P5(X) —
0 (X7),

The dimension of a simplicial set is the supremum of the dimensions of its non-degenerated
simplices.

If X has uniformly locally bounded geometry, then P5(X) is finite-dimensional for every
coarse entourage U containing diag(X).

Seien f,g: X — X’ be morphisms of coarse spaces such that f(U) C U’ and g(U) C U’
and f and g are V'-close. Let W’ be an entourage of X’ such that U’ C W’ and U'V' C W'.
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Lemma 2.59. P*(f) and P*(g) are simplicially homotopic as morphisms P5(X) —
Py (X").

Proof. For all nin N and i in {0,...,n} we define maps h; : PH(X) — Pt (Y) as follows:

hi(zo, ... xn) = (f(20), ..., f(xi), g(@i), ..., g(@n)) -
One checks the following defining relations:

hjfldi 1< ]
hjdi—l 1>7+1

and

Sl — hjtisi 1 <j
B hjsi—l 1>

Consider a functor F': sSet — M to some target. Then we can consider

FP*(X) := c[?elciXmF(P(}(X)) :

Then X — FP*(X) is a functor
FP*: Coarse — M .

If F' is homotopy invariant, then FP*® sends coarse equivalences to equivalences (equalities)
and hence factorizes over a functor

FP* : Coarse - M .

3 Bornological coarse spaces

Let X be a set with a coarse structure C and a (generalized) bornological structure .

Definition 3.1. C and B are compatible if for every B in B and U in C we have U[B] € B.

Compatibility means that the bornology B is stable under U-thickening for all coarse
entourages U of X.

Let X be a coarse space. Let B be a subset of Px.

Lemma 3.2. The following are equivalent.
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1. B is the minimal bornology compatible with Cx.
2. B=B{U/{z}| |z € X andU € Cx}).

3. B=B{{B| B is U-bounded for some U in Cx})

Proof. 1< 2:Let Basin 1. and B := B{U[{z}] |z € X&U € Cx}). Since {z} is
bounded in any bornology we have {x} € B. Since B is compatible with Cx we have
Ul{z}] € B for all U in Cx and z in X. Hence B’ C B. We show that B’ is compatible
with Cx and conclude B’ = B by minimality of B. Let A be in B’ and U € Cx. Then there
exist finite families (U;)ser in Cx and (w;)ser such that A C (U, Uslx;] (see Example [1.6).
We conclude that U[A] C (J,;(U o U;)[x;]. Since U o U; € Cx for all 7 in I this implies
that U[A] € B'.

2 < 3: Let B” := B{{B | B is U-bounded for some U in Cx}

We first show that B’ C B”. Let x be in X and U be in Cx. Then we have [U{z}|xU[{z}] C
UoU™!. Since for U in Cx also UoU™! € Cx we conclude that [U{z}] x U[{z}] is bounded
by a coarse entourage of X. Hence [U{z}] x U[{x}] € B”. This implies that B’ C B".

We now show that B” C B’. Let B be in B” and not empty. Then there exists a finite
family (B;)ic; of non-empty subsets of X such that B = |J,.; B; and U; := B; x B; € Cx.
Then for every i in I we have B; = U;[{b;}] for some point b; of B;. This implies B; € B’
for all 7 in I and hence B € B'. O

Example 3.3. The minimal generalized bornology compatible with a coarse structure is
the empty bornology.

Every (generalized) bornology is compatible with the minimal coarse structure.

The maximal bornology is compatible with any coarse structure. O]

Example 3.4. Show by example that in general { B | B is U-bounded for some U in Cx }
is not a bornology. O]

Remark 3.5. Let X be a bornological space and A be a subset of Pxyx. In order to
check that Cx := C(A) is compatible with Bx it suffices to show that A[B] € By and
A~'[B] € Bx for all Ain A and B in By.

In order to see this we will use the notation from Lemma [2.12] If V is in Cx, then
.... ny Aji- We then use that (W o W’)[B] = W[W[B]] and (W UW')[B] C
W[B] U W'[B] for any two entourages W and W’ of X. O

Definition 3.6. A bornological coarse space is a triple (X,C,B) of a set with a coarse
and a bornological structure which are compatible.
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Example 3.7. This example generalizes and at the same time. Let X be a
bornological coarse space. We assume that B,,;, is compatible with Cx. This means that
Ul{x}] is finite for every z in X and U in Cx.

We consider the R-module
A(X):={A € R*|supp(A) € Cx} .
This R-module has an associative algebra structure defined by matrix multiplication:

Az, y) == (A 0 A)(z,y) := ZA'(w,z)A(z,y) .

zeX

Indeed, the sum runs over the finite set supp(A4’)~'[{z}] N supp(A4)[{y}]. Note that
supp(A4) C supp(A’) o supp(A).

We consider the R-module Cj¢(X, R) of functions f : X — R whose support is locally
finite (Definition [1.17). Thus for f in Cy(X, R) we have |supp(f) N B is finite for every
B in Bx.

We can define an action of A(X) on Cy(X, R) as follows:

(Af) () =D Az, y)f(y) .

yeX

This sum is finite. Let B be bounded in X. Then B N supp(Af) C A[supp(A)~'[B] N
supp(f)]. Since [supp(A)~![B] is bounded the intersection with supp(f) is finite, and
hence A[supp(A)~![B] N supp(f)] is finite. This shows that Af belongs to Cis(X, R). O

Example 3.8. If (X,d) is a metric space, then B, and C; are compatible. We get a
bornological coarse space X, := (X,Cq4, By).

Example 3.9. Let X be a Hausdorf space and A be a subset. We set X := X \ A. Then
the continuously controlled coarse structure C and the bornology B of subsets B with
BN A =0 are compatible.

We check the compatibility. Let B be in B and U in C. Assume that U[B] ¢ B. Then
U[B]N A contains a point a. Then there exists a net (x;, b;);c; in U such that lime; x; = a.

Then also lime; b; = a and hence BN A # (). This is a contradiction.

We call the structure (C, B) the continuously controlled bornological coarse structure on
X.

If we omit the Hausdorff assumption then the same works for generalized bornologies. [

By BornCoarse we denote the category of bornological coarse spaces and proper and
controlled maps. We can apply the above definitions to generalized bornologies and obtain
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the notion of a generalized bornological coarse space. We get the category BornCoarse
of generalized bornological coarse spaces and a fully faithful inclusion

e~

BornCoarse — BornCoarse .

Example 3.10. If X is a generalized bornological coarse space, then we have a canonical
coarsely disjoint decomposition X = X, LI X, into the subsets of bounded and unbounded
points. Assume that b is in X, and v is in X, and b and u belong to same coarse component,
then {(u,b)} would be a coarse entourage of X. But then v € U[{b}] and hence {u} would
be bounded, which is a contradiction. O

Example 3.11. Let f : X — Y be a map of sets and assume that Y has a bornological
coarse structure (Cy, By). Then we can equip X with the maximal coarse structure Cx
such that f: X — Y is controlled and the minimal bornology Bx such that f: X — Y is
proper.

We check that these structures are compatible. Let U be in Cx and B be in Byx. Then
there exists a finite family (B;);e; in By such that B C |J,.; f~'(B;). We then have
UIB] € Uiy UL (B)]. We now check that U[f~(By)] C £-((f x f)(U)B). By
construction of Cx we know that (f x f)(U) is controlled in Y and hence (f x f)(U)[B;]
is bounded in Y. But then f~((f x f)(U)[Bi]) is bounded in X for all 7 in I and hence
also U[B] is bounded.

We call the bornological coarse structure on X the induced structure. Note that f : X — Y
is then a morphism in BornCoarse. 0

Example 3.12. Let G be a group. we equip G with the minimal bornology B,
consisting of the finite subsets. Furthermore we consider the canonical coarse structure
Cean .= C{{G(B x B) | B € B,in}). Then C.qy, and B, are compatible. Indeed, if A is in
Bin and U = G(B x B), then

UlA] C ﬂ gBNA.
{9€G | gBNAZD}

This set is finite since {g € G | gBN A # 0} is finite and gB N A is finite for every ¢g in G.

Definition 3.13. We write Gonmin for the bornological coarse space G with the structures
Ccan and Bmzn

Note that G acts on Gegn,min by automorphisms of bornological coarse spaces from the
left. Furthermore the set of G-invariant entourages ng;n is cofinal in C.,,. This condition
characterizes G-bornological coarse spaces among bornological coarse spaces with G-action.

Many groups admit a finite description by generators and relations G = (S|R). Going

over t0 Gean.min We Obtain a description of interesting bornological coarse spaces (with
high symmetry) in finite terms.
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Note that Zg,, .., is equivalent to Z" with the metric structures from R". The group

n is completely different from Q™ with the metric structure. m

can,min

Let X,Y be in BornCoarse.

Definition 3.14. A morphism f : X — Y is called an equivalence if there exists a
morphism g 1Y — X such that f o g is close to idy and g o f is close to idx.

Example 3.15. We consider R with the standard bornological coarse structure from the
metric. We consider Z with the bornological coarse structure induced from R. Then
7Z — R is a coarse equivalence. If we equip Z with the maximal bornology, then this
map is no longer an equivalence in BornCoarse since any potential inverse R — 7Z is not
proper. ]

The category BornCoarse has a symmetric monoidal structure ®. Let X and Y be in
BornCoarse.

Definition 3.16.
We define X @ Y as follows:

1. The underlying set of X ® Y is X x Y.

2. The coarse structure on X ®Y 1is generated by the entourages U x V' for all U in
CX andV € Cy.

3. The bornology of X ® Y is generated by the subsets A x B, where A is in Bx and B
s in By.

One checks that Bx is compatible with Cy. The unit, associativity and symmetry

constraints are induced from the cartesian symmetric monoidal structure on Set.

Example 3.17. The underlying coarse space of X ® Y is the cartesian product of the
underlying coarse spaces. The underlying bornological space of X ® Y is the bornological

tensor product from Definition [1.31] ]
Example 3.18. We have an equivalence R"t™ ~ R" @ R™, ]

Example 3.19. There are functors
(=) min.mazs (—)maz.maz : S€t — BornCoarse

which send a set X to the bornological coarse space Xininmaz (0¥ Xinazmaz) With the
minimal (or maximal) coarse and the maximal bornological structure.

There are no such functors which equip X with the minimal bornology. O
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Lemma 3.20. We have an adjunction

(X — (X, Cpin, Bx)) : Born = BornCoarse : forget .

Proof. We write Xpingy = (X,Cmin,Bx). For every T in BornCoarse we have an
equality
HomBornCOarse<Xmm,BX7T) - HomBorn(X7 T) .

The same argument gives:

Lemma 3.21. We have an adjunction

—_

(X = (X, Chin, Bx)) : Born = BornCoarse : forget .

Remark 3.22. Note that there is no adjunction

forget : BornCoarse = Born : (X — (X, Cpaz, Bx))

generalizing the adjunction from Lemma [2.29, The problem is that Cp.y is not compatible
with a general bornology.

Lemma 3.23. We have an adjunction

(X = (X,Cx, Bpaz)) : Coarse = BornCoarse : forget .

Proof. We write Xc¢y mar = (X,Cx,Bpnas). For every T in BornCoarse we have an
equality
HomBornCoarse (XCX,mzwm T) = HomCOarse (X7 T) .

Lemma 3.24. We have an adjunctions

—~——

(X = (X,Cx, Baz)) : Coarse = BornCoarse : forget

and

e~

forget : BornCoarse < Coarse : (X — (X,Cx,0))

Proof. The first case is as in Lemma [3.23] For the second we write X¢, g := (X,Cx,0).

For every T' in BornCoarse we have an equality

Ho — (T, XCXJZ)) = Homcoarse (X7 T) .

mBornCoarse
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Proposition 3.25. The category BornCoarse is complete and cocomplete.

Proof. 1t is clear from the adjunctions above that the underlying coarse spaces of colimits

and limits in BornCoarse are the limits and colimits of the underlying diagrams in
Coarse. The same applies to the underlying bornological space of a limit. As suggested
by the observation in Remark the bornology of a colimit is more complicated.

Let X : T — BornCoarse be a diagram. Then we equip the limit Y of the diagram of
underlying sets with the coarse structure and generalized bornology such that the resulting

coarse and generalized bornological space represent the limit in Coarse and ﬁ(;';l. We
first check that the coarse structur/exagd the generalized bornology on Y are compatible so
that Y becomes an object of BornCoarse. We check the compatibility on the generators
of the coarse structure with the bornology.

For ¢ in I'let p; : Y — X, be the canonical projection. By construction p; is a morphism in

BornCoarse for every i in I. An entourage U of X is coarse if p;(U) is coarse in X; for all
i in I. The generators of the bornology of X are the subsets p; *(B) for 7 in I and bounded
subsets B in X;. For such a generator we have U[p~!(B)] C p; ' (ps(U)[B]). Since p;(U)[B]
is again bounded by the compatibility of structures on X; we conclude that U[p~!(B)] is
bounded in X.

We now show that (Y] (p;)ier) is a limit of the diagram X. Let T be in BornCoarse. By
construction we have bijections

Homz~—(T,Y) = LimHomz (T, X) , Homcoarse(Z’Y) = LimHomcoarse (T’ X)

which immediately implies Hom (T,Y) — lim; Hom (T, X).

BornCoarse BornCoarse

For cocompleteness we show the existence of coproducts and coequalizers.

e~

Let (X;)ier be a family in BornCoarse. We consider the coproduct of sets X := [[,.; X;
and the embeddings e; : X; — X. We equip X with the minimal coarse structure such
that e; is controlled for all 7 in I and the maximal generalized bornology such that e; is
proper for all 7 in I. This the coarse structure generated by the entourages e;(U) for ¢ in [
and coarse entourages U of X;, and a subset B is bounded if e; '(B) is bounded for every
1 in I. We check compatibility on generators. We have

RIS P P

This set is bounded for every i by the compatibility of structures on X;. Hence e;(U)[B]
is bounded in X.

We claim that the generalized bornological coarse space X with the family of embeddings

(€;)ier represents the coproduct in BornCoarse. Let T' be in BornCoarse together with
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a family of morphisms t; : X; — T;. There exists a unique map of sets t : X — T such
that t o e; = t; for all ¢ in I. This map is controlled and proper. Indeed, for a bounded B
in T the set e; '(t71(B)) = t;*(B) is bounded for every i in I. Hence t~!(B) is bounded
in X. For a coarse entourage U of X; the entourage t(e;(U)) = t;(U) is coarse in X;. This
implies that ¢ is controlled.

We now show the existence of coequalizers. Let f,g : X — Y be two morphisms in

BornCoarse. Then we consider the coequalizer ¢ : Y — @ of the two maps on the
level of underlying sets. We equip Y with the minimal coarse structure structure such
that this map is controlled and the maximal compatible genberalized bornology such that
this map is proper. If U is an entourage of Y and B is a subset of (), then we have
U(q '[B]) € ¢ ' (q(U)[B]). Even if ¢"'(B) is bounded this does in general not imply that
¢ '(q(U)[B]) is bounded. The generalized bornology of @ is given by subsets B such that
¢ (q(U)[B]) is bounded for all U in Cy.

We claim that Y — X represents the coequalizer of f and g. Let ¢t : Y — T' be a morphism
such that t o f =t o g. Then there is a unique factorization over a map of sets ¢: QQ — T.
One checks that this map is a morphism. The coarse structure of () is generated by the
entourages ¢(U) for coarse entouragesq of Y. Since ¢(q(U)) = t(U) we conclude that ¢ is
controlled. Let now B be bounded in 7. Then t(U)[B] is also bounded for every coarse
entourage U of Y. This implies that ¢~!(¢(U)[B]) is bounded. Now

¢ (aU)[c(B) € ¢ e (clg(U))[B]) =t~ (¢(U)[B])

implies that ¢=1(q(U)[c™}(B)]) is bounded. We conclude that ¢~(B) is bounded in Q.
p q \q

[
Example 3.26. Consider the two projections pry, pry(X X X)minmaz — Xminmin- 1 X
is infinite, then the coequalizer of this diagram is the unbounded point. O

Note that BornCoarse is a full subcategory of BornCoarse. It therefore inherits all limits

and colimits taken in BornCoarse of diagrams in BornCoarse which are represented
by objects of BornCoarse.

Proposition 3.27. The category BornCoarse has all non-empty limits.

Proof. If X_ : I — BornCoarse is a diagram such that I is non-empty, then limy X;
consists of bounded points. Indeed let = be such a point. Then p;(z) is bounded for every
i in I. Hence z is a point in the bounded subset (., p; * ({z}). O

Proposition 3.28. The category BornCoarse has all coproducts.

Proof. Exercise. O]
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Example |3.26| shows that BornCoarse does not have all colimits.

Example 3.29. The square
{x}—N

Lo

is a push-out in BornCoarse. O

Example 3.30. We consider subsets of N given by
Y= [JI2n)? @n+1), X :=Jl2n+1)%2n+2).
neN neN

The square
YNZ—Y

|

J ——N

(all subspaces have the induced structure) is not a push-out. The coarse structure of N

is generated by a single entourage U; and |7°**¢(N)| = 1. But the coarse structure of
the push-out is not generated by a single entourage. Indeed, for any entourage U of the
push-out structure we have |75°*¢(Ny)| = oc. O

4 Coarse homology theories

Let £ : BornCoarse — M be a functor.

Definition 4.1. E is coarsely invariant if E sends coarse equivalences to equivalences
(isomorphisms).

Lemma 4.2. The following are equivalent.
1. E is coarsely invariant.
2. E sends pairs of close map to pairs of equivalent (equal) maps.

3. E({0,1} oz mar ® X) — X is an equivalence (isomorphism) for all X in C.

Proof.
1=2

We observe that p : {0, 1}mazmer ® X — X is coarse equivalence. Inverses are the
inclusion g, 41 : X — {0, 1 }nazmar ® X given by io(x) := (0,2) and 4;(z) := (1, x). Indeed,
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poiy=1idy and iy op is close to id since (ig o p,id)(z,z) € {0,1} x {0,1} x diag(X) for
all z in X, and {0,1} x {0,1} x diag(X) is a coarse entourage of {0, 1},00.maz @ X. A
similar argument applies to ;.

Now assume that f,g: X — Y are morphisms which are close to each other. Then we
define

h:{0,1}®X =Y, h(ix) ::{ fl@) =

)
This is a morphism. If B is bounded in Y, then h~!(B) C {0,1} x (f~*(B) U g *(B)).
This shows that h is proper.

Assume that f ~y ¢ for some entourage V of Y. Let U be an entourage of X and set

W :={0,1} x {0,1} x U. Then h(W) C VU f(U) U g(U).

Since F is coarsely invariant we have E(ig) = E(i1) since both are inverse to F(p). We
have f = hoigy, g = hoi;. By functoriality, E(f) = E(h)E(ig) = E(h)E(i1) = E(g).
2=1

Let f : X — Y be a coarse equivalence. Then there exists a morphism g : ¥ — X
such that fog ~ idy and go f ~ idx. We have E(f) o E(g) = E(idy) = idgy) and
E(g) o E(f) = E(idx) = idp(x).-

1=3

We have already seen that p is a coarse equivalence. Hence E(p) : E({0,1} ® X) — X is
an equivalence.

3=2

Let f,g : X — Y be two morphisms which are close to each other. Then we form
h {0, 1} 0z mar ® X — Y as above. Since E(p) is an equivalence and poiy = poiy = idy
we conclude that E(ig) = F(i1) since both are right inverse to F(p). Then we calculate,
using functoriality, that E(f) = E(h)E (i) = E(h)E(i1) = E(g)

Example 4.3. The functor X +— 7§°**¢(X) is coarsely invariant. Indeed
7_(_(C)O(:L'I"Se({07 1}mam’max ® X) % WSOGT86<X)

is isomorphism. In order to see this note that [, z] ~ [7,y] in 7§°*"*¢({0, 1 }maz.maz @ X) if
and only if [z] = [y] in 7§ *¢(X). O
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Example 4.4. For every Y in BornCoarse the functor
X — HOIIIm(Y, X)

is coarsely invariant. 0

Definition 4.5. A bornological coarse space is flasque if it admits an endomorphisms
f: X — X satisfying:

1. f is close to idx.
2. For every U in Cx we have |, o ["(U) € Cx.

3. For every B in Bx there exists n in N such that f"(X) N B = 0.

We say that f witnesses flasqueness of X.

Example 4.6. For X in BornCoarse the space N® X is flasque with f : N X — Xgiven
by f(n,z) = (n+1,z).

We check the axioms.
1. We have (id, f)(diag(N® X) C U; x diag(X).
2. We have for an entourage U, x V of N® X that | J, f"(U, x V) C U, x V.

3. Finally, if B is bounded in N x X, then B C [0,n] ® X for some n in N. Since
f"M(Nx X) C[n+1,00) x X we conclude that f"™(N x X)n B = 0.

Note that also [0,00) ® X is flasque.

On the other hand Z x X is not flasque. The map (n,z) — (n+ 1, ) does not work since
the third axiom is not fullfilled. We will use coarse homology theories to see that there is
no other map implementing flasqueness.

]

Definition 4.7. X is flasque in the generalized sense if X - N® X, x — (0,2) has a
retractr : N® X — X.

Remark 4.8. The retract in Definition is the datum of a family (f,)nen of maps
fn : N — X such that

1. fo = idx (retract property).

2. There exists a coarse entourage V' of X such that f,, ~y f,11 for all n in N, and
every coarse entourage U of X the entourage | J,, o f"(U) is coarse (r is controlled).
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3. For every bounded subset B in X there exists ng in N such that f,(X) N B =0 for
all n in N with n > ng (r is proper).

Lemma 4.9. If X is flasque, then it is flasque in the generalized sense.

Proof. Let f : X — X witnesses flasqueness of X. We define r : N® X — X by
r(n,z) := f"(x). The family of functions (f™),cn satisfies the conditions listed in Remark

43 O

A pointed category is a category in which initial and final objects coincide. We write 0
for such objects. A morphism in a pointed category is a zero morphism if it admits a
factorization over a zero object. The composition of a zero morphism with any morphism
is again a zero morphism. Between any two objects there exists a unique zero morphism.

Example 4.10. The category of pointed sets Set, and base-point preserving maps is
pointed with zero object .

Ab is pointed by 0. O]

Let £ : C — M be a functor to a pointed category.

Definition 4.11. E wvanishes in flasques if for every flasque X the canonical map 0 —
E(X) is an equivalence (isomorphism).

Lemma 4.12. The following assertions are equivalent.
1. E vanishes on generalized flasques.
2. E wvanishes in flasques.

3. 0 - E(N® X) is an equivalence for every X in BornCoarse.

Proof.
1=2
This is clear since clear since flasques are generalized flasques by Lemma [4.9|
2=3

This is clear since since N ® X is flasque by Example [4.6]
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3=1

By assumption we have a retract 7 : N® X — X of ip : X - N® X. Then E(idy) =
E(r)o E(ip). E(X) is retract of 0 and hence 0 since N

]

Recall that for X in BornCoarse and U in Cx we write Xy for the bornological space
X equipped with the coarse structure Cy := C({U}). Since Cy C Cx this structure is
compatible with the bornology.

If U is in Cx and U C U’, then the identity of X induces a map Xy — Xy. We have a
map Xy — X.

Definition 4.13. We say that E is u-continuous if the canonical map colimyec, E(Xy) —
E(X) is an equivalence.

Example 4.14. The functor

P:C—sSet, X+ colimPy(X)
UeCx
is u-continuous. The composition of P with any filtered colimit-preserving functor is again
u-continuous, e.g. Z[P] : BornCoarse — sAb. O

Example 4.15. The functor X +— 7§°*"*¢(X) is u-continuous. It is clear that the canonical
maps 7% (Xy) — 750 ( Xy ) — w5 ¢ (X)) are surjective for every U, U’ in Cx with
U C U’. This implies that colimyec, m5°**¢(Xy) — m5°¥*¢(X) is surjective. In order to
show injectivity let z, 2" be in X and assume that [z]x = [2/]x in 7§°**¢(X). Then x ~ 2’

for some U in Cx. But then [z]x, = [2]x, in 75°*¢(Xy). O

Example 4.16. Let Y be in BornCoarse such that Cy = Cy for some entourage V' of
Y. Then the corepresented functor

HompornCoarse(Y; —) : BornCoarse — Set

is u-continuous. Indeed, Homporncoarse(Y; Xu) — HomBorncCoarse(Y; X) is obviously the
inclusion of a subset for every U in Cy. If f is in Homporncoarse(Y; X ), then we have
f € HomBorncCoarse (Ys X f(v)). This shows that

CUQEICim HomBornCOarse (Y7 XU) = HomBornCOarse (Y7 X) .
X

Without the condition of the coarse structure of Y this assertion is wrong in general. For
example, let X := {n?|n € N} with the structures induced from the inclusion into N.
Then idy ¢ colimpec, HoMBornCoarse( X, X¢) since otherwise X = X, for some entourage
U of X. But one can show that the coarse structure on X is not generated by any finite
set of entourages. O
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Let X be in BornCoarse.

Definition 4.17. A big family in X is a filtered subposet Y of Px such that for every
member Y in'Y and U in Cx there exists a member Y’ in Y such that we have U[Y] C Y’.

We say that_y is complete if Y in Y and Y/ C Y imply that Y’ € ). We can form the
completion ) by adding all subsets of members of ).

Example 4.18. The bornology of X is a complete big family. O

Example 4.19. Let Y be a subset of X in BornCoarse. Then we can form the big
family {Y'} := {U[Y]| U € Cx} generated by Y. This big family has the property that all
members U[Y] with diag(X) C U are coarsely equivalent to Y. In fact Y is an U-dense
subset of U[Y]. The inclusion Y — U[Y] is a coarse equivalence. O

For amap f: X — X' we write f()) = {f(Y)|Y € YV}. In general this is not a big
family.

We consider pairs (X,)) of X in BornCoarse and a big family ) on X.

Definition 4.20. A morphism f : (X,Y) — (X', Y') is a morphism f : X — X' such
that f(¥) CV".

We get the category BCP*" of pairs and morphisms.

We have a functor .
BornCoarse — BC™" | X — (X,0) .

If £:BCP* — M is a functor, then we can restrict E to a functor
uE : BornCoarse - M , X — F(X,0),

called the underlying functor. We will use the notation uF in order to denote the underlying
functor, but if we insert an argument, then we will omit usince it is clear from that fact
that the argument has one entry that we mean the underlying functor. So we write E(X)
instead of uFE(X).

We have a functor .
BC" — BornCoarse , (X,))— X .

Any functor £ : BornCoarse — M extends to a functor

E:BCP - M, E(X,)):=EX).

Extending and then restricting reproduces the initial functor.
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If E: BCP* — M is a functor to a target which admits filtered colimits, then we define
a functor _
OF :BCP™ - M, 0E(X,Y):=FE(Y):=colimE(Y).

Yey
On morphisms f : (X,Y) — (X',)’) the inclusion fjy : E(Y) — E(f(Y)) induces a
compatible family of morphisms

E(Y)— E(f(Y)) — c;)/ljijgnuE(Y/)

for all Y in ). We finally get a morphism

E(Y)=colimE(Y) — colim E(Y') = E()') .
Yey V'

This finishes the construction of OF up to straightforward verifications.
The inclusion morphisms Y — X for all Y in ) induce compatible morphisms uE(Y) —

uF(X) and finally a morphism
E(Y) — E(X) .

These morphisms for all (X,)) in BCP*" fit into a natural transformation of functors

OF = uFE : BCP*" — M .

Let (X,)) be in BCP** and Z be a subset of X.

Definition 4.21. We say that (Z,)) is a complementary pair on X if X\ Z € Y.

Note that ZNY ={ZNY |Y € Y} is a big family on Z. This follows from the inclusion
UzlYNZ] CU[Y|N Z for all U in Cx, where Uy = U N (Z x Z). We get an canonical
morphism (Z,ZNY) = (X,)).

Example 4.22. We consider the space X = Z, the subspace Z = [0, 00), and we let )
be the family of subsets {(—oo,n] | n € N}. This family is big. Note that U,[(—o0,n]] C

(—oo,n + r| for every r in N. The closure of this family consists of all upper bounded
subsets. Note that J = {(—o0,0]}.

Note that every member of ) is flasque. This is not true for the members of Y. For
example {—n? | n € N} is not flasque.

The pair (Z,)) is complementary in Z. O

Example 4.23. Let Y be a Hausdorff topological space, A be a subset, and X := Y\ A be
equipped with the continuously controlled structure. We let Z be any open neighbourhood
of A and Y := Byx. We know that ) is a big family by Example 4.18 Furthermore,
X \ Z belongs to Y. Indeed, X \ ZNA=(X\Z)N0. Hence (Z,)) is a complementary
pair. Note that every member of ) is equivalent to Y},,42 mqez and hence to a point. This
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will be used to reduce the study of the coarse homotopy theory X to arbitrary small
neighbourhoods of A.

We consider functor F : BCP*" — M,

Definition 4.24. The functor F is called excisive if for every complementary pair (Z,))
on X in BornCoarse the canonical functor induces an equivalence (isomorphism)

E(Z,ZNY) = E(X,Y) .

Example 4.25. Let R be a ring. Then we have a functor BornCoarse — Mod(R)?
given by

X—=Ce(X,R), (f:X—=>X)—=(f":Ce(X',R) = C(X,R)) .

Here f* preserves local finiteness since f preserves locally finite subsets by properness (see
Example [1.21]). We have a functor

(X, V)= Cy(X, Y, R) := cg%)i}m Cy(X,R)/Cy(Y,R) .
We claim that this functor is excisive.

The map Cy(X,R) — Cy(Z, R) is surjective since we can extend any ¢ in Cy(Z, R)
by zero in order to obtain a preimage in Cy(X, R). This implies that Cy¢(X, )Y, R) —
Cy(Z,ZN Y, R) is surjective. We now show injectivity. Assume that [¢] is in Ci¢(X, Y, R)
such that [¢z] = 0. Then supp(¢z) € ZNY. Hence supp(¢) C (X \ Z) U supp(¢|z)
belongs to Y. Hence [¢] = 0. O

Remark 4.26. The Definition is adapted to its usage in connection with J-functors
below. A better definition would start, as initial data, with the underlying functor
uF : BornCoarse — M whose target is cocomplete. Then we would define OF by

8E(J}) = colimy@; E(Y)
We call uF excisive if for every complementary pair (Z,)) the square

(
OE(ZNY) —— uB(Z)

l

OE(Y) — uB(X)

is a push-out square in M.

If M is pointed, then we can define F(X,)) := Cofib(E(Y) — E(X)). If the square above
is a push-out, then the indued map of cofibres of the horizontal morphisms F(Z,ZNY) —
E(X,)) is an equivalence. Under additional assumptions on M (e.g. stable co-category)
the two conditions are equivalent. O
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Example 4.27. Let T be in BornCoarse and consider the functor Homporncoarse(—, 1) :
BornCoarse — Set®’.

Lemma 4.28. The functor HompornCoarse(—, T') is excisive in the sense of Remark .
Proof. Homework. (solution appears later) O

Let (Z,)) be a complementary pair on X and f : X — T be a map of sets. In order
to check that f is a morphism it suffices to check that f; is a morphism and fjy is a
morphism for every member Y in Y.

It is important to work with complementary pairs. To this end consider the following
example with underlying bornological coarse space Z. We consider the entourage V :=
(U1 N ((—00,0] x (—00,0])) U (U N(]0,00) x [0,00))). The identity map f : Z — Zy is not
a morphism. Note that |75°"*¢(Zy)| = 2, while |7§°*"*¢(Z)| = 1. But fj(—cc,0; and fi{1,00)
are morphisms.

We let Ab%¢" denote the category of Z-graded abelian groups. Let G be in Ab%®". Then
we write G, for the degree-n-component. Let [k] : Ab”" — Ab”" be the shift functor
given by (G[k])n, = Gnik. given by

Definition 4.29. A coarse 5-functor is a pair (E,5) of a functor E : BCPY" — Ab™"
and a natural transformation 0 : E — OFE[—1] such that for every pair (X,Y) the sequence

E(Y) = BE(X) = B(X,Y) > E(Y)[-1]
18 exact.

Definition 4.30. A coarse d-functor (E,0) is a linear coarse homology theory if
1. E is excisive.
2. The underlying functor £ : BornCoarse — M is coarsely invariant.
3. The underlying functor E : BornCoarse — M vanishes on flasques.

4. The underlying functor E : BornCoarse — M is u-continuous.

Example 4.31. We calculate that E,(Z*) = E, ;(*) by induction.
The case k = 0 is clear.

Assume for k — 1. Then consider pair (Z,)) on Z* where

Z:={(m,...,n) € Z" |my > 0}
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and
Vi={Y, :={(n,....,np) €Z"|ny <r}|r €N} .

We have Z 2 N ® ZF~! and also Y, = N ® Z*~!. These spaces are flasque. Furthermore
ZNY, =[0,7] x ZF1 is coarsely equivalent to Z*~!.

The long exact sequence for (Z*, V) and OE(Y) ~ 0 gives the first isomorphism in

excision

E(Z") 5 E(7F,Y) E(Z,2N0Y) 2 0E(ZNY)[-1] = B(Z'")[-1] .

Hence
E,(Z") = E,_(ZF ) .

Let X be in BornCoarse and Y, Z be subsets such that Y U Z = X.

Definition 4.32. The pair (Y, Z) is called coarsely excisive if for every U in Cx there
exists V in Cx such that

UY]|nU[Z] S W[y nZ] .

Example 4.33. The pair (—N,N) in Z is coarsely excisive. Note that {0} = -NNN. If
U is in Cyz, then there exists r in N such that U C U,. Then

U[-N]NU[N] C [-r,7] = U,[-NNN] .

The pair (=N, 1 + N) is not coarsely excisive. O

Example 4.34. Let (X.d) be a path metric space and (Y, Z) be a pair of closed subsets
such that Y UZ = X.

Lemma 4.35. The pair (Y, Z) is coarsely excisive.

Proof. If U is in Cx, then U C U, for some r in N. We claim that
UY|NU[Z] CUylY NZ].

Let « be a point in U[Y] N U[Z]. Then there exist points y in Y and z in Z such that
d(x,y) < r and d(z,z) < r. Hence d(y,z) < 2r. There exists a path v from y to z of
length 2r. Since 7 is connected, X =Y U Z, and Y and Z are closed, there exists a point
m € yNZNY. Then d(m,x) < r+min(d(m,y),d(m, z)) < 2r. Hence x € Uy, [YNZ]. O

Let (E,d) be a linear coarse homology theory and (Y, Z) be a coarsely excisive pair on
X.
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Proposition 4.36. We have a long exact Mayer-Vietoris sequence
iBj k-1 oMV
EYNZ)Z EY)® E(Z)S BEX) = EYNZ)|-1]. (4.1)

Wherei :YNZ =Y, j:YNZ = Z, k:EY)— EX)andl: E(Z) - E(X) are
induced by the embeddings.

Proof. The boundary map 0" will be constructed in the proof. We have a complementary
pair (Z,{Y}). This gives a map of exact sequences

E(ZNY)~— B(Z)— B(Z, 20 V)" 2587 0 V)[-1] . (4.2)

k]

E(Y) —E B(X) — B(X, ) —2, B()[-1]

This diagram gives the long exact sequence

EZnY) ¥ Ey) e E2) S B(x) % E(Zny)[-1] (4.3)

where MV = Szz0y) 0 bt

The canonical map E(Y) — E()) is an isomorphism since the inclusion of Y into every
sufficiently large member of Y is a coarse equivalence.

We claim that E(Y N Z) — E(ZNY) is also an isomorphism. Indeed, since (Y, 7) is
coarsely excisive, for every U in Cx (with diagy C X)) there exists V' in Cx such that

ZNY CZNUY]CV[ZNnY].

This shows that these inclusion maps are coarse equivalences. In particular, we can conclude
that E(ZNY) — E(ZN{Y}) is an isomorphism. After replacing the corresponding
entries in (4.3) appropriately we obtain the exact sequence ({4.1J). ]

Let (X;)ies be a family in BornCoarse.

Definition 4.37. We define the free union |_|fr€e; X; as follows:
1. The underlying set of the free union is | |, X.

2. The coarse structure is generated by the entourages | J,.; U; for all (U;)ier in [[;c;Cx,-

3. The bornology is generated by | J,.,; B

Note that in general the coarse structure of the free union is bigger than the coarse
structure of the coproduct of the family (X;);c;. On the other hand the bornology of the
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free union is smaller than the bornology of the coproduct. The identity of the underlying

set is a morphism
free

iel icl
but in general not an isomorphism. The family subsets (X;);c; is a coarsely disjoint
decomposition of |_|free

Example 4.38. For a set X we have X, min = Ui;‘}{x}mmmm, while Xinmar =

Hie[ {x}mzn,mzn .

For every j in I, from the Mayer-Vietoris sequence for the decomposition (X |_|fr€ele\ oy Xi)
we have a projection

free free
E(| |X)=EX)eE( || X)BEX)).
el €\{j}

Definition 4.39. F is called:

1. strongly additive if for every family (X;)e; the family of projections (p;)icr induces
an isomorphism E( ¢ X;) = [1.c, E(X)).

2. additive, if for every set X the family of projections (ps)rex induces an isomorphism

If £ is additive, then its values on spaces of the form X, min for sets X are determined
by the value F(x) on the one-point space. If E is strongly additive, then it is additive.

Example 4.40. We consider the square numbers
Sq:={n®|n €N}

as a bornological coarse space with the structures induced from the embedding into N. We
assume that (F,0) is a strongly additive coarse homology theory. Then we can calculate:

E(Sq) == E(x)@ [[ E(+)/ P E(+)

neN neN

r—1

For 7 in (0,00) let n, be the smallest integer such that (n, +1)* —n2 > r, ie. n, > 5.

Let U, be the metric entourage of size r. Then we have an isomorphism

SQU, (Sq N [0 nfr])maz mazx (Sq N (TL,«, OO))mzn,mzn .

Note that (Sq N [0, ny])maz.maz — * 1S a coarse equivalence. From the strong additivity of
FE we get an isomorphism

E(Sq,)=Exe || Ex.

Sqm(nT 700)
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If 7" is in (0, 00) and 7’ > r, then the map E(Sqy,) — E(Squ,) is given by the map
Exo [] Ex=zExe @ Exe ][] Ex—-Exao ][] Ex.
SqN(ny,00) SqN(nr,n,/] SqN(n,s,00) SqN(n,s,00)
where the second map takes the sum of the entries of the first two summands. We can

identify
Il ro=llrer & »

SqN(ny,00) SqN[0,n]

We now use u-continuity of E in order to deduce that

B(Sq) = B & cotin [[ B(x)/ €D B = B o [[E6)/DEX)
Sq Sq Sq

SqN[0,n]

From the long exact sequence we see that

E(Sq,{0}) = HE /@E

5 Coarse ordinary homology

In this section we construct a linear coarse homology theory (HX(—), ). We first construct
a coarse o-functor (HX(—),d) and then verify the axioms. This d-functor is derived from
a functor which sends a pair (X,)) in BCP*" to a short exact sequence

0—-CX())—»CX(X)—-CX(X,Y)—0
of chain complexes. We start with the construction of the functor

CX(—) : BornCoarse — Ch .

Let X be in BornCoarse. For n in N we consider the abelian group
Co(X) = 2"

of functions from the n + 1-fold product of X with itself to Z. Often we will consider
elements in C,,(X) as infinite linear combinations of basis elements (xy, ..., ;).

For ¢ in C’n(X ) we define its support by
supp(c) := {x € X" | c(x) # 0} .

We now use the coarse structure and the bornology on X in order to define a subgroup of
C,(X). To this end we introduce the following notions.

Let U be an entourage of X, and let B be a subset of X.
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Definition 5.1.

1. We say that a point (xo,...,x,) in X" is U-controlled if (x;,x;) € U for all i, j
in {0,...,n}.

2. We say that a point (g, ..., x,) in X" meets B if there exists i in {0,...,n} such
that x; € B.

Let now ¢ be in C,(X).

Definition 5.2.
1. We say that ¢ is U-controlled if every x in supp(c) is U-controlled.
2. We say that c is controlled if it is U-controlled for some U in Cx.

3. We say that c is locally finite if for every B in Bx the set {x € supp(c) |z meets B}
is finite.

Definition 5.3. We define CX,,(X) to be the subgroup of én(X) of all functions which
are locally finite and controlled.

We now define a differential
d:CX,(X) — CX,—1(X)

as the linear extension of the map determined by
(€oy - xn) = Y (=1 (w0, s By )
=0

More precisely,

n

(de)(zoy .oy Tpq) == Z(—l)i Z AXoy oo T 1, T Ty ey T

=0 zeX

We must show that the inner sum is finite for every i. Consider e.g. @ > 1. The condition
c(xo,...,x,...,x,) # 0 implies that (zg,...,z,...,z,) meets the bounded set {xy}. Since
c is locally finite there only finitely many points x which can contribute non-trivially.
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One checks that d? = 0. This indeed follows by linear extension from

(-1)ld($‘07 . ,Zi‘h . ,I'n)

M:

dQ(LCQ, ce ,.I‘n) =

= (—1)i+j(170,...,1%j,...JAZZ‘,...,JI,—L)

If f: X — X’is a morphism of bornological coarse spaces, then we have an induced
map

fo: CXL(C) = CXL(X) .

It is the linear extension of the map

f*(x07 s 7:(:%) = (f(ﬁo), . f(xTL)) :

The precise formula is

(feo)(xg, ... @) = Z c(xo, ..., T,) .

zoef~ ({zp ) mnef ({2 })

We next argue that f, is well-defined.

Since f is proper and c is locally finite we see that the sum is finite. Indeed, all points
contributing to this sum belong to the set f~({zo}) N supp(c) which is finite since f is
proper and therefore f~!({x¢}) is bounded.

We now argue that f,.c is again controlled and locally finite. If U is in Cx and (xq, ..., x,)
is U-controlled, then f.(zo,...,x,) is obviously f(U)-controlled. This implies that if ¢ is
U-controlled, then f.cis f(U)-controlled.

Let B’ be a bounded subset of X'. If (xy,...,x,) is in the support of f.c and meets B,

then it is of the form f.(xo,...,z,) = (z,..., 7)) where (zo,...,x,) meets f~1(B’) and

is in the support of ¢. There only finitely many such points. This shows that f.c is again
locally finite.
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We finally check that f, is compatible with the differential. Indeed,

df*(*r07 s 7xn> = d(f(x())? s f({L‘n))

= > (=1)'(f(@0), -, (@), - flza))

=0
=0
= f*d(xm s ,[L‘n)

This finishes the construction of the functor

CX(—) : BornCoarse — Ch .

We now consider a pair (X,)). Then we can identify the chain complex CX()) :=
colimycy CX(Y) with the subspace of CX(X) consisting of chains which are supported
on some member of J. We get a functorial exact sequence

0=>CX())—-CX(X)—>CX(X,Y)—0, (5.1)

where the last complex is defined as a quotient

CX(X)

CX(X.Y):= Gy o

In this way we define the functor
CX:BC"™ — Ch, (X,))— CX(X,)).
Definition 5.4. We define
HX := HoCX:BC™ — Ab™

and let § : HX = OHX[—1] be indued by the exact sequence ([5.1).

This finites the construction of the coarse d-functor (HX,6).

The main theorem of the present section is the following.

Theorem 5.5. The coarse §-functor (HX, ) is a linear coarse homology theory.
Proof. The proof of this theorem is given by the combination of the following four Lemmas

.6} 5.7, [p.8} and 5.6, O
p.6

Lemma 5.6. The functor HX is excisive.
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Proof. We must show that for every complementary pair (Z,)) on some X in BornCoarse
the map
HX(Z,ZNn)Y)— HX(X,))

is an isomorphism. We show the stronger statement that
i:CX(Z,ZNn)Y) = CX(X,))

is an isomorphism.

We show that i is injective. Let ¢ be in CX(Z) and [¢] be its class in CX(Z,ZNY). If
i([c]) =0, then c € CX(Y)NCX(Z) = CX(ZNY) and hence [¢] = 0.

We now show that i is surjective. Let d be in CX(X) and [d] be its class in CX (X, )).
Let d|z be its restriction to Z. We claim that i([d|z]) = [d]. Assume that d is U-controlled.
Then d — d| is supported on U[X \ Z]. Indeed, if d(x) — d|z(x) # 0, then at least one
component of x belongs to X \ Z. But then all components of z belong to U[X \ Z]. Since
Y is big and X \ Z € Y, we also have U[X \ Z] € Y. This implies that [d] = i([d|7]). O

Lemma 5.7. The functor HX is coarsely invariant.

Proof. We show that HAX sends close morphisms to equal maps and appeal to Lemma [4.2
Assume that f, g : X — Y are close to each other, then we will show that f, and g, are chain
homotopic by giving an explicit homotopy. To this end we define h : CX(X) — CX(X)[1]
as the linear extension of the map determined by

hMzo, ..., z,) = Z(—l)i(f(xo), o f@), g(i), . g(my)) -

i=0
We now argue that h indeed takes values in controlled and locally finite chains.

Assume that f ~y ¢ and and that ¢ is U-controlled. If x,y are components of (x, ..., x,),

then we have (f(z), f(y)) € f(U), (9(x),9(y)) € g(U) and (f(x),9(y)) € f(U) oV since
f(x) ~v g(y) ~uv g(y), and similarly (g(x), f(y)) € V o f(U). Hence h(xg,...,c,) is
controlled by g(U) U f(U)UV o g(U)UV 1o f(U).

If B is a bounded subset of Y and (yo,...,y») € supp(h(c)) N B, then (yo,...,y,), then
there exists a point in supp(c) which meets f~'(B) U ¢g~!(B). There are only finitely may
such points. Hence h(c) is locally finite.

We claim that
dh + hd = g, — f, .

This is checked by a direct, but tedius calculation. It is a standard formal consequence of
the fact that the map h in Lemma is a simplicial homotopy. We consider the first
two degrees. In degree 0 we have

dh(z) + hd(x) = d(f(z), 9(x)) = (9(x)) = (f(x)) = (g9« = f)(2) .
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In degree 1 we have

dh(z,y) + hd(z,y) = d[(f(z),9(x),9(y)) — (f(x), f(y), 9(y))] + hl(y) — ()]
= (9(x),9(y)) — (f(2), 9(v)) + (f(2), g(z))
—(f(v),9W) + (f(x),9(y)) — (f(2), f(v))
+(f(),9(y) — (f(2), 9(x))

= (g* - f*)(x,y)

The map A is therefore a chain homotopy equivalence between f, and g.. It follows that
HX(f)=HX(g). O

Lemma 5.8. The functor HX vanishes on flasques.

Proof. We show that HX(X) = 0 for every flasque X in BornCoarse. Let f: X — X
witnesses the flasqueness of X. We define a map S : CX(X) — CX(X) by

S::iff )
k=0

In order to see that S is well-defined we observe that S is point-wise finite, i.e. for
¢ in CX,(X) and z in X" the sum Y ;- (f¥c)(x) is finite. Here we use that the
image of f* eventually misses every bounded set, so in particular J_, f~'({z;}), where
x = (xg,...,r,). The same property and a similar reasoning implies that S preserves
locally finite chains. We use the property that f is non-expanding in order to see that
S preserves controlled chains. Indeed, if ¢ is U-controlled, then S(c) is controlled by
U,.>0 f*(U) which is a coarse entourage by assumption.

We obviously have
idC’X(X) —|—f* oS=25.

Applying H and using that HX(f) = id since f ~ idy and HX is coarsely invariant
we get the equality idgyx(x) + HC(S) = HC(S). This implies idyx(x) = 0 and hence
HX(X) = 0. O

The map S in the proof above is also called an Eilenberg-swindle.

Lemma 5.9. The functor HX is u-continuous.

Proof. Every chain in C'X" is controlled by some entourage. We therefore have

colimCX(Xy) = CX(X)

UeCx

where the colimit amounts taking a union of subspaces in CX'(X). Since taking homology
is compatible with filtered colimits this implies

CL?EIC:E(mHX(XU> ~HX(X) .
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Example 5.10. We have HX (x) = Z. Indeed, CX is the complex
7257257257252 57 50

where the last Z is in degree 0.

Hence HX (Z™) = Z[—n], i.e.

H%@“={§;Ziﬁ

In particular we conclude that Z" (and therefore also R™) is not flasque. ]

Example 5.11. We consider the action of Cy on Z by multiplication by —1. Let € denote
the non-trivial element in C53. We claim that

HXl(E) =-1
on HX1<Z) =7.

In order to show this we exhibit an explicit representative of the generator of this group.
We consider the chain ¢ : Z x Z — Z in CX,(Z) given by

ci= Z(n,n—l—l) :
nez

This chain is Us-controlled and locally finite. We have dc =3 _,((n + 1) — (n)) = 0.

We claim that [c] # 0. To this end we calculate Y ([c]). We set

e = (1) = ()

neN

The class of ¢, in CX(N)/CX({0}) is send to the class of ¢ in CX(Z)/CX(—N). Conse-
quently, by the construction of the Mayer-Vietoris boundary, 0" ([c]) = o oy lct] = [0c4]
in HX,({0}). Note that [0c,] = (0). This generates HX,({0}). Since O™V : HX\(Z) —
HX,({0}) is an isomorphism we can conclude that [c] is the generator of HX,(Z).

We now have e,c = —c. This shows the assertion.

More generally, by the functoriality of the MV-sequence the matrix (1,...,1,—1) : Z" — Z"
acts by —1 on HX,,(Z"). O

Lemma 5.12. HX s strongly additive.

Proof. Let (X;) be a family in BornCoarse and set X := |_|£]§}3 X;. For every j in I and

n in N we have an embedding X" — X*". We call the complement X"\ | J,.; X;" the
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mixed part of X*". Note that CX,,(X) consists of functions X*™+) — Z. We claim that
the restrictions along the embeddings X an — X" induce an isomorphism

cx(x)=[[oxx) .

el

We fix j in I. Then ¢+ ¢ xx is a chain map CX(X) — CX(X;). This follows from the

fact ¢ in CX'(X) is controlled and therefore vanishes on the mixed part. If ¢ is U-controlled
for U in Cx, then cy; is controlled by U N (X; x Xj) in Cx,. If B is bounded in X}, then it
is bounded in X. Since supp(c) meets only finitely many points in B, so does the support
of ¢/x;. This finishes the justification of the chain map.

Putting all restriction maps together we get a chain map

CxX(X) = [[cxx) .

This map is injective. Indeed, if ¢|x, = 0 for all j in I, then ¢ = 0, again since ¢ vanishes on
the mixed part. We now show that it is surjective. Let (c;);er be a family in [],., CX(X;).
Then we define ¢ in CX(X) such that ¢|x, = ¢; for all j in I and ¢ vanishes on the mixed
part. Assume that ¢; is U;-controlled for all j in /. Then ¢ is | icJ Uj-controlled, and this
is a coarse entourage of the free union X. We check locally finiteness of ¢ on generators.
Let j be in I and B be bounded in X;. Then the points in supp(c) which meet B are the
points in supp(c;) which meet B. This set is finite by the local finiteness of ¢;. This shows
that ¢ in CX(X) is well-defined. It is clearly a preimage of the family (¢;),e;.

We finally use that for a family of chain complexes C; we have H([[,.; Ci) = [L;c; H(Ci).
0

Example 5.13. For a set X we have

We have
HX(So)=zo|[z/ Pz
N N

by Example [4.40

Example 5.14. If [ is a group and S be a G-set, then we can consider abelian group Z[5]
with the induced action of I". We can consider group cohomology of I' with coefficients in
this representation.

Proposition 5.15. We have an isomorphism HX. (L canmin @ Smin.maz) = H (L, Z[S)).
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This is shown by an explicit identification of the chain complex CX (I canmin @ Smin.maz)
with the standard chain complex calculating H, (T, Z[S]).

]

Remark 5.16. The coarse homology HX has another remarkable property. Let I be a
filtered poset and (X;);e; be a decreasing family of subsets of X in BornCoarse. The we
consider the set-theoretic intersection (,.; X; in X equipped with the induced bornological
coarse structures. Then
CX(QI X;) = LinCX(X;)

is an isomorphism. Indeed, we can consider CX'(X;) as a subcomplex of CX(X) of chains
supported on X;, and the limit on the right-hand side is realized as the intersection of
these subcomplexes.

Taking homology does not commute with filtered limits. In general we have a spectral
sequence with second term

lin X, (X)) = HX, () X)) -
iel
If I =N, then this reduces to the 1im'-sequence

0 = limle HX, 1 (X;) = HX, () X5) = Lim HX,(X;) = 0. (5.2)
ieN

6 Coarse homotopy

We consider a bornological coarse space X. Let p = (py,p_) be a pair of functions
py X —[0,00) and p_ : X — (—00,0]. We assume that the maps pL are bornological.

Definition 6.1. The coarse cylinder associated to p is the subspace I, of R® X given by
LX ={(t,z) ERx X [p_(2) <t <pi(z)} .

Lemma 6.2. The projection  : I, X — X 1is a morphism of bornological coarse spaces.

Proof. We must check that 7 is proper. Let B be bounded in X. Then p,(B) and p_(B)
are bounded. Assume that p, (B)Up_(B) C [—r,r] for r in R. Then 7~*(B) C [~r,7] x B.
Hence p~!(B) is bounded. O

Example 6.3. The projection 7 : [,X — X is an equivalence of bornological coarse
spaces if and only if p; and p_ are bounded. In this case the map X — [, X, z — (0, z)
is an inverse. In this case E(m) : E([,X) — E(X) is an isomorphism for every coarsely
invariant functor. For coarse homology theories we have the much stronger statement

Lemma [6.4]. O
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Assume that (E,9) is a linear coarse homology theory.

Lemma 6.4. The projection  : [,X — X induces an isomorphism E(r) : E(I,X) —
E(X).

Proof. We consider the subspaces
W= (—00,0] x XULX , [0,00)xXNI[X

of R® X. Thus W is the lower half space over X together with the positive part of the
cyclinder, and Z is the positive part of the cylinder. Note that Z C .

We let furthermore let ) be the big family in W generated by the lower half space
(—00,0] x X. We let Y,, := W N (—oo,n] x X. The family )’ := (Y},)nen is cofinal in
Y. Then (Z,)) is complementary pair on W. The map (¢,x) — (t — 1,z) implements
flasqueness of every member of )" and of W. Hence E(W) = 0 and E()) = 0 since
E vanishes on flasques. From the long exact sequence for the pair (W,)) we get the
isomorphism 0 = E(W,)). We now use excision for the complementary pair (Z,)).

E(Z,ZNnY)=2EW,Y)=0.
From the long exact sequence of the pair (Z,Z N')) we now get the isomorphism
EZNY)=2EZ).
We now observe that the restriction of the projection mzny, : ZNY, — X is a coarse

equivalence with inverse z — (0,z). It follows by coarse invariance of E that we have an
isomorphism F(Z NY) = E(X). Hence also E(Z) = E(X).

We now consider the subsets
Vi=LXU[0,00) x X, U:=1[0,00)xX

of R® X. Thus U is the upper half space, and V' is the upper half space with the negative
part of the cylinder added. Note that both spaces are flasque with flasqueness implemented
by (t,z) — (t 4+ 1,z). The long exact sequence for (V,{U}) yields E(V,{U}) = 0. By
excision for the complementary pair (V,1,X N{U}) on I,X we get

B(L,X,I,X N{U}) = B(V.{U}) = 0.

From the long exact sequence of the pair ([,X,I,X N {U}) we get the isomorphism
E(L,XN{U}) = E(I,X). The family (U, )nen of subsets U,, := V N[—n, 00) x X is cofinal
in {U}. We now observe that Z — I,X N U, is a coarse equivalence for every n. We
conclude that E(Z) = E(IL,X N{U}). In view of the commuting diagram

E(ZNY)—— E(Z)—— E(I,(X)N{U}) — E(I,X)

E(X)

we conclude that the marked arrow is an isomorphism. All vertical maps are induced by
restrictions of 7. O
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The idea is now to define the notion of a coarse homotopy using the cylinders. To this end
we must ensure that the maps

iy : X = LX, o (z,pL(x))

are morphisms in BornCoarse. Since any bounded subset of /,X is contained in R x B
for a bounded subset B of X and i;'(R x B) = B it is clear that i are bornological. If
p+ are controlled, then so are 7.

Assume that that py are controlled, and that (F, ) is a linear coarse homology theory.

Corollary 6.5. We have E(iy) = E(i_).

Proof. Indeed, E() is an isomorphism and

E(r)oE(i-) = E(roi_) =idgwx) = E(roiy) = E(m) o E(iy) .

Let f+: X — Y be two morphisms in BornCoarse.

Definition 6.6. We say that fi are coarsely homotopic if there exists a pair p = (p4,p—)
of controlled and bornological maps and a morphism h : [,X — Y such that fr = hoiy.

Problem 6.7. Show that coarse homotopy is an equivalence relation.

Corollary 6.8. If fi are coarsely homotopic, then for every coarse homology theory (E, )
we have E(f) = E(f-).

Proof. We have
B(f,) = E(hoi,) = E(h) o B(i;) = E(h) o B(i_) = E(hoi ) = B(f)
Example 6.9. Let A be an invertible matrix in Mat(n, n; R).

Lemma 6.10. Then A : R™ — R" is coarsely homotopic to idgn~ iff det(A) = 1.

Proof. Let v : [0,1] — GL,(R) be a Lischitz continuous path. We consider the coarse
cylinder I,,(R") for p_ =0 and p;(x) := 1+ ||z||. This map is bornological and controlled.
We now define h : [,(R") — R™ by

h(t, @) =y ((1+ [Jz]) )z .

We claim that this map is proper and controlled.
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Let C' := sup;(oy([|7(t) | + I7(t)"]]). Furthermore, let L be the Lipschitz constant of .

For every r in (0, 00) the set h~'(B,) is contained in the bounded subset ([0,7C] x B.c) N
I,(R™) of I,(R™). This shows that h is proper.

Furthermore
IR(t,z) = h(t,2)|| < L1+ [Jo])) 7 e =[]z < Ljt—#] .

Similarly,
[h(t,2) — h(t,2")|| < Clla — 2| .
These two estimates show that h is controlled.

If det(A) > 0, the there exists a Lipschitz path from A to idg~. Consequently A is coarsely
homotopy to the identity.

If det(A) < 0, then A is coarsely homotopic to diag(l,...,1,—1). We know that
(1,...,1,—1) and hence A acts on HX,(R") = Z by multiplication with —1, see Ex-

ample [5.11] O

]

7 Continuous controlled cones and homology of compact
spaces

Let Y by a Hausdorff topological space with a subset A. We call (Y, A) a pair. To a pair
(Y, A) we associate the set X :=Y \ A with the continuously controlled structure.

A map of pairs f:(Y,A) — (Y, A’) is a map f:Y — Y such that f(A) C A’ and
f(X) C X'. We get a category Topj,..q Of pairs and morphisms. We write f := fix.

Lemma 7.1. If X is compact, then f: X — X' is a morphism in BornCoarse.

Proof. We first check that f is proper. Let B’ be a bounded subset of X’. We must
show that f~'(B’) is bounded in X. We assume the contrary. Then there exists a in

— v
f7H(B’) N A. Hence there exists a net (r;); in f~Y(B’) such that lim; 7; = a. But then
(f(x;)); is a net in B" and lim; f(z;) = f(a) € A’ by continuity of f. This is impossible
since B N A’ = () by the assumption that B is bounded. For this part of the argument
compactness of Y is irrelevant.
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We now show that f is controlled. Let U be an entourage of X. We must show that f(X)
is controlled.

We consider a net ((y;, 2;)); in U and assume that 1im; f(y;) = a belongs to A’. We must
show that then also 1im; f(z;) = a. Assume the contrary. By the compactness of Y, there
exists a subnet ((y;,zi))y with limy 2y = 2, limy y; = y in Y and such that f(z) # a.
Note that f(y) = a € A’, hence y € A. This implies that z = y and therefore f(z) = a, a
contradiction. O

We let Topffﬁrausd denote the full subcategory of Topﬁziflsd of pairs (X, A) such that X is
compact.
Corollary 7.2. We have a functor Top?j;rausd — BornCoarse sending (Y, A) to X :=
Y \ A with the continuously controlled structure, and f : (Y, A) — (Y', A") to f := f|X :
X — X

We next construct for every X in Topy,.q @ bornological coarse space O.(X). Restricting
to compact spaces we even get a functor

O, : Top, jyausa — BornCoarse .

Let X be in Topy,,sq-
1. The underlying set of O.(X) is [0,00) x X.

2. The coarse structure on O.(X) consists of entourages U such that U is a coarse

entourage of [0, 00) ® X,naz.maz and U is continuously controlled with respect to the
pair ([0, 00] x X, {oo} x X).

3. The bornology of O.(X) is the bornology of [0, 00) ® X ez maz-

One easily checks that the coarse structure is well-defined. Since it is contained in the
coarse structure of [0,00) ® Xynaz.maz it is compatible with the bornology. O

Remark 7.3. In addition to continuous control we thus require that an entourage U of
O.(X) in addition satisfies

sup  |[t—t|<o0. (7.1)
((tx),(t,x"))eU

If X is compact, then a subset of O.(X) is bounded if and only if it belongs to the
continuously controlled bornology of the pair ([0, co] x X, {co} x X). O

If f: X — X"is a morphism in Top, y,,.q between non-empty spaces, then we define

Oc(f) : Oc(X) = Oc(XT) ;. () = (£, f(2)) -
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This map is obviously proper and preserves continuously controlled entourages by Lemma
[7.1] Since it preserves the t-variable it also preserves the additional condition for entourages
of O.(X) explained in ([7.1]).

Definition 7.4. We call the functor O, : Top, ya.sa — BornCoarse the continuously
controlled cone functor.

Let X be in Top, yaysa-

Proposition 7.5. If X is contractible, then O.(X) is flasque in the generalized sense.

Proof. Let h : [0,00] x X — X be the contraction such that h(0, —) = idx and h(co, —) =
const,,. We define f :[0,00) ® O.(X) — O.(X) by

f(s,t,x) = (s—l—t,h(%ﬂ,x}) :

We check that the map f is proper. Let B be bounded in O.(X). Then there exists r in
0, 00) such that B C [0,r] x X. But then f~'(B) C [0,7] x [0,7] x X. This is a bounded
subset of [0,00) ® O.(X).

We check that the map f is controlled.

Let U be an entourage of O.(X) and let ((s;,t,x;), (s}, t;, x})); be some net in Uy x U.

R R

Assume that lim; f(s;,t;,2;) = (0o0,x) for some z in X. Then we must show that
lim; f(s},t,, ) = (00, x).

We assume the contrary. Then by compactness of [0, oo] x [0, 00] X X there exists a subnet
with the following properties:

L. limy(sy,ty, xy) = (u,v,y) and limy (st 2)) = (v, 0", y)

/
£ . S /
o= and 1im; T, = r.

2. llmi/ i

3. limy f(s,t), x}) exists, but is not equal to (oo, ).

We know that the entries of the pairs (u,u’) and (v,v) are either both oo or both finite.
Furthermore, u + v = v’ + v' = co. We have by assumption x = h(r,y) # h(r',y"). We
must exclude the following cases.

1. Case: v = oo: Then y = ¢ since U is continuously controlled, and also r = 7’
since the differences |s; — si,| and |t; — t},| are uniformly bounded. In fact, the first
difference is bounded by 1 since we consider the entourage U; x U. The second
difference is bounded by the condition ([7.1]) on U.
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Hence h(r,y) = h(r’,y’) which is impossible.

2. Case: v < oo: Then v/ = u = o0 and v/ < oco. In this case r = ' = oo, and
h(r',y') = xo = h(r,y). This is impossible.

In the upshot we have shown that f is controlled. O

Lemma 7.6. The functor O : Top, y,.sa — BornCoarse sends closed subspaces to
subspaces.

Proof. Let Y be a closed subspace of X. Then we must show that O.(Y) — O.(X) is a
coarse embedding.

This amounts to show the equalities
Bo.vy=0.Y)NBo,x)y and Co.v)=(0:(Y)x O(Y))NCx .
Since the map O.(Y) — O.(X) is a morphism we clearly have
Bo.vy 2 O(Y)NBo,x)y and Co.v) < (O(Y) x O(Y)) NCo,.(x) -

In the following we verify the reverse inclusions.

Let B be in Bo,(y). Then B C [0,7] x Y for some 7 in [0,00). But then B C [0,7] x X
and hence B € Bo,(x).

Let U be in Co,(x). We show that then (O.(Y) x O.(Y)) NU € Co,(v). First of all

sup [t —t'] < sup [t —t'| < oo .
((£,2), (¢ ,2")E(Oc(Y)x Oc(Y))NU ((t,2),( 2")) €U
If ((ti,9:), (t, ) is anet in (O.(Y) x O(Y)) NU with 1im;(¢;,y;) = (o0,y). Then since
((tiy i), (t5,95)) is a net in U we can conclude that 1im; (¢}, ;) = (00, y). O

Remark 7.7. In Lemma|7.6] it is important to assume that Y is closed. If ¥ is not closed
then it is not clear that Co_(y) C (Oc(Y) x O:(Y))NCo,(x)- In order to locate the problem,
let U be in Co,(v). Let ((t;, i), (i, y;)): be a net in U such that 1lim(¢;,y;) = (oo, z). If
Y is not closed, then we do not know that x € Y. If z ¢ Y, then we do not have any
information about convergence of the net ((¢;,4.));. O

Let 2 : [0,1] x X — Z be a map in Top, g,,q- We consider the functions p_ = 0 and
p4+(t) := 1+ t. We consider the coarse cylinder I,(O.(X)) over O.(X) associated to

p = (p-,p+)-
Lemma 7.8. The map

)

fL(OUX) = 0L2) | (s,t.2) = (6 bl

s a morphism.
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Proof. We show that f is proper. Let B be a bounded subset of O.(Z). Then there exists
r in [0,00) such that B C [0,7] x Z. Then f~}(B) C ([0,r + 1] x [0,7] x X) N [,(O.(X)).
Consequently, f~!(B) is bounded.

We show that f is controlled. It suffices to show that the image under f of any entourage
of I,(O.(X)) of the form U, x U for r in (0,00) and U a coarse entourage of O.(X) is
again a coarse entourage of O.(X).

First of all we have

sup it =1t = sup  |t—t| < o0
((s,t,2),(s",t',2"))eUr xU ((t,x),(t',x'))eU

by (7.1)) since U is a coarse entourage of O.(X). It remains to show that (f x f)(U, x U)
is continuously controlled.

Let ((sq,ti, 24), (s}, 1}, x})); be a net of points in U, x U and assume that lim; f(s;,t;, z;) =

R R

(00, x). Then we must show that lim; f(s},;, 2}) = (00, 2).
Assume the contrary. Then there exists a subnet such that

1. Yimy (i, ty, xp) = (u,v,y) and limy (s}, t, xl) = (v, 0", y)

/

/
L A A
2. lim; T, = @ and 1im; T, = a

3. limy f(s},t;, x}) exists but is not equal to (oo, ).
We have v = 0o. Since U is continuously controlled this implies that v" = co. Consequently,
limy f(s},t}, x;) = (00, 2’) for some 2z’ different from z. Since |sy — si,| and |ty — tl,| are
uniformly bounded we conclude that a = a’. We further conclude that y = ¢’ since
U is continuously controlled, again. But then z = h(a,y) = h(d,y') = 2. This is a

contradiction. O

Let (Z,Y) be a closed decomposition of X. Then pair (O.(Z),{O.(Y)}) is a complementary
pair. Note that if ZNY = (), then every member of ZN{O.(Y)} is bounded and hence
coarsely equivalent to a point.

We consider the category of pairs TopiHallSd of pairs (X, A) of compact Hausdorff spaces and
closed subspaces. A morphism f : (X, A) — (X', A’) in Top y,uq is @ map f: X — X'
such that f(A) C A"

We have a functor

O, : TOP2 g — BCP™ | (X, A) = (Ou(X), {OL(A)}) .
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Let (E,0) be a linear coarse homology. Then we consider the d-functor EO.(—, —) :
BCP*" — M obtained by precomposing with O.(—).

Proposition 7.9.
1. For every pair (X, A) we have a long exact sequence

EO.(A) = EO(X) = EO.(X,A) > EO,(A)[-1]

2. If X s contractible, then EO.(X) = 0.
3. The functor EQ,. is homotopy invariant.

4. If (A, B) is a non-disjoint closed decomposition of X, then we have a Mayer-Vietoris
sequence

EO.(ANB) = EO(A) ® EOL(B) — EO.(X) — EO(AN B)[-1] .

5. If (A, B) is a disjoint closed decomposition of X, then we have a Mayer-Vietoris
sequence

E(x) = EO.(A) ® EO.(B) — EO.(X) — E(x)[-1] .

6. For a finite family of pointed compact Hausdorff spaces ((X;, ;) )icr we have E(\/,.; X;) =
@ie] E<X2)

7. We have EO.(x U x) ~ E(x)[—1]

Proof.

Assertion [} The exact sequence is the exact sequence of the pair (O.(X),{O.(A)}).
Assertion [2} This follows from Proposition [7.5]

Assertion [3} Let f,¢: X — Z be homotopic maps with homotopy h : IX — Z. Then the
map [,(O0.(X)) = O.(Z) from Lemma 7.8 is a coarse homotopy from O.(f) to O.(g). It
follows that EO.(f) = EO.(g).

Assertion [4 and Assertion [5f This follows from splicing the exact sequences for the pairs
(0(X),{O0:(A)}) and (Oc(B), Oc(B) N{O(A)}).

Assertion |§|: We use the Mayer-Vietoris sequence and that E(x) = 0.

Assertion : We use the Mayer-Vietoris sequence ([5)). O
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Example 7.10. As in ordinary topology one can calculate inductively the homology of
spheres and of pairs (D", S"1). We have EO,(S™) ~ E(x)[—n — 1]. We get from the long
exact sequence that FO.(D™, 8" 1) =2 EQ.(S" 1)[—1] ~ E(x)[-n — 1].

Assume that f: S™ — S™ is a map. Then HXO.(f) is multiplication by the degree of f.
To see this for n > 0 it suffices to consider the map standard example

S" - \n/ s = gn
1=1

of a degree n-map which induces

EO.(S") ¥ @ EO.(S") 5 EO(S™) .
i=1

We now consider the case of £ = HX. If X is a finite CW-complex, then we get the
cellular complex

— HXOC’g(XQ,Xl) — HXOQQ(X“X()) — HXOc,l(XO) — 7

(with Z in degree 0) calculating HX O, n(Xn, Xn-1) = D, x) Z, where Z,(X) is the set
of n-cells of X. Note that this chain group lives in degree n + 1. This allows to calculate
HXO.(X) for finite CW-complexes. We get

HXO.,(X) =< ker(Ho(X)—=Z) n=1 |,

1.e.

where H denotes the reduced homology. O]

Remark 7.11. Let ((X;, x;));es be an infinite family of pointed compact Hausdorff spaces.
Then we can define the strong wegde \/igf X; as a subspace of [[,.; X; of tuples with at
most one non-base points. It is an interesting question whether, possibly under additional
assumptions on F, e.g. strong additivity, we have

str

EO.(\/ Xi) = [[ EO.(X,) .

el i€l

[]

Let X be in Top, g Let (Xi)ien be a decreasing family of closed subspaces of X. We

consider the set-theoretic intersection [1),.; X; in X with the subspace topology.
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Lemma 7.12. We have an exact sequence

1
0— 1i§1HX(’)C(XZ-)[1] — HXO.([ | X;) — 1.i1{InHXOC(Xi) —0.
1€ S
ieN

Proof. We note that the underlying set of O.([,cy Xs) is the intersection of the subsets
Nics Oc(X;) in O.(X). The inclusion into O.(X) induces a bornological coarse structure
on (,c; O ( ;). We must check that this structure coincides with the intrinsic structure

of Oc(V;en Xi). But this follows from Lemma [7.6]since [,y X is a closed subspace of X.

The short exact sequence now follows from (/5.2)). m

Remark 7.13. Using the argument of [?, Sec.6.6. Thm. 8] one can show that a morphism
between homotopy invariant excisive d-functors satisfying the conclusion of Lemma is
an isomorphism. The idea is that any pair (X, A) of compact spaces can be written as
the intersection of a decreasing family of compact pairs which have the homotopy type of
finite polyhedral pairs.

Lemma 7.14. HX O, satisfies the cluster aziom.

Proof. (for countable families) Let (X;, z;);en be a family in Top,,.. For every n in N we

have by Mayer-Vietoris for the decomposition of \/leN X; into /7y X; and \/3% 41 X with

intersection \/7_, X; N \/ft;nJrl =% and HXO,.(x) = 0 and Proposition that
str str n
HXO,(\/ X)) = HXO(\/ X)) & P HXOL(X,) .
i>0 i>n+1 i=0

Applying lim,cy we get

str str
HXOC(\/ X;) = 1im HXYO( \V x)e H HXO.(X,) .
>0 i>n+1 €N

By Lemma [7.12] we have exact sequence

1 str str str
0—1imHXO.( \/ Xi)[1] = HXO((|\/ X)) = 1imnHXO( \/ Xi) —=0.
nel i>n+1 neNi>n nel i>n+1
Using that (1, oy \/f;rn & % we conlcude that lim,ey HXO (\/j;nJrl X;) =0.

For uncountable families the argument is similar. In the last step one uses the lim-spectral
sequence instead. O

Example 7.15. We consider the standard Cantor set defined by

C::mXZ-,

1€N
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where the subspaces X; of [0, 1] are defined inductively by Xy := [0, 1] and
for + > 1. The subset X; consists of 2¢ disjoint intervals and is therefore homotopy
equivalent to a set of 2¢ points. We have

2t—1

HXO.(X;) 2ker(d Pz 7)[-1] .

The connecting map is
HXOC<Xi+1) — HXOC(XZ)

is given by

- .
(”z‘)?:o Y (g + mai) 7

One can calculate that

HX(0.(C)) 2 1inHXO.(X;) = | [ Z .

ieN
To this end use the coordinate change

20 201 2t—-1

2i
@Zi@z, (ng,...,Zi—l)H(Zni,Zni,...,...,an-_l).
i=0 0

= =0 i=1

Under this identification H X' O.(X;) is the subgroup characterized by the equation ng = 0,
and the transition maps HXO.(X;;1) - HXO.(X;) are given by

(0,n1,...,n9ir1_1) > (0,12, 04, ..., Ngi _5) .
There is no lim'-contribution since HX O.1(X;) = 0 for all 7. O

Example 7.16. Let G be the Sierpinski gasket. It is defined as G := (;2, X; where X
is the subset of [0, 1] x [0, 1] inductively defined by Xy := {to +¢; < 1} and

Xip1:=1/2XoU((1/2,0) + 1/2X,) U ((0,1/2) + 1/2X,) .
One can calculate using Mayer-Vietoris of the CW-structure and Example that
HXO(X) 2 (2T ® - & Z%)[-2] .

The connecting map

HXOC(XH_l) — HXOC(XZ)
is the obvious projection
ZoZ® -7 -2 > (ZdZ® - - & Z¥)[-2] .

It is surjective. The Mittag-Leffler condition is satisfied and excludes 1im!'-terms. We
conclude that

HXO,(G) =[] zl-2 .

65



Example 7.17. We consider the Hawaian earring space R. It is defined as the compact

subset .
R:=Ji(0,27) +27'5"]
i=0
of R2.
We let

X, :=RUI[0,27")+27"D? ,
i.e., we fill the n + 1th circle by a disc. Then we have an equality
R=(]X,.
neN

Using Mayer-Vietors we calculate that have
HXO.(X,)=7"[-2].

The connecting map HXO.(X,+1) - HXO.(X,) is given by the projection onto the
first n-components Z"[—2] — Z"[—2]. Tt is surjective. The Mittag-Leffler condition is
satisfied and excludes 1im!-terms. We conclude that

HXO.(R) =[] z[-2] .

Example 7.18. Let Z be the mapping cylinder of the map f : D? — D? given by
2+ 1/22%. We have Z = [0,1] x D* Uy D?. We call {0} x D? the base and the second
copy of D? the top. We form the infinite telescope by glueing the top of the i + 1th copy
of Z with the base of the ith copy. We let X be the one-point compactification of this
telescope. This telescope is contractible. The subset [0, 1] x S*U; D?\ int(1/2D?) is called
the boundary of Z. For n in N we let X,, be the subspace of X obtained by replacing
the first n-copies of Z by their boundaries. Let A := [,y X,. We are interested in
calculating HXO.(A).

Note that X,, is homotopy equivalent to the mapping cylinder of the map S' — D? given
by z ++ 22",

We calculate using the Mayer-Vietoris sequence
HXO.(X,) = (Z/2"7)-2] .

The inclusion HXO.(X,+1) — HXO(X,) induces the projection (Z/2"*Z)[-2] —
(Z/2"2)[=2].

We have .
Lin(2/2'2)[~2] £ Z[-2],  Lin(Z/2'Z)[-2) 20,
where Z, denotes the p-adic integers. Consquently we get

Ly =2

0 else

HXO,(A) = {

66



8 Controlled objects in additive categories

We start with the notion of an additive category. The typical example is the category of
abelian groups Ab. The main goal of the present section the construction of a functor

A(—) : BornCoarse — Add

which associates to a bornological coarse space X the additive category of X-controlled
objects in an additive category A. We then study the basic properties of this functor.

Let A be a category. It is called pointed if it has a zero-object, i.e. an object 0 which is
both final and initial.

We assume that A is pointed and admits finite coproducts and products. Then for every
two objects A, A’ we have a canonical map

AUA - Ax A
given by a — (a,0) and o’ — (0,d’).
Let A be a category.

Definition 8.1. A is called semiadditive if it is pointed, admits finite coproducts and
products, and if the canonical map AL A" — A x A" is an isomorphism for all objects
A A in A.

In a semiadditive category we call the coproduct, or equivalently the product, of objects
the sum.

Given two maps f, f': A — A’ we can define their sum as the composition
Frf A A A g™y

One can check that this defines the structure of commutative monoids on the sets
Homp (A, A’) such that the composition is bilinear.

Definition 8.2. A functor between semiaddive categores is called additive if it preserves
finite coproducts.

An additive functor then preserves zero objects (empty coproducts) and induces homo-
morphisms between the morphism sets (is enriched in abelian monoids).

Let A be semiadditive.

Definition 8.3. A is called additive if Homp (A, A’) is a group for all A, A" in A.
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We get the category Add of additive categories and additive functors.

Example 8.4. If A is an additive category and A is a full subcategory which is closed
under isomorphisms and forming finite sums, then A is also additive. m

Example 8.5. The typical example of an additive category is the category Mod(R) of left
R-modules for a ring R. The category of abelian groups Ab = Mod(Z) is a special case.

For modules A, A’ the direct sum A @& A" with the canonical inclusions represents the
coproduct, and the same object A @& A’ with the canonical projections represents the
product. The canonical map turns out to be the identity, and the monoid structure on the
morphism sets is the usual sum of morphisms.

Subexamples are the categories Mod™®(R) and Mod™®P™(R) of finitely generated projective
modules. O

Let A be an additive category and A be an object of A.

Definition 8.6.
1. An idempotent on A is an element p in End(A) such that p* = p.

2. It is called split of we have an isomorphism A = A’ & A" under which p corresponds
to idA/ @ 0.

In Point [2] the object A’ is unique up to isomorphism. The datum of A’ (or better
A" — A — A’) is called an image of p. It is unique up to (unique) isomorphism.

We let Idem(A) denote the set of idempotents on an object A. We say that A is idempotent
complete if every idempotent in A is split.

Example 8.7. Let R be a ring. Then the additive categories Mod(R) and Mod™®*™! are
idempotent complete. O

Let A be an additive functor. Then the sum can be conidered as a functor ® : A x A — A.
Let S, T : A — A’ be two functors between additive categories, then we can define their
sum by

ST AFAxAZD A A B A

Let A be an additive category.

Definition 8.8. A is called flasque, if it admits an additive endofunctor S : A — A such
that there exists an equivalence S @ id ~ S.
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Example 8.9. The category Mod(R) is flasque. We define the functor S : Mod(R) —
Mod(R) such that S(A) := Py A.

In general, the category Mod™®P™ is not flasque. If we have non-trivial a rank function
rk : Mod®”* — N
which is additive under sums, then the equivalence S @ id ~ S would imply
rk(S(A)) + rk(A) = rk(S(A))

and hence rk(A) = 0 for all objects A. This is a contradiction. O

We fix an idempotent complete category A which admits all sums together with a full
additive subcategory A. The typical example is

~

A =Mod(R), A = Mod®r

Let X be a set.
Definition 8.10.

1. An X -controlled object in A is a pair (M, i), where
a) M is an object of A.

b) p is a finitely additive projection-valued measure on X, i.e. a map pn: Px —
Idem(M) such that

i. For all subsets Y, Z in Px with Y C Z we have u(Y) + pu(Z\Y) = pu(2).

2. A morphism a : (M, p) — (M’ i) is simply a morphism a : M — M’ in A.

We obtain the category A(X ) of X-controlled objects in A. Tt is again additive. The sum
of two objects is represented by

Myp)o M p)y=MeM peu),

and the sum of morphisms a,da’ : (M,pu) — (M’, 1) is given by the morphism a + a’ :
M — M.

Let X — X’ be a map of sets. Then we define functor

fo i A(X) = A(X)
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by fo(M,p) == (M, fiu), where (fup)(Y') := p(f~1(Y”)) for all Y’ in Px,. On morphisms

we set fi(a) := a. This functor is obviously additive. If g : X’ — X" is a second functor,

then we have an equality (g o f). = g, o f. of functors A(X) — A(X").

We get a functor R
A(—):Set - Add
which associates to a set X the additive category of X-controlled objects in A.
Recall that we have fixed the additive subcategory A which we assume to be closed under

isomorphisms. Note that A is assumed to be idempotent complete. We now assume that
X is in Born. Let (M, i) be in A(X). We define the support of (M, i) by

supp(M, p) == {z € X | p({z}) # 0} .
We will write M, or M(Y) for the choice of an image of the idempotents pu({z}) or u(Y).
Definition 8.11. An object (M, ) is called locally finite if:

1. For every x in X we have M, € A.
2. supp(M, p) is locally finite.

3. For every subset Y of X the canonical map @,y

Let f: X — X' be a morphism in Born. Then f. preserves locally finite objects. Indeed
let (M, u) be locally finite in A(X).

1. If B' is bounded in X', then (f.u)(B') = p(f _1(B)) implies Im((f.p)(B')) =
Im(u(f~*(B’))). Since f is proper the set f~'(B’) is bounded in X. Hence
Im(u(f~1(B’))) € A, and therefore also Im(( f.uz)(B")).

2. If Y’ is a subset of X', then

D it D) = @ (@)= P D)= P (e}

ey’

x'ey’ zef~1({z'}) '€y zef~1(Y")

The sum of locally finite objects in A(X ) is again locally finite. Consequently, the
full subcategory Ay (X) of A(X) of locally finite objects is again additive. We get a
subfunctor

Ay(—) : Born — Add .

We now assume that X is in BornCoarse. If U is an entourage of X and Y, Y’ are subsets,
then we say that Y is U-separated from Y if Y NU[Y] = 0.

Let (M, 1) and (M, /) be in Ay(X) and a : (M, p) = (M’, ;') be a morphism.
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Definition 8.12. a is controlled if there exists a coarse entourage U of X such that
w(Yap(Y) =0 for all subsets Y'Y such that Y’ is U-separated from'Y .

If we want to stress the choice of U, then say that a is U-controlled.
Lemma 8.13. The composition and the sum of controlled morphisms is again controlled.

Proof. 1t a,a’ : (M, u) — (M’ ') are U, respectively U’-controlled, then a + a' is U U U'-
controlled.

If a:(M,p) — (M', ) is U-controlled and o’ : (M’, p') — (M", 1) is U'-controlled, then
a' o a is U’ o U-controlled. O

Let f: X — X'’ be a morphism between bornological coarse spaces. Let a : (M, u) —
(M', i) be controlled.

Lemma 8.14. f.(a) : fu(M,p) — fo(M', 1) is controlled.

Proof. If a is U-contrrolled, then f, is f(U)-controlled. Indeed, if Y’ is f(U)-separated
from Y, then f~1(Y”) is U-separated from f=(Y). O

We let A(X) denote the wide subcategory of Ay(X) of controlled morphisms. This
category Is again additive. To this end we observe that the structure maps of sums in
A (X) are diag(X)-controlled.

We have thus defined a functor
A(-) : BornCoarse — Add

which sends X to the additive category of locally small X-controlled objects in A and
controlled morphisms.

In the following we study the basic properties of the functor A(—).

Lemma 8.15. The functor A(—) is u-continuous.

Proof. Let X be in BornCoarse. We note that A(Xy) is a wide subcategory of A(X)
consisting of morphisms which are controlled by entourages in Cx,,. We can calculate
colimyec, A(Xy) as the union of the subcategories A(Xy) inside A(X). Since ev-

ery morphism in A(X) is controlled by some entourage we actually have an equality
colimUecX A(XU) = A(X) ]

Lemma 8.16. The functor A sends close maps to equivalent functors.
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Proof. Let f,g: X — Y be morphisms such that g ~y f for some coarse entourage V' of
Y. We define a natural transformation u : f. — g, by the family u = (wru)) (v p)eax)
with up @ fu(M,p) — go(M, ) given by idy : M — M for all (M, u) in A(X). We
must show that uy; @ fu(M, pu) = g.(M, ) is a morphism in A(Y). We claim that it is
V-controlled. Assume that Y’ is V-separated from Y. Then

(9r) (Y Yungpns (fop) (V) = g™ (Y)u(f (V) = (g™ (V) N 1Y) =0

since g7 1(Y') N f7Y(Y) = 0. Ideed, if there exists a point z in this intersection, then
g(z) e Y'NV[Y]. But Y NV[Y] =0 by assumption. O

Lemma 8.17. If X is flasque, then A(X) is flasque.

Proof. Assume that f: X — X implements flasqueness. We define S : A(X) — A(X) by

S(M, 1) = (P M, ®ren fupt)

neN

and

S(a) = @nENf*<a> = @neNa .
We must show that S(M) € Alf(X ). Let B be a bounded subset of B. Then there exists
no in N such that f*)~!'(B) = ) for all n in N with n > ny. Hence for n > ng we have

(fru)(B) = 0.

If B = {z}, then we conclude that S(M,u), = @', M, € A. Furthermore, if a is
U-controlled, then S(a) is |J, oy f"(U)-controlled.

Finally we have an isomorphism of functors f, o S @ id ~ S. Since f is close to idx we
have f, ~ ida(x) by Lemma [8.16, Consequently S @ id ~ S. m

Let C — D be the inclusion of a full additive subcategory. Then we can define the quotient
category D/C as follows. We first define an equivalence relation on the morphism sets
Homp (D, D) of D by declearing f ~ f’ provided there exists a factorization

S A
C
for some object C' of C. It is clear that this relation is compatible with the composition.

We can therefore define the quotient category D/C with the same objects as D, and with
the morphism sets

D

Homp,c(D, D) := Homp(D, D")/ ~ .
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The equivalence relation is compatible with the group structure on the morphism sets.
Indeed assume that f ~ f" and g ~ ¢. Then we must show that f + g ~ f'+ ¢. By
assumption we have factorizations

Then get the factorization
f+9-f'—9'

o

Ced

This implies that the enrichment of D in abelian groups descends to D/C. The existence
of finite sums in D/C is inherited from D.

If the bold

C——C

L

D——D

|

D/C ............ >D//C/

diagram of additive functors is given, then we get the extension indicated by the dotted
arrow in the natural way.

Let X be in BornCoarse and let ) be a big family on X. Then we define
- i .
A(Y) € colimA(Y)

This colimit can be realized as the full subcategory of A(X) of objects which are supported
on some member of ). We can therefore form A(X)/A()). We actually have a functor

BCP" — Add, (X,Y)+— A(X)/A(Y).

Lemma 8.18. The functor A is excisive in the sense that for every X in BornCoarse
and complementary pair (Z,)) the canonical functor

i A(Z)JA(ZNY) = A(X)/A(Y)

s an equivalence.

Proof. We define an inverse equivalence p : A(X)/A(Y) — A(Z)/A(ZNY) as follows. For
every object (M, u) in A(X)/A(Y) we choose p(M, i) := ( ( ) pz)in A(Z)/A(ZNY).
For every morphism [a] : (M, ) — (M', 1’) we set p([a]) :
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One must check that (M (Z), uz) is locally finite. Furthermore, one must check that ay is
controlled.

Furthermore this construction is compatible with the composition because of the rule
(@ 0a)7 — ay o ay = W' Z)a"W (X \ Z)ap(Z) .
If @’ is U-controlled, then
p(2)ad W (X \ Z)ap(Z) = p"(Z N U[X\ Z])a' i/ (X \ Z)ap(Z) -
Consequently the composition has a factorization over the object
(M(ZnU[X\ Z]), NZﬁU[X\Z])
which belongs to A(ZNY). By construction poi = id. On the other hand 7 op = id since
a—az=a—wZ)a(Z) = (X \ Z)ap(Z) + p'(Z)ap(X \ Z) .
Both summands have obvious factorizations over objects of A()). Hence [a] = i(p([a])). O

Definition 8.19. The inclusion C — D is called a Karoubi filtration if for every diagram
C — D — C"inD with C,C" in C there exists an extension to a diagram

C D C’

Lo ]

o incl c"e D pr ol
for some C" in C.

Lemma 8.20. The inclusion A(Y) — A(X) is a Karoubi filtration.

Proof. We consider a diagram
(M, 1) 5 (N,v) & (M, )
in A(X) where (M, p) and (M’, ') belong to A(Y).

Then Y := supp(M, i) belongs to ). We assume that a is U-controlled and b is V-
controlled. We define Z := (V- U U)[Y]. Then we consider the decomposition
(N,v) = (N(Z),vz) © (N(X\ Z),vx\2) -

Welet i : N(Z) = Nand p: N — N(Z), ¢ : N = N(X \ Z) be the inclusion and
projections. Since ) is big we have Z € ). We consider the diagram

(M, ) - (N,v) : (M’ 1)

| poa = !

(N(2),vz) 2% (N(Z),v) ® (N(X \ Z) 2 (N(Z), vz)
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with © = poa and v := bo+. In order to show that it commutes we must check that
(p®q)oa= (ud0)and b = v op. The first equality is equivalent to g o a = 0 and the
second equality is equvalent to bo j = 0. By construction X \ Z is U-separated from Y.
Since a is U-controlled we get g o a = 0. Furthermore Y is V-separated from X \ Z, and
this implies that bo j = 0. O

Let (Y, Z) be a coarsely disjoint partition of X in BornCoarse.
Then we have functors i, : A(Y) — A(X) and j. : A(Z) — A(X) induced by the
inclusions 7 : Y — X and 5 : Z — X and can define

idj:AY)xA(Z) - AX) .

This is an isomorphism. Indeed we can define an inverse functor A(X) — A(Y) x A(Z)
by
(M, p) = (MY ), py), M(Z),p2) , aw (a|M(Y)7a\M(Z)) .
The point here is that the mixed terms p/(Z)au(Y) = 0 and ¢/ (Y)au(Z) = 0 vanish for
all morphisms a : (M, u) — (M', 1/) in A(X).
Let (X;)ier be a family in BornCoarse and form the free union X := Ufrecf X;. Then we
have projections A(X) — A(X;) for all ¢ in I.
Lemma 8.21. The induced map
AX) = JJAK) . (M p) = (M(X5), pix,ier
iel

15 an equivalence of categories.

Proof. The inverse functor sends ((M;, p1;)icr to (,;c; Mi, @, 1) and (a;)ier to B;¢; ai-
It is straightforward to check that this functor is well-defined and an inverse equivalence. [

9 Coarse algebraic K-homology

We fix a pair A of an idempotent complete additive category and an additive subcategory
A.

Example 9.1. The typical example is A = Mod(R) and A = Mod™®*™ for some ring R.
]

In the present section we construct the (linear ) coarse algebraic K-homology theory with
coefficients in A, a delta functor (KAX, ) with

KAX : BCPar 5 AbZer
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It will be obtained from A(—) : BornCoarse — Add by post-composeing with an
algebraic K-theory functor.

We let AddP** denote the category of pairs C — D of full inclusions of subcategories
which are Karoubi filtrations.
Definition 9.2. An algebraic K-theory functor is a pair (K,d) of a functor

K : Add — Ab™®

together with a map
d: K(D/C) — K(C)[—1]

for every Karoubi filtration C — D such that

1. the sequence
K(C) = K(D) = K(D/C) % K(C)[-1]
is natural in (C — D) in Add*™" and ezact for every Karoubi filtration C — D.

2. K sends isomorphic functors to equal maps.
3. K preserves filtered colimits.

4. K 1s additive on morphisms.

We will use the following results as a black-box.

Theorem 9.3 (M. Schlichting). There ezists a K-theory functor with the property that
Ko(A) is the Grothendieck group of the monoid of isomorphism classes of objects of A
provided A is idempotent complete.

Lemma 9.4. An algebraic K-theory functor annihilates flasque additive categories.

Proof. Assume that C is a flasque additive category. Let S : C — C implement flasqueness,
ie. S@® ide = S. Then using the additivity of the K-theory functor on functors and its
invariance under isomorphisms of functors we get

K(S)+ K(id¢g) = K(S & id¢) = K(S5) .
This implies K (idc) = 0 and hence K(C) = 0. O
Example 9.5. The last condition implies non-triviality. For example Ky(Mod(k)®) = 7Z
for any field k.
For a ring R we have _
K;(Mod™®P(R)) = K;(R)

for all i > 0 where K;(R) := m;(Ko(R) x BGL(R)") is Quillen’s K-theory for rings. If R
is regular, then K;(Mod®P™I(R)) 2 0 provided i < 0. O
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Theorem 9.6 (G. Carlsson). The K-theory functor in addition preserves products.

Definition 9.7. We define the coarse algebraic K-homology (KAX,9) by
KAX :BCP" — Ab”™ | KAX(X,Y):= K(A(X)/A(Y))

and

0 K(A(X)/A(Y)) = K(A(V))[-1]
(induced by the Karoubi filtration A(Y) — A(X)).

Theorem 9.8. (KAX,J) is a strongly additive coarse homology theory.

Proof. For every complementary pair (X,)) we have functially the Karoubi filtration
A(Y) € A(X) and hence the functorial exact sequence

KAX(Y) > KAX(X) > KAX(X,Y) > KAX(Y)[-1] .

In view of Lemma [8.16 and since K sends isomorphic functors to equal maps the functor
KAX is coarsely invariant. In view of Lemma and since K preserves filtered colimit
the functor KAX is u-continuous. If X is flasque, then by Lemma A(X) is flasque,
and hence KAX(X) =0 by Lemma[9.4] O

Proposition 9.9. KAX is strongly additive.

Proof. This follows from Theorem [9.6] and [8.21] O

Example 9.10. One can use coarse geometry in order to give a geometric model for
the negative K-groups of an additive category. Note that A(x) ~ A and therefore
KAX(x) =2 K(A). We have

KAXL(Z") 2 KAX) (%) 2 Ky _n(A) .

In particular

K_.(A) = KAX(Z") .

Thus K_,(A) is the Grothendieck group of isomorphism class of objects in the additive
category A(Z").

10 The equivariant case

Let G be a group. Then we can consider the category Fun(BG, BornCoarse) of bornolog-
ical coarse spaces with an action of G by automorphisms.
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Example 10.1.
We consider G = Z. It acts on R by (n,z) — x + n (shift).
It can also act by (n,z) — 2"z (scaling).

Both actions are fundamentally different O

Definition 10.2. A G-bornological coarse space is a bornological coarse space X with an
action by automorphisms such that for every entourage U of X also Ug€G<g x g)(U) € Cx.

Equivalently one can require that the set of G-invariant entourages C§ is cofinal in the set
of all entourages Cx.

Example 10.3.
R with the shift action is a GG-bornological coarse space.

R with the scaling action is not.

Example 10.4. If G acts on a metric space (X, d) by quasi-isometries, then it acts on
the underlying G-bornological coarse space X,. Recall that this means that for every g
there are constants C, C’ such that

Cld(gz,gzr') — C' < d(x,2') < Cd(gx, ga') + C’
for all z, 2’ in X.

But X, is a G-bornological coarse space if one can choose the constants independently of
g in G. This is the case in particular if G acts by isometries.

Example 10.5. The group G gives rise to the G-coarse space Gq,. The coarse structure
is generated by the subsets G{(g,e)} for all g in G. Note that 75°*(Gan,min) = *.

The coarse structure on Zgn min is the metric coarse coarse structure of Z.

If G is finitely generated, then G, is the coarse structure associated to any choice of
word metricl

Since thickenings of points are finite it is compatible with the miminal bornology.

The coarse structure on R" is much smaller than the metric coarse structure. But R
(with the translation action) is also a R-bornological coarse spaces,

Definition 10.6. We let GBornCoarse be the full subcategory of Fun(BG, BornCoarse)
of G-bornological coarse spaces and equivariant morphisms.
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Example 10.7. We have a functor

GSet — GBornCoarse , S +— Spinmaz -

The definition of an equivariant coarse homology theory we must adopt the following
modifications of definitions from the non-equivariant case.

1. flasqueness: The morphism implementing flasqueness must be equivariant.

2. u-continuity: We must replace Cx by C§ as the index category of the index colimit.
The equivariant condition is colimeg E(Xy) — E(X) is an isomorphism. Indeed, if

U is in C§, then Xy € GBornCoarse.
3. equivariant big family: We consider families of G-invariant subsets.

4. Excision: We consider excisive pairs (Z,)) of invariant subsets and equivariant big
families.

In the definition of coarse cylinders it is natural to require the components pf p = (p,,p_)
to be G-invariant.

We now modify the construction of HX in order to define the equivariant coarse homology
(HX%,5). To this end we replace the complex CX(X) by the subcomplex CX%(X)
of G-invariant chains. Recall that ¢ in CX,(X) is a function ¢ : X" — Z which is
controlled and locally finite. It belongs to the subgroup CX%(X) of CX,(X) if and only
if c(gxo, ..., g91,) = c(zo, ..., gx,) for all g in G and (zo,...,z,) in X" . We get a chain
complex

(CXY(X,0) .

By repeating the construction of HX with this replcaement we get the equivariant coarse
homology theory (HXY,§). The verification of the axioms is by the same arguments.

Theorem 10.8. (HXY 6) is an equivariant coarse homology theory.

Example 10.9. We have a canonical isomorphism
HX (G inmin @ X) = HX (Res“X) .
The follows from the explicit isomorphism
CXY (G rminmin ® X) = CX(X)

given by
CXnG(szn,mzn X X) S>CcH (C((la l’o), te (171771)) € CXTL(X>

The inverse is given by

¢ ((g0,20)s -y (Gnyn)) = c(zo, ..., xy) -
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]

There are situations where one starts with an equivariant coarse homology theory E¢.
One can define an associated non-equivariant one by E(X) := E%(Ginmin @ X). n

Remark 10.10. The following is a reminder on group homology. It starts with the
observation that abelian groups with a G-action are the same as left Z[G]-modules.
Expressed in categorical terms, we have an equivalence

Fun(BG, Ab) ~ Mod'(Z[G]) .

The classical home for group homology is the derived category D(Mod(Z[G])) of the
abelian category Mod(Z[G]). If M is in Mod"(Z[G]), then we can define the functor

— ®zi6 M : Mod'(Z|G]) = Ab, N N &gz M .

This functor is right-exact and preserves projectives and is therefore left derivable. The
derived version of this functor is usually denoted by

M &% — : D(Mod(Z[G])) — D(Ab) .

We consider Z as an object of Mod'(Z[G]). By definition, the group homology of G with
coefficients in M is defined by

H.(G,M) := H. (M &5 Z) .

We let G* be the simplicial G-set induced by the G-map G — *. The G-set ofn-simplices
of G* is the G-set G"™'. We get a simplicial G-module Z[G*] and let (C,(G),d) be the
associated chain complex. Since G"™! is a free G-set the Z|G]-module C,(G) is free.
Indeed, if X is a free G-set, then fixing a base point in each orbit we get an equivariant
bijection X = [ ]; v G. Hence Z[X] = Pg\ x Z[G]. The map G — * induces a map
Co(G) — Z. One can check that the induced map C(G) — Z[0] is a quasi-isomorphism.
Hence it is a free resolution of Z. Consequently, we can calculate group homology using
the so called standard complex

If H is a subgroup of G, then the inclusion H — G induces a homomorphism Z[H] — Z[G].
We consider the induction functor

Ind% : Mod"(Z[H]) — Mod"(Z[G]) , N+ N @z Z[G) .

Here we consider Z[G] as a left-module over Z[H] using the left multiplication and as
a right Z[G]-module. Note that G is a free H-set and therefore Z[G] is free as a right
Z|H)-module. Hence Ind$ is exact and descends to the derived category.

We have the following induction isomorphism. Let M be in Mod"(Z[H])
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Lemma 10.11. We have a canonical isomorphism

H,(H,M) = H,(G,Ind%(M)) .

Proof. We can consider the complex C(H) as a free resolution of Z in Mod'(Z[H]) since
G"*is a free H-set for every n. Then

H,(H, M) = H(M @11 C(G)) = H.(M ©5m) ZIG]) @iy C(G)) = H,(G, Tnd§j(M)) .
O

]

Proposition 10.12. We have natural (in S) isomorphism
HXE(Smin,mam ® Gcan,min) = H*(Ga Z[S]) .
In particular, for a subgroup K of G we have

HXC(G/EK) minmaz @ Geanmin) = Ho (K, Z) .

Proof. We claim that there is a natural isomorphism between C'X G(G’can,mm ® Spminmaz)
and the standard complex C(G,Z[S]). We first note that S is a right G-set by the action
(g,8) := g~ 's. To do so, we identify

ZIG" =2 Z[GM x 5]
where G"*! x S carries the diagonal G-action. Then we define the homomorphism
Ot Cu(G, Z[S)) = Z[S] ®zic) ZIG™] = CX(G canymin @ Sminmaz) (10.1)
as the linear extension of

(5] @ [90 g1+ 9u] = > _((990,95), - -, (99n, 95)) - (10.2)
geG

Note that all summands are different points on (G x S)"*! so that the infinite sum

makes sense, and it is G-invariant by construction. Furthermore this map sends [h7!s] ®
(90,91, -, 0] and [s] ® [hgo, hg1, . .., hg,] to the same element. Hence it factorizes over
Xz(a]-

Every ((ggo0,95),--.,(99n,9s)) is controlled by the entourage G{(gi,g;) | 0 < 7,5 <
n} x diagg of the G-bornological coarse space Geanmin @ Sminmaz- 10 show that this
chain is also locally finite, it suffices to check that there are only finitely many points in
the support of the chain (10.2)) which meet bounded sets of the form B x S, where B
is some finite subset of G. This is clear since G acts freely on G™"*!. This finishes the

argument for the assertion that (10.1]) is well-defined.
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It is straightforward to check that the collection {¢,}, is a chain map. The boundary is
defined by the same formula on both sides.

We now argue that the map ((10.1)) is an isomorphism. To this end we define an inverse
77Z}: CXn<Gcan,min ® Smin,maac) — Z[S] ®Z[G] Z[Gn+1] = On(G; Z[SD .

Let

c= E NG T

ze(GxS)ntl

be an invariant, controlled and locally finite n-chain on Geunmin @ Sminmaz- We then
define

U(e) = Y e8] © [Lgr gl

(g1y-+,9n,8)EG™ X S

Assume that ¢ is U-controlled. Then only summands with {g1, ..., g,} C U[{1}] contribute
to the sum. Since U[{1}] is bounded and c is locally finite we see that the number of
non-trivial summands is finite. This implies that 1(c) is well-defined.

It is straightforward to check that ¢ and v are inverse to each other: To see that 1o¢ = id,
use that

[S] & [907917 s 7gn] = [g()_ls] ® (1790_1917 s 790_1971)

in ®zjg. The equality ¢ ot = id follows from the G-invariance of a chain ¢ =
re(Gxg)yn+1 Na together with the observation that n((g,s),...,(g,s.)) = 0 unless so =

-----

.-+ = 8,. The latter fact is due to S carrying the minimal coarse structure.
One easily checks that ¢ is natural for maps between G-sets.

The second assertion follows from the induction isomorphism Lemma [10.11} To this end
we note that Z|G/K] = Ind%(Z). O

Remark 10.13. It turns out that in applications often the evaluation of the coarse
homology theory at the objects of the form X ® G q min is the most relevant one. O

For the following assume that G is finite.

For the following example we will use a better cone functor
O : Top, jausa — BornCoarse .

The underlying set of O>*(X) is R x X. An entourage U is controlled if it is continuously
controlled for R x X — (—o00, 00| x X and U is contained in Uy x (X x X) for some coarse
entourage Uy of R.

Lemma 10.14. O*(X) is a G-bornological coarse space
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Proof. Tt is clear that O*(X) € Fun(BG,BornCoarse). Since G is finite we have
GBornCoarse = Fun(BG, BornCoarse). O

Remark 10.15. For infinite groups G we need another definition of cones using uniform
structures. We will discuss this later.

One then shows for an equivariant coarse homology theory E : GBornCoarse — M (by
the same proofs as non-equivariant and for O):

1. EO¥(—) is homotopy invariant

2. EOX(—) is satisfies closed excision

Lemma 10.16. EOX(Zyise) = E(Zpmin.min)|—1] for finite G-set Z.

Proof. By the long exact sequence for (O%(Zyisc), ((—00,n] X Z)nen) and flasqueness of
the members of the family we get an isomorphism

EO(?O<Zdisc) = E(Ogo<Zdisc)a ((-OO,TZ] X Z)nGN) .
We now use u-continuity and get

E(OX(Zgise), ((—00,n] X Z)pen)) = co%im E(R x Z)y, ((—o0,n] X Z)pen) -

For every sufficiently large U we have Uy x diag(Z) C U. Then the decomposition
((—oo,m] x Z,[m,00) x Z) is coarsely excisive. We further can fix m in N so large
Ulm,oo)xz © Ug x diag(Z) since U is contiuously controlled and Z is finite. We use
excision and get

E(OX(Zaise), ((=00,n] X Z)nen) = E(([m, 00) X Z)u, ([m,m + n] X Z)nen) -

Now ([m,00) x Z)y = [0,00) @ Zminmin- Do the same steps backwards with the coarse
structure of R ® Z,,i5 min We get

E(([m,00) X Z)u, ([m,m +n] X Z)pen) = E(R X Zninmin) =~ 2E(Zminmin) -

Example 10.17. A G-CW-complex a topological G-space X with a filtration
@:X_l QXOQXng
such that

1. X =2 colim,eny X,

83



2. For every n in N there is a push-out

o X gn-t — X,

| ]

Lp X D" — X,

where Z,, is some G-set.

Since Z, is a union of G-orbits we can build X iteratively by attaching G-cells of the form

G/K x D™ for subgroups K of G.
If X is a finite G-C'W-complex, then X belongs to GTop, yusq-

We want to calculate HXS(O>(X)). This goes by induction on cells.

Assume that X is obtained from Y by attaching the cell G/K x D™. Then we have a

push-out
G/K x S"™1 ——Y .

|

G/K xD"—— X

This gives a Mayer-Vietoris sequence

HXG(OZO(G/K X Sn71> & Gcan,min)
— HXY(OZ(G/K x D™) ® G eanmin) ©® HXC(OZ(Y) @ G eanmin)
— HXC(OX(X) ® Geanmin) — HXC(OF(G/K x S™™) @ Geanmin)[—1]

The usual calculations for spheres show

HXC(OX(G/K x ") @ Geanmin) = H(K,Z)[~1] ® H(K,Z)[—n]

and

HXY(OX(G/K x D™) @ G eanmin) = H(K, Z)[-1] .

The Mayer-Vietoris sequence therefore gives

H(K,Z)[-n] = HXY(O>X(Y)RG canmin) — HX(OX(X)RGC canmin) — H(K,Z)[-n—1] .
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Example 10.18. We consider the group C5 and S™ with the action by the antipodal map.
We obtain S™ from S™~! (equator) by attaching a cell Cy x D™ (pair of upper and lower
hemisphere). We get

Z[-n] — HX(OX(S"™) @ Chcanmin) — HXZ(OX(S™) @ Cocanmin) — Z[—n — 1]

One must calculate boundary operators. Or by general groups, since Cy acts freely,

Example:

HXP(02(S)) | HX(02(SY) | Z[5]
) 0 0 7
4 7 Cs 0
3 0 0 0
2 Cg C’2 0
1 7 7 0
0 0 0 0

HX(0X(S™) =2 HX(OX(RP")) = H(RP"; Z)[—1]

The only non-trivial map is multiplication by 2

HXC(O(5Y) | HXC(02(S%) | 206
6 0 Z Z
) 0 0 0
4 Cy Cy 0
3 0 0 0
2 Cy Cy 0
1 Z Z 0
0 0 0 0
[
Example 10.19. We consider X with trivial action. If H,(X;Z) is free, then
HXC(OX(X)) = Hi(X;Z) ® H(G,Z)[-1]
Otherwise we have a Kiinneth formula with Tor-terms. O

Remark 10.20. The following is good to know. If one works with the oo-category
D>(Ab), then one can consider HX% as a functor GBornCoarse — D*°(Ab) (by not
taking the homology of the complex CX% but viewing it as an object of D*(Ab)). It
gives rise to the functor

GOrb 3 S — HXC(OX(Sminmaz) @ Geanmin) € D°(AD) .

The theorem of Elmendorf says that any functor GOrb — D>°(Ab) determines an up to
equivalence unique equivariant homology theory GTop — D*(Ab). Above we calculated
the value of this functor on X. O
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Next we extend the construction of X-controlled objects in an additive category to the
equivariant case. Let A be an additive category with a strict G-action, i.e., an object of
Fun(BG, Add). We assume that the underlying category of A is idempotent complete
and admits all sums.

Example 10.21. We can consider categories with the trivial G-action.
Let R be a ring with G-action. Then we can consider Mod®(R).

The objects are R-modules with G-action (M, ) such that x(g)(mr) = r(g)(m)g(r).
Morphisms are equivariant maps. The group G acts on this category by sending (M, k) to
g(M, k) = (M, (h + k(g 'hg)) and the new R-module structure is given m - r := mg~'r.
This action fixes morphisms. O

Let X be in GBornCoarse.

Definition 10.22. An equivariant X -controlled A-module is a triple (M, p, u) where
(M, p) is in A(X) and p = (pg)gec is a family of morphisms py - M — g(M) such that:

1. cocycle condition: g(pn)pn = pgn for all g,h in G.

2. measure is invariant: p(g(Y)) = p, ' o g(u(Y)) o pgy.

If (M, p, ) and (M, p', 1) are two equivariant X-controlled A-objects, then for a morphism
a: M — M weset g-a:=g(p,')ogla)opy: M — M.

Definition 10.23. A morphism a : (M,p,pn) — (M',p', 1) between equivariant X -
controlled A-objects is a morphism a : M — M’ such that g -a = a for all g in G.

We get the additive category A%(X) of equivariant X-controlled A-objects and morphisms.
If f: X — X'is amorphism in GBornCoarse, then we have the additive functor

fot AYX) = ACX), f(M,p,p) = (M, p, fupt) -

Proposition 10.24. The functor A%(—) is

~

. coarsely invariant
2. u-continuous

3. annihilates flasques
4. excisive.

5. It sends Y — X to a Karoubi filtration A%(Y) — A% (X).
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Proof. The arguments are the same as in the non-equivariant case. O

We define the equivariant coarse algebraic K-homology with coefficients in A by (KAXY, §)
such that
KAX%(X) =~ K(A%(X)) .

It is again interesting to calculate some values of KAXC. In order to state a nice result
we restrict to the case A = Mod®P™J(R) with the trivial G-action.

For a group K we consider the group ring R[K]. Furthermore, for Fun(BK, Mod™®P™) is
the category of finitely generated projective R-modules with an action of G.

Theorem 10.25. We have
KAXC((G/K)minmas ® Geangmin) = K (Mod®*™(R[K]))

and
KAXG((G/K)mm,mm) = K(FIIII(BK, Mod(R)fg,proj) .

Proof. BEKW]| O

11 Uniform bornological coarse spaces

Our first goal is to introduce the category of uniform bornological coarse spaces. The new
notion is that of a uniform structure, which we introduce in the following. A uniform
structure is a structure which is more special than a topology but more general than a
metric.

Let X be a set.

Definition 11.1. A wuniform structure on X is a subset U of X with the following
properties.

1. If U isin U, then diag(X) C U.

2. U 1s closed under forming supersets.

3. U 1s closed under forming inverses.

4. U 1s closed under forming finite intersections.

5. For every U in U there exists V in U with V2 C U.
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Example 11.2. If X is a set, then we have the discrete uniform structure Uy, which is
characterized by diag(X) € Ug;sc.

We also have the chaotic uniform structure Ugpaor := {X x X}. O

Example 11.3. Let (X, d) be a quasi metric space. Then we define the metric uniform
structure

U, = {UEPXX)(|(E|7“E(0,OO)|UTQU)}.

Lemma 11.4. U is a uniform structure.

Proof. We check that axioms.

1. If U is in Uy, then diag(X) C X since there exists r in (0, co) such that U, C U and
diag(X) C U,.

2. Tt is immediate from the definition that i, is closed under forming supersets
3. Uy is closed under forming inverses since U, = U, for all r in (0, 00).

4. Uy is closed under forming finite intersections. Indeed, if (U;);es is a finite family in
Uy, then we choose a family (7;);er in (0, 00) such that U,, C U; for all 7 in I. Let

s := mine; ;. Then s € (0,00) and Uy € (,c; Ui. Hence (,; U; € Uy as required.
5. Let U be in U, and choose r in (0, 00) such that U, C U. Set s :=1/2 and V := Us,.
Then V2C U, CU and V € Uy.

]
The topology Ty is Hausdorff exactly if
ﬂ U =diag(X) .
Ueu
]

A uniform space is a pair (X,U) of a set and a uniform structure.

Let (X,U) be a uniform space.

Definition 11.5. The underlying topology Ty of X is determined as follows: A subset W
of X belongs to Ty if for every w in W there exists U in U such that U[{w}] C W.

Lemma 11.6. The topology associated to a uniform structure is well-defined.
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Proof. The set T contains () and X. It is closed under arbitrary unions. If (W) is a finite
family in 7y and w is in W := (0),c; W;, then we can choose a family (U;);er such that
Uil{w}] € W; for all i in I. Then U :=(,.; U; € U and U{w}] C W. O

Example 11.7. On a compact Hausdorff space there exists exactly one uniform structure
determining the topology. O]

Remark 11.8. Quasi metric spaces are always Hausdorff. Furthermore, the uniform
structure of a metric space has a countable cofinal set e.g. (U,-1)nen:.

General uniform structures may not have these properties.

Let (X,U) and (X',U’) be uniform spaces and f : X — X’ be a map between the
underlying sets.

Definition 11.9. f is uniformly continuous if f~1(U') CU.

We obtain a category Uniform of uniform spaces and uniformly continuous maps.

Let f: (X,U) — (X', U") be uniformly continuous.

Lemma 11.10. f is continuous as a map between the underlying topological spaces.

Proof. Let W’ be open in X’. We consider w in f~1(W’). We choose U’ in U’ such that
U'l{f(w)}] CW'. Then f~HU")[w] C f~H(W’) and f~H(U’) €U. O

Example 11.11. For maps between metric spaces the notion of uniform continuity reduces
to the classical one. Let (X,d) and (X',d’) be metric spaces. A map f: X — X' is
uniformly continuous if and only if for every € in (0, co) there exists § in (0, co) such that

d(z,y) < 0 implies d'(f(z), f(y)) < €. O

Lemma 11.12. We have adjunctions
(—)aisc : Set = Uniform : forget
and
forget : Uniform S: Set : (—)chaot -
Proof. We observe the obvious equalities
Homuniform (Xdisc; Y) = Homget (X, Y)

and
Homget (Y7 X) = Homyniform (K Xchaot)

for all sets X and all uniform spaces Y. O
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Let A be a subset of Py« x which has the property that for every A in A there exists B in A
such that B2 C A. Then we can form a uniform structure ¢ (A) which consists of supersets

of finite intersections of elements of A and their inverses. Note that if (A;);c; is a finite
family in A and (B;);cs is a family in A such that B} C A;, then ((;c; Bi)* € Nies Ai-

Example 11.13. Let (X,U) be a uniform space and f : Y — X be a map of sets. Then
f*U = (f~'U) is the uniform on Y induced via f. Note that f~'U/ has the required
conditions since f~1(V)o f~HV) C f~}(VoV). Themap f:Y — X becomes a uniformly
continuous.

Proposition 11.14. The category Uniform is complete and cocomplete.

Proof. In view of the adjunctions in Lemma [11.12 the underlying sets of potential limits
or colimits are calculated in Set.

We describe (co)products and (co)equalizers.

Let (X;)ier be a family in Uniform. Then we set X :=[],_, X; and let p; : X — X be
the projection. We form the uniform structure Uy generated by the set | J;c; p; 'Uy,). The
uniform space (X,Ux) together with (p;);c;r has the required properties of the product.

For the coproduct we consider Y := |_|l.e ; X; and the inclusions e¢; : X; — Y. We define
the uniform structure on Y consistsing of the subsets | |,., U; for families (U;);c; with
U; € Ux,. Then (Y,Uy) together with the family (e;);e; has the required properties of a
coproduct.

If

X Y
N

g

is an equalizer diagram, then the subset
Z:={o e X| fa) = g(e)} — X

with the induced uniform structure has the required universal property.

If we consider the diagram as a coequalizer diagram, then we equip the coequalizer
Y — @ in Set with the uniform structure characterized as follows. For every uniform
map f:Y — Z equalizing f and g we get a set map f: @Q — Z. We then let Ug be the
uniform structure generated by the set f~!(ly) for all such maps. One checks that this
has the required properties of the coequalizer. O

A homotopy between uniformly continuous maps f,g : X — Y is given by a map
h:[0,1] x X — Y such that hijovxx = f and hjg13xx = g. Note that this notion is more
restrictive as being homotopic in the sense of continuous maps between the underlying
topological spaces.

90



Example 11.15. The identity of R and the constant map with value zero are homotopic
as continuous maps. But they are not homotopic as uniformly continuous maps.

In fact, if b : [0,1] x R — R is a map, then by uniform continuity there exists a ¢ in (0, c0)
such that |s —t| < § implies |h(s,z) — h(t,z)| <1 for all z in X and s,t in [0, 1]. But that
|h(0, ) — h(1,2)] < 6! for all z. This is incompatible with 2(0,z) = z and h(1,z) = 0 for
all z in R if h would be a potential homotopy between the identity and the zero map. [

We now combine coarse and uniform structures. Let X be a set with a uniform structure
U and a coarse structure C.

Definition 11.16. We say that U and C are compatible if C N U # ).
Example 11.17. The metric uniform and coarse structures of a metric space are compatible.

Definition 11.18. A uniform bornological coarse space is a quadrupel (X,C,B,U) such
that (X, C, B) is a bornological coarse space and U is a uniform structure which is compatible

with C.

A morphism of uniform bornological coarse spaces is a morphism of bornological coarse
spaces which is in addition uniformly continuous.

We let UBC denote category of uniform bornological coarse spaces and morphisms. We
have a forgetful functors UBC — BornCoarse and UBC — Top.

Example 11.19. We consider R™ and its subsets as uniform bornological coarse spaces
with the structures induced by the standard metric. O]

In UBC we have a symmetric monoidal structure. We define X ® Y such that the
underlying bornological coarse space is given by the tensor product of bornological coarse
spaces, and the underlying uniform space is the cartesian product. One checks easily that
the compatibility condition is preserved under taking products.

We want to consider homology theories on UBC. The appropriate notion is that of a
local homology theory. In order to formulate the excision axiom we need the notion of a
uniformly excisive descomposition.

Let X be in UBC. Let (A, B) be a decomposition of X into two subsets. Recall that it is
coarsely excisive if for every entourage W in Cx there exists U in Cx such that

WA NW[B] C UANB] .

Coarse homology theories have Mayer-Vietoris sequences for coarsely excisive decomposi-
tions. The notion of a uniformly excisive decomposition is similar.
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Definition 11.20. (A, B) is uniformly excisive if there exists a uniform entourage U and
a function k : PSLx — Pxxx which is

1. monotone: if W, W' € P5Ly and W C W', then s(W) C k(W').

2. cofinal: for every V in Ux here exists W in PS5y such that for all W' € PS we
have k(W') C U.

3. excisive: for every W in P5L . we have W[A]NW[B] C x(W)[AN B.

Remark 11.21. Note that in contrast to the notion of being coarsely excisive the notion
of being uniformly excisive involves the choice of a function x. This seems to be stronger
than the condition that for every W in P$Y . there exists W’ such that W[A] N W[B] C
k(W)[A N B]. The point is that want that W’ becomes small if W is small. O

Example 11.22. Assume that (X, d) is a path quasi-metric space.

Lemma 11.23. Then every closed decomposition is uniformly excisive.

Proof. We set U = U,. For every W in P5Y, we define k(W) := inf{r € [0,1] | W C U,}
and k(W) := Uyw). This function is monotonous by construction. Furthermore, since
k(U,) = U, it is cofinal. Assume that z is a point in W[A]NW[B]. Then there exist paths
v and o of length < k(W) from some a in A to z, and from x to some b in B, respectively.

The concatenation of7y is a path from a to b of length < 2k(W). Then there exists a point
on this path in AN B at distance at most k(W) from z. Hence x € x(W)[A N B]. O

We now let UBC? be the categories of pairs (X, A) in UBC where A is a closed subset.

Definition 11.24. A §-functor on UBC is a pair (E,d) of a functor E : UBC? — Ab”
and a natural transformation § : E(X, A) — E(A)[—1] such that

E(A) = E(X) = E(X, A) > E(A)[-1]

is exzact for every pair (X, A) in UBC?.

Here as usual we write E(X) := E(X,0).

In the following we consider a d-functor (E, ) on UBC?.
Definition 11.25. We say that E is homotopy invariant if the projection [0,1] x X — X
induces an isomorphism E([0,1] ® X) — E(X).

Let X be in UBC.
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Definition 11.26. X is called flasque if it admits a selfmap f : X — X such that f
implements flasqueness of the underlying bornological coarse spaces and f is homotopic to
the identity.

Definition 11.27. We say that E vanishes on flasques E(X) = 0 for all flasque X in
UBC.

Let X be in UBC. Then there exists V in Cx NUx. If U is in Cx such that V C U, then
C(U) is compatible with &. We write Xy for the objects of UBC obtained from X by
replacing the coarse structure by C(U). Therefore the following definition makes sense
since we can form the colimit over all sufficiently large coarse entourages.

Definition 11.28. We say that E is u-continuous if for all X in UBC we have

C(?elc%(mE<XU) >~ F(X) .

Definition 11.29. We say that E satisfies closed excision if for every X in UBC and
closed coarsely and uniformly excisive decomposition (A, B) we have an isomorphism

E(B,BNA) > E(X,A)
induced by the map (B, BN A) — (X, A) in UBC?.

Definition 11.30 ([BEa]). A local homology theory is a §-functor (E,§) on UBC which
18:

1. homotopy invariant
2. u-continuous
3. vanishing on flasques

4. excisive.

Remark 11.31. The name local comes from the stronger condition of being locally finite
which we actually wanted to axiomatize. The condition of vanishing on flasques is weaker,
but much easier to handle.

In [BED] we axiomatize the notion of a locally finite homology theory on the category
TopBorn of topological bornological spaces. There is a forgetful functor

Fuj2,c : UBC — TopBorn .

The pull-back of a locally finite homology theory on TopBorn (with closed excision) yields
a local homology theory in the sense above. O
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Example 11.32. We have a forgetful functor 7, : UBC? — BornCoarse®. It sends
(X, A) to (X,{A}). Note that in the case of BornCoarse the second entry always was a
big family.

Let (E,0) be a coarse homology theory. Then we can consider the functor

EF:=FEoF,: UBC? —» Ab”.

Lemma 11.33. (EF,§) is a local homology theory.

Proof. We check the axioms.
1. Homotopy invariance is implied by coarse invariance.
2. u-continuity is the same condition.

3. Vanishing on flasques is implied by the corresponding condition for E. When
f X — X is homotopic to the identity, then it is close to the identity.

4. Excision follows from the excisiveness of E since we require that (A, B) is coarsely
excisive. We further use that E(A) = E({A}).

Example 11.34. Here are some basic calculations for any local homology theory F.

1. We have E([0,00) ® X) = 0. Indeed [0,00) ® X is flasque with flasqueness imple-
mented by (¢, z) — (t + 1, z).

2. We have E(R" ® X) = E(X)[—n]|. We argue by induction. We use excision for the
decomposition ((—oo,0] x X, [0,00) x X) of R® X and Case|l|in order to show that
ER®X)=E(X)[-1].

We now construct the cone functor

O : UBC — BornCoarse .

Let X be a set. The underlying bornological space of O (X) will be the one of R ® X.
The coarse structure is the so-call hybrid structure introduced by N. Wright, see [BED] for
references.

Definition 11.35. A scale for X is a pair (k,¢), where

1. k:R —[0,1] is monotonously decreasing and satisfies 1imy_,oo k(t) = 0.
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2. ¢ : R — Pxxx is monotonously decreasing such that for every U in U there exists t
in R such that ¢(t) C U.

Remark 11.36. If the uniform structure U does not admit a cofinal sequence, and if
(K, ®) is a scale, then ¢(t) = diag(X) for large X.

Metric uniform structure spaces always admit countable cofinal sets. O]

For a scale (k, ¢) we define the entourage
Uwo) = {((s.2), (t,y)) € Rx X)*[[s —t| < k(s V1) & (2,y) € d(s V 1)}

The coarse structure of O (X) is generated by the entourages U N Ulr,p) for all U in Cry x
and scales (k, ¢).

This finitshes the construction of the cone.
Lemma 11.37. If f : X — X' is a morphism in UBC, then
O>(f) : 0O%(X) = O*(X'), (t,x) = (t, f(x))

1s a morphism in BornCoarse.

Proof. The only non-trivial point is show that for every scale (k, ¢) of X there is a scale
(k',¢") such that f(UNU(k,¢)) C U gy. It suffices to set v = k and ¢'(t) := f(o(t)).
This function is decreasing. If W’ is in U’, then by the uniform continuity of f we have
f~YW’) € U. Hence there exists ¢ in R such that ¢(t) C f~1(W’). Then f(¢(t)) CW'. O

We let O(X) denote the subspace [0,00) x X of O*(X) with the induced structures.

Definition 11.38. We define the cone-at-co functor
O>*(—) : UBC — BornCoarse .
We further define the functor
O : UBC — BornCoarse .
The cone sequence is the sequence of natural transformations
Fu(=) = O(=) = 0%(=) 2" R @ Fy(-)

of functors UBC — BornCoarse, where 9°°"° is the identity on underlying sets. It is
called the cone boundary.
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Let E be a coarse homology theory. We define the functors
EO:=FEo0O ,EO0%®:= Eo0O>:UBC: UBC — Ab” .

Let X X be in UBC and note that EF(R ® X) = EF(X)[—1]. The isomorphism is
given by the Mayer-Vietoris boundary for the decomposition ((—o0, 0] ® X, [0,00) ® X) of
R ® X. This identification will be used implicitly in the last term of the sequence in the
following statement.

Proposition 11.39. The cone sequence induces a long exact sequence

600“6

EF(X) = EO(X) —» EO®(X) "5 EF(X)[-1] .

Proof. We consider the coarsely excisive decomposition ((—oo,0] x X, [0,00) x X) of
O>(X). The subspace (—o0, 0] x X with the induced structures is flasque with flasqueness
implemented by (t,z) — (¢t — 1,z). Furthermore {0} x X = X. The Mayer-Vietoris
sequence gives

EF(X) = EO(X) = EO*(X) Y EF(X)[-1].

From the naturality of Mayer-Vietoris sequences we have a commutative diagram

BO>(X) 25 EF(X)[-1]
J/acone H
aMV
EF(R® X)— EF(X)[—1]
which shows that the boundary operator is the correct one. O]

Note that (—oo,0] x X is a flasque subset of O*. Using the exact sequence of the pair
(O>*(X), ((—o0,n] x X)nen) and excision we get an isomorphism

EO®(X) = E(0%(X), ((—00,1] X X)pen) ¢ E(O(X), ([0,1] X X)ner) -
The cone sequence is isomorphic to the pair sequence for £ and (O(X), ([0,n] X X),en).

The proof of the following theorem is quite technical. This in particular applies to the
homotopy invariance. We therefore refrain from giving a proof and use it as a black box.

Let E be a coarse homology theory.

Theorem 11.40 ([BEKW, Sec. 9.4 & 9.5]). The functors EO and EO> are homotopy
invariant and excisive.

In order to ensure that £O and EO vanish on flasques we need an additional assumption
on F.
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Remark 11.41. If f : X — X implements flasqueness of X, then O®(f) : O*(X) —
O>(X) does not implement flasqueness of O>(X). The problem is that f is in general
not close to the identity. So we can not simply conclude that EO>(X) = 0.

Definition 11.42. We say that X in BornCoarse is weakly flasque if it admits a selfmap
f: X — X such that

1. For every coarse homology theory E we have E(f) = E(idx).
2. For every U in Cx we have |, o ["(U) € Cx.

3. For every B in Bx there exists n in N such that f"(X) N B = 0.

So we changed the first condition. Surprisingly we can check this condition for cones.

Proposition 11.43. If X in UBC is flasque, then O(X) and O>(X) are weakly flasque.

Proof. Assume that f implements flasqueness of X. Let FE be any coarse homology theory.
Since f is homotopic to the identity EO(f) = EO(idx) and EO®(f) = EO>(idx). O

Definition 11.44. A coarse homology theory is called strong if it annihilates weakly
flasques.

Corollary 11.45. If E is a stong coarse homology theory, then EQO and EO* vanish on
flasques.

Lemma 11.46. The coarse chomology theories HX and KAX are strong.

Proof. Let E be one of these. In the verification of the fact that £ vanishes on flasques
(see Lemma [5.8 and Lemma we have constructed an endomorphism S : E(X) — E(X)
such that idgx) + E(f) oS = S. Since E is strong we know that E(f) = idg(x). The
resulting equation idgx) + S = S implies idgx) = 0. O

In order to discuss u-continuity of EO* and EQO we introduce the notion of a coarsening.

Definition 11.47. A map X — X’ in UBC is called a coarsening if it is an isomorphism
of the underlying uniform and bornological spaces.

Proposition 11.48. If X — X' is a coarsening, then we have an isomorphism EO>(X) 5
EO>(X")

Proof. We let X be the big family in [n,00) x X’ generated by {n} x X’. We start with
the isomorphism
EO>®(X") = E(O(X'), X)) .
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We use u-continuity in order to get

E(O(X"), X)) = colim E([0,00) ® X')i, Xy) -
UGCO(X’)

Then we can write by excision

colim E([0,00) ® X)y, Xy) = colim colim E([m,00) ® X)y, X))

UECO(X’) m UECO(X’)
We now interchange the order of colimis:

colim colim E([m,00) ® X)y, X)) = colim colim FE([m,00) ® X)y, X)) .
m UeCo(xr UeCoixry m
Note that the generating entourages of Co(x/) are of the form V' N V(.4 with V' in
Crex'- There exists W in Uy N Cx. There exists m in N such that ¢(m) C W. But then
(V' N Vi) ) [m.oc)@x 1s the restriction of ¢(m) NV’ N V|, 4) which belongs to Co(x). Hence
we can replace the index poset U € Coxy of the colimit by the subset U € Co(x). Doing
all steps backwards we get the desired isomorphism. O

Corollary 11.49. The functors EQ and EOQ> are u-continuous.

Proof. We use that a filtered colimit of exact sequences is exact. We consider the map of
exact sequence sequence
colimgre x EO(Xy)[1] =™ colimpex EF(Xy) — colinpyex EO(Xy) — colimpex EO® (Xy)[—1] =™ colinyex EF(Xy)[—1]

Y A R

EO%(X)[1] EF(X) EO(X) ——— EO®(X) — > EF(X)[-1]

The vertical arrows for EF is an isomorphism by Lemma (11.33] The vertical morphisms at
E QO are isomorphisms since Xy — X is a coarsening provided U is large enough. We now
conclude by the Five Lemma that the vertical arrow for FO is also an isomorphism. [J

We now have finished the proof of the following theorem.

Theorem 11.50. If E is a strong coarse homology theory, then EO and EO* are local
homology theories.

Let X be in UBC. We let X . be the space obtained from X by replacing the coarse
structure by the minimal one. It is only compatible with the uniform structure if the latter
is discrete.

Corollary 11.51. If X is discrete as a uniform space, then we have an isomorphism

EO>®(X)= EF(Xc,.)[-1] .
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Proof. If X is discrete as a uniform space, then the discrete coarse structure on X
is compatible with the uniform structure. Hence X . — X is a coarsening. Since
furthermore O(Xe,,,. ) is flasque we have from the cone sequence that

o7 EOOO<Xmm) i E‘F(Xcmm)[_l] :
[

Our main examples of objects in UBC are given by simplicial complexes with their
spherical path metric.

Let X be a set. By Pt we denote the set of finite subsets of X.

Definition 11.52. An abstract simplicial complez is pair (X,S) of a set X and a subset
S of P which is closed under taking subsets and contains all singletons.

A map between abstract simplicial complexes f : (X,S) — (X', 8') is a map of sets
f: X — X" such that f(S) C S'.

We get a category *Simpl of abstract simplicial complexes and maps.

Let (X, Sx) be in 2Simpl. Usually we only write X. The set S is the set of simplices of
X. We let X, :={B € Sx | |B] =n+ 1} be the set of n-simplices. Note that X = Xj.

Definition 11.53. We define the dimension of X by
dim(X) :=max{|B|| B S} —1.
Example 11.54. If X is finite, then we can take S = Px.

In general, we can take S to be the set of all finite subsets. O]

We let | X| be the set of probability measures g on X such that supp(p) € S. Any such

measure is given by
Z n({z})éz

reX

where 0, is the Dirac measure at z.

Example 11.55. Any point x of X gives rise to a point 0, in |X|. In this way we get a
canonical map § : X — |X|.

If Bisin S, then pup := ﬁ > pep Op in | X| is the center of mass (barycenter) of B. [
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We want to equip the set | X| a metric which will then induce a topology. The metric we
are going to construct is called the spherical path metric.

We first recall the definition of the length of a path v : [0,1] — Y in a general metric space
(Y,d). It is defined by

U(ry) = sup Zd(’Y(ti)a’V(tifl)) :
neN,0=tg<t1 < <tp=1 i=1

Note that the length can be infinite.

Let X be in 2Simpl. Consider a finite subset F' of X. We consider F' as the basis of R
We equip R with the euclidean metric such that this basis is orthonormal.

We let |F| be the subset of | X| of measures supported on F'. Then we define a map
IF| = SR, p= Y Vul{fhHf .
feF

Here S(RY) denotes the unit sphere.

Let v : [0,1] — |X| be a map. We say that 7 is continuous if there exists a finite subset of
X such that ([0, 1]) C |F| and the composition

0,1] % |F| — S(RF)

is continuous. Continuity does not depend on the choice of F.

The length £(7y) of ~y is the length of this composition. This length does not depend on the
choice of the finite subset F'.

Definition 11.56. We define the spherical path quasi-metric on | X| such that

d(p, 1) = inf () .
(1 48) Y (0)=py(D)=p' %

It is clear d is symmetric. Since we concatenate path’s v,~" with v(0) = +/(1) (written as
viy and £(v4y') = () +£(7") we have the triangle identity. Since d(u, ¢') is bounded from
below by the distance of the images of u and y' in S(R) we conclude that d(u, i') = 0 if
and only if u = p'.

Note that the diameter of a simplex in this metric is 7/2 independent of the dimension.
We now define the uniform bornological coarse structure on | X| as the structure induced
by d. Later we will also consider different bornologies.

If f: X — X’is amap of abstract simplicial complexes, then |f]: | X| — | X’| is given by
the push-forward of measures. We have

ZZ pl{a})3

r'eX zef-1
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One can check that
d(fep, fep) < dlp, ')
i.e., that this map is 1-Lipschitz. In general it is not proper.
Example 11.57. Let X be finite and S = Px. Then we have |X| = AXI=! with

the metric induced by its identification with the positive quadrant of S(R¥). We have
dim(X) = |X| -1

[l
Example 11.58. Let X :=Z and S := ZU {(n,n+ 1) |n € Z}. Then |X| = R;/, as
metric spaces such that the unit interval has length 7/2. We have dim(X) = 1. O

In the following we explain how one can calculate the local homology of | X| for X in
aSimpl. In order to avoid spectral sequences we stick to the case where E(x) is supported
in a single degree. So the basic example is F(—) = HXO>(—)[1]. We shift by one in
order to get the usual formulas without shift later.

We now calculate HX O (|X|)[1] using the cellular complex. We start with finite simplicial
complexes. We use that HX O is homotopy invariant and excisive for cell attachements
and satisfies HXO>[1](x) = Z. This suffices to construct the cellular chain complex in
the standard way

CX): -+ =C(X)=Cra(X)— - = Coh(X)

where C), := Z[X,,]. In this case, since X,, is finite, we have isomorphisms

zx, ) =Pzr=]]z.

Xn

We have
HXO>(|X|)[1] = H(C(X)) .

This allows to import all calculations of the homology of finite CW-complexes from
topology.

For us the interesting case are infinite complexes. The construction of the cellular chain
complex above used the Mayer-Vietoris sequence for cell attachements. If we attach
infnitely many cells in a dimension, then in usual algebraic topology we use the wedge
axiom saying that H.(Tys.) = @D Z.

Note that HXO> does not satisfy the wedge axioms. In order to control what happes if
we attach ininitely many cells in a dimension we assume that any bounded subset meets
only finitely many cells.

Definition 11.59. We call the simplicial set X proper, if every bounded subset of | X|
only contains finitely may points of X.
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Remark 11.60. Properness is equivalent to the requirement that for every x in X the
set {y € X |{z,y} € X;} is finite. It implies that X is locally finite-dimensional.

Furthermore it implies that | X| is a proper metric space, i.e., that balls are compact.

We can consider the disjoint union of X = | | _y([n], Ppy). Then is is proper, but not
globally finite-dimensional.

If X is proper, then the set of barycenters of the n-simplices has the minimal induced
bornology. Consequently we get the group of n-chains

CuX) =[]z

Since the (geometric) boundary of every simplex meets only finitely many other simplices
the boundary map of the cellular chain complex is still well-defined. We get a chain
complex

The standard argument from algebraic topology yields:

Proposition 11.61. If X is a finite-dimension simplicial complex, then

HXO®(IX])[1] = H.(C(X)) .

If X is finite, then of course C'(X) = C'(X).
Example 11.62. We consider the simplicial complex from Example [11.58] It is proper.

We have Co(X) = [[,Z and C1(X) = [[, Z, where the component with index n corre-
sponds to the interval [n,n + 1]. The boundary map is given by

HZ — HZ ;o (an) = (a1 — ap)y

We calculate the homology:

e ={ 70

A

Indeed we have H,(C(X)) = Z realized as constant sequences. In order to see that

Hy(C(X)) = 0 we note that given a sequence (b,,), we can solve the recursion a,,_1 —a, = b,
for a, inductively in both directions starting with ag := 0.

Of course, we expected this result since HXYO>(R) = HXO>(x)[—1] = Z[—2] and hence
HXO>(R)[1] = Z[-1].
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Note that in contrast
| 7Z 1=0
H;(C(X)) = { 0 else

We modify the example and consider the complex X = N with S = NU{(n,n+1)|n € N}.
Then | X| = [0, 00). The chain complex is given by

Ap_1—a, n>1
1;[2%];[2, (an)»—>( L nzO)n'

We get H.(C(X)) = 0. The argument for Hy(C(X)) = 0 is the same as above. If (a,) in
C1(X) is a cycle, then ag = 0 and then inductively a,, = 0 for all n € N.

We again expected this since HXO>([0,00)) = 0. O

Remark 11.63. If F is a general additive strong coarse homology theory, then we have
an Atiyah-Hirzebruch spectral sequence with first term

E! = HEH(*) .
Xp

and boundary map
1 1
Ep,q - Ep—l,q
calculating an associated graded of FO>(|X|). The difference to the usual spectral

sequence is again the appearance of the product.

Note that we do not claim that H(C(X)) has anything to do with HXO>(|X|) if X is
not finite-dimensional. ]

We now construct abstract simplicial complexes from coarse spaces. Let X be a set and
U be an entourage such that diag(X) C U. Then we can define a simplicial complex
Xy = (X, Sv), where Sy is the set of all U-bounded finite subsets. We let

PU<X) = ’XU|

denote its realization. Note that we have a canonical map of sets i : X — Py(X) which
sends x in X to 4.

Lemma 11.64. The canonical inclusion Xy — Py(X) is a coarse equivalence.

Proof. If (x,y) is in U, then d(i(x),i(y)) = m/2. This shows that i(U) C Uy/s.

Since the diameters of the simplices are bounded by 7/2 we furthermore have Uy 5[i(X)] =
Py(X). On the other hand, if d(i(x),i(y)) < kr/2, then (z,y) € U]} Hence i is a coarse
equivalence.

I Exercise!
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We now assume that X is in BornCoarse. Then we equip X with the bornology such that
Xuy — Py(X) is an equivalence. This bornology is generated by the subsets B considered
as subsets of Py (X) for all bounded subsets of X. In this way we get an object Py(X) in
UBC together with a coarse equivalence map

If f:X — X’is amap such that f(U) C U’, then we get a map Xy — A}, by z — f(x).
It induces a map Py(f) : Py(X) — Py (X').

If X is in BornCoarse, then we get the ind-system P(X) := (Py(X))yec, in UBC. A
morphism f : X — X’ induces a map of ind-objects P(X) — P(X') given by Py(X) —
Prwy(X') for every U in Cx. Similarly, if ) is a big family in X, then we can form the
system P()) := (Py(Y))vecy,vey- We get the familiy of pairs

(P(X), P(Y)) := (Pu(X), Pu(Y))vecy vey -

We get a functor
P : BornCoarse — Ind(UBC?) .

Definition 11.65. If E : UBC? — Ab” is a functor, then we define
EP : BornCoarse’ — Ab” |, EP(X,)) := colimE(P(X),P())) .

Proposition 11.66. If E is a local homology theory, then EP is a coarse homology theory.

Proof. u-continuity essentially holds true by definition:
EP(X) = cl?elcim E(Py(X))

= coli lim B( Py (X
eam ek P 0)

= C&lcim EP(Xy)
We now show coarse invariance. Let f,¢g: X — Y be U-close maps. If U7'VU, then then
fer s+ Py(X) — Py-1yy(X) are are linearly homotopic by h(t, ) := (1 —t) fupt + 7gefi.

If f: X — X implements flasqueness, that f ~Y idy. Set V := {J, f"(U). Then
f(V) C V. Then f, : P/(X) — Py(X) is defined. One observes that f, implements
flasqueness of Py(X). Indeed f. is homotopic to idp, (x) by the linear homotopy. This
implies EP(X) = 0.

Finally we show excision. Let (Z,)) be a complementary pair on X. Fix U in Cx.
If YV is so large that every U-bounded subset of X is in Y or Z, then we know that
(Py(Z), Py(Y)) is a closed coarsely and uniformly excisive decomposition fo Py (X). Using
that Py(Z) N Py(Y) = Py(ZNY) we get and isomorphism

E(Py(2)), Py(ZNY)) = E(Py(X),Pu(Y)) .
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Taking the colimit over Y and then over U we get

[

EP(Z,2NnY) S EP(X,)) .
0

Definition 11.67. The coarse homology theory EP is called the coarsification of the local
homology theory E.

Example 11.68. Let E be a coarse homology theory. Then we have a natural transfor-
mation £ — EFP. On X in BornCoarse it is given by the map

E(ix) : E(X) = EF(Py(X))

induced by the coarse equivalence ix : X — Py(X) for any U in U. This transformation
is an isomorphism.

Definition 11.69. We call the natural exact sequence exact sequence
E(X) = EOP(X) — EO®P(X) "5 B(X)[-1]

the fundamental sequence and the map pg x the coarse Baum-Connes assembly map for
X and E.

Remark 11.70. Every strong coarse homology theory E gives rise to a cone sequence
EF - EO — EO* — EF[-1] .
1. EF factorizes over the forgetful functor F;; which fits into an adjunction
(—)aisc : BornCoarse = UBC : F .
The counit of this adjunction is the canonical map
Fu(Xaise) > X .

The value EF(X) does not depend on the uniform structure of X. In particular,
the counit of the adjunction induces an isomorphism

EF(Xuise) = EF(X) .

2. FQO is a local homology theory. As a special property, it vanishes on a point.

3. EO> is a local homology which is almost independent of the coarse structure

in the sense that it is coarsening invariant. For discrete X we have EO>(X) =
EF(Xmin)|—1].
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Remark 11.71. In this remark we discuss the question whether the cone sequence can
be characterized by a universal property. We take H = FO as the starting point and ask
how one can reconstruct the analogs of EF and EO>.

Let H be a local homology theory. One could ask whether there is coarse homology theory
HX and a natural transformation HXF — H which is the best approximation of H by a
local homology of this form. One could then construct a long exact sequence

HXF —- H — H* — HXF[—1]

and ask whether H is coarsening invariant or what else properties it has.

We have pull-back
H(Xdisc) — H™ (Xdisc) .

| |

H(X)—— H*(X)

One could also try the other way and construct a best approximation
H — HO*™
by a coarsening invariant local homology and a fibre sequence

HF - H— HO* — HF[-1] .

Then one can ask whether HF comes from a coarse homology theory. Using homotopy
theoretic techniques (Bousfield localization) one can construct best approximations by
functors with these properties and exact sequences. The problem is that one does not stay
in homology theories. O]

Remark 11.72. Here we discuss the properties of P.

Given a local homology theory H we can construct a coarse homology theory HP. If
H = EF, then HP = EFP = E, so the construction reproduces E.

One could ask what the universal property of this construction has. The local homology
theory HPF is a version of H which factorizes F. But it is not clear how construct a
comparison morphism between HPF and H.

If X is nice (e.g. finite-dimensional simplicial complex) then for some U we have map
X — Py(Fy(X)) which induces H(X) - HPF(X).

Definition 11.73. We say that X is coarsifying if there exists such a map an H(X) —
HPF(X) is an equivalence for any local homology theory.
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If G is a group and EG is a G-finite simplicial model for the classifying space, then EG
is coarsifying by a result of Gromov. Note that in this case the coarse Baum-Connes
assembly map is isomorphic to the map

EO®(X) — E(X)[-1] .
]

Remark 11.74. One can ask for a universal property of the Baum-Connes assembly map.

Its domain is given by
EO*P(X) = colim EO>*(Py(X))

and EO>(Py (X)) is as a local homology theory applied to a simplicial complex computable
by means of algebraic topology.

The values F(X) are mystery. O

The Baum-Connes conjecture for the coarse homology theory E and the space X is
the question whether it is an isomorphism. If it holds true, then one can calculate the
mysterious £(X) in terms of algebra topology via FO>®P(X).

In view of the exact cone sequence the coarse Baum-Connes conjecture holds true for X
and E exactly the case if
EOP(X)=0.

Remark 11.75. This is a disclaimer for the moment. What we have defined above is
a homotopy theoretic version of the classical Baum-Connes assembly map as a natural
transformation defined for all spaces and strong coarse homology theories.

The classical Baum-Connes assembly map is only considered for topological coarse K-
theory and constructed using analytic methods. For nice spaces (essentially all of classical
interest) on can identify our homotopy theoretic version version with the classical one.
But this is non-trivial will be worked out in future paper by B-Engel-Land. O]

Remark 11.76. The classical coarse Baum-Connes conjecture for £ = KX is of particular
importance since it implies the Novikov conjecture (by a rather complicated argument).

Similarly, for £ = K AX it implies the injectivity of Farell-Jones assembly map for algebraic
K-theory stating e.g. that for a discrete torsion-free group the assembly map

KR.(BG) - K.(R[C]) .

is injective. N

We now now discuss the question whether pz x is an isomorphism in greater detail.
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Note that
ux : EFO*P — EP

is a natural transformation of coarse homology theories. This makes it possible to apply
uniqueness results about coarse homology theories a la Eilenberg-Steenrod.

Definition 11.77. We say that X satisfies the coarse Baum-Connes conjecture motivically
if e x 15 an isomorphism for any strong coarse homology theory.

Proposition 11.78. If X is discrete, then it satisfies the coarse Baum-Connes conjecture
motivically.

Proof. 1f X is discrete, then diag(X) is the maximal coarse entourage of X. Then
Paiag(x)(X) = Xpnin Bdisc as a uniform bornological coarse space. Since O(Xnin B,disc) 18
flasque we conclude

EOP(X) = colin BO(Py (X)) = BO(Xinsaise) = 0 -

]

Definition 11.79. We say that E satisfies the coarse Baum-Connes conjecture if g x s
an isomorphism for all X .

Theorem 11.80. HX satisfies the coarse Baum-Connes conjecture.
Proof. This is an extended exercise which could lead to a master thesis. O

In the following we will describe larger class of spaces which satisfy the coarse Baum-Connes
conjecture motivically.

Let V be a covering of X by subsets and U be some entourage of X. Recall that a subset
Y of X is U-bounded if Y x Y C U.

Definition 11.81.

1. U is a Lebesque entourage of V if every U-bounded subset of X is contained in some
member of V.

2. U is a bound of V if all members of V are U-bounded.

Example 11.82. If V is the collection of all U-bounded subsets, then U is a Lebesgue
entourage of V and a bound at the same time. O]

Let V := (V;)ie; be a family of coverings indexed by a partially ordered set I.

Definition 11.83. V is called an anti-Cech system if the following are true:
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1. For every i,j in I with i < j there exists a bound of V; which is Lebesgue for V;.

2. Fvery U in Cx is Lebesgue entourage for some member of V.

Note that a covering V of X gives rise to a simplicial set N(V) whose underlying set is [
and whose simplices are the finite subsets F' of I such that ()., V # (. In particular

dimN((V;)jes) = {|F| € P | (yep Vi # 0} — L.

Definition 11.84. X has finite asymptotic dimension if it admits an anti-Cech system
(Vier)i such that sup;c; dimN(V;) < oo.

Example 11.85. R” has finite asymptotic dimension. Consider the covering of R™ given
by Vi := (B,(n))nezn for r sufficiently large > \/n. Then take V} := (B, (rk))nezn. Then
dimN(Vy) = dimN(Vy). Then V := (Vi )en is an anti-Cech system. O

Remark 11.86. We define the asymptotic dimension a — dim(X) of X as the minimum
of the the numbers sup,.; dimN(V;) < oo for all anti Cech systems (V;);e;. For example
a — dim(Z") = n.

Remark 11.87. The asymptotic dimension of X is a coarse invariant. So also a —
dim(R") = n.
Let X be in UBC.

Definition 11.88. We say that X has weakly finite asymptotic dimension if there exists
a cofinal set of U in Cx such that Xy has finite asymptotic dimension.

Theorem 11.89 (B-Engel). If X has weakly finite asymptotic dimension, then X satisfies
the coarse Baum-Connes conjecture motivially.

Remark 11.90. The condition can be weakend to finite decomposition complexity, but
this notion is more difficult to define and check.

Problem 11.91 (Open). Does EO>P satisfy the coarse Baum-Connes conjecture? Is
EO>P the best approximation of E which satisfies the coarse Baum-Connes conjecture?

12 Topological K-theory

We explain the case of equivariant coarse K-homology with coefficients in the C*-category
Hilb(C). Everything easily generalizes to a general C*-category which is idempotent
complete, countably additive and may have a non-trivial G-action.

Let X be in GBorn. For a Hilbert space H we let Proj(H) denote the set of orthogonal
projections on H.
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Definition 12.1. An equivariant X -controlled Hilbert space is a pair (H, p, p), where:
1. H is a Hilbert space
2. p: G — U(H) is a homomorphism of groups
3. p:P(X)— Proj(H) is a function satisfying:
a) W(YV)=w(Z)+ w(Y \ Z) for all subsets Z,Y of X such that Z CY.

b) w(gY) = plg) " u(Y)p(g)

We let H(Y) := im(u(Y")) for any subset Y of X. We let

supp(H, p, p) == {z € X | H(z) # 0} .

Definition 12.2. We call (H, p, 1) locally finite if
1. supp(p) is a locally finite subset of X.
2. dim(H (z)) < oo for every x in X.

3 H=@,  H(x).

Example 12.3. Let X be a G-set. Then (L?*(X), p, ) with p(g) = ¢g* and u the counting
measure is a locally finite X-controlled Hilbert space on X,,;,.

The X-controlled Hilbert space (L*(X) ® £*,p® 1,1 ® 1) is not locally finite on X,

On G4, there is a non-trivial locally finite equivariant controlled Hilbert space only if G
is finite. n

We now assume that X is in GBornCoarse. Let (H, p, ) and (H', p/, it') are equivariant
X-controlled Hilbert spaces, A : H — H' be a bounded operator, and U be an entourage.

Definition 12.4.
1. A is equivariant if p'(g)A = Ap(g) for all g in A.

2. A is U-controlled, if (/(Z)Au(Z) =0 for all Z,Z' in Px such that Z' is U-separated
from Z. We say that A is controlled if it is U-controlled for some U in Cx.

3. Ais locally compact if u(B)A, Au(B) € K(X) for every B in Bx.

We construct the Roe category V(X)) as follows:
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1. objects: equivariant X-controlled Hilbert spaces

2. morphisms: Homy x)((H, p, 1), (H', p', 1t')) is the closure w.r.t the norm induced from
B(H, H’) of the set of bounded, controlled and equivariant operators.

3. involution: adjoint

The following is clear by definition:

Proposition 12.5. VE(X) is a C*-category.

We let V&(X) be the ideal generated by the locally compact controlled operators.

If f: X — X'is a morphism in GBornCoarse we get an induced functor f, : V(X) —
V(X') given by
f*((H,p,,u)) = (vavf*:u) ) f*(A):A

One easily checks that f, is well-defined. Since is controlled and proper one checks that f,
preserves controlled and locally compact operators.

This construction yields a functor
V¢ : GBornCoarse — C*Cat™ .

Definition 12.6. The algebra C*(X, (H, p, 1)) := Endve(x)((H, p, it)) is the Roe algebra
associated to X.

Definition 12.7. We let V§(X) be the full subcategory of locally finite objects.

Morphisms between locally finite objects are automatically locally compact. In particular,
VE(X) is unital. We get a subfunctor

V§ : GBornCoarse — C*Cat .

Example 12.8. We calculate V§(Guinmin) and V§(Guanmin). Let (H,p, i) be in
V& (Goinmin)- Then we have H = @D, cc H(g). We have isomorphism p(g) : H(e) — H(g).
Let (H,p,u) and (H',p',1') be in V(Guminmin).- Then a morphism is given by a ma-
trix (p'(h)Angp(97))hgec with Ay, : H(e) — H(e). Thereby A,, = 0 if h # g abd
Ahgg = Ap g for all £ in G by equivariance.

Hence we have a functor V& (G inmin) — Hilb(C)/™ given by (H, p, ) — H(e) and
A— A... It is an equivalence of categories.

Lemma 12.9. If f,g : X — X' are close, then f.,g. : Vii(X) — Vi(X') are unitarily
1somorphic.
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Proof. The unitary equivalence is given on (H, p, u) by
idy : (H,p, fip) = (H, p, gept) -
The fact that f is close to g translates into the statement that idy is controlled. O

Lemma 12.10. V§ is u-continuous.

Proof. We must show that

colimV$(Xy) 2 VE(X) .

vec§

The whole system and the r.h.s. have the same sets of objects. Moreover, all morphism
spaces of the system are subspaces of the morphism spaces of the r.h.s. So the colimit is
simply given by the closure of the union of the morphism spaces. The assertion follows
since every generator of the morphisms of V§(X) is controlled. ]

A C*-category C is called flasque if it is additive and admits an endofunctor S such that
ideS=S.

Example 12.11. If C admits countable sums, the C is flasque. Indeed, let S : C — C
be given by S(C) := @y C and S(f) := @nf. Then S id =S,

Lemma 12.12. If X is flasque, then Vi(X) is flasque.

Proof. One checks that S : V¢(X) — VE(X) given by

S(H,p, ) = (D H, ®up, Bnen fI'1)
N

and

f.(A) =P A

is well-defined. Furthermore, id @ f, 0 S = S (unitary isomorphism). Finally f. = id so
that id @ S = S. So S implements flasqueness of V{(X). O

A C*-subcategory I of C is called an ideal if it is wide and it is closed under left- and right
composition with morphisms from C.

An exact sequence of C*-categories is a sequence
A—-B—-~C

where the functors induce bijections on objects and short exact sequences on morphism
spaces. Then A is an ideal in B.
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Example 12.13. Let Hilb(C). be the subcategory of Hilb(C) with the same objects, but
with morphisms H — H’ the compact operators. Then Hilb(C), is an ideal in Hilb(C)
and we have an exact sequence

Hilb(C). — Hilb(C) — Q(C) .

The C*-category Q(C) is the Calkin category. The C*-algebra Q(¢?) := Endq(c)(¢?) is
called the Calkin algebra. It fits into the exact seqence

0— K(?)— B(*) = Q(*) = 0.

Let Y be an invariant subset of X. Then we define V(Y C X) as the wilde subcategory of
V¢ (X) with morphisms (H, p, u) — (H', o', it') of the form p/(Y)Au(Y) for A : (H, p, n) —
(H',pf, 1) in VE(X).

Note that V(Y C X) is unital.

Lemma 12.14. i : V§(Y) — V(Y C X) is a unitary equivalence.

Proof. An inverse functor p sends (H,p, ) to (H(Y), pja(y), pyy) and A to A. Then
poi=idandiop — idis given by H(Y) — H on (H, p, u).

]

Let )V be an invariant big family in X. We define the subcategory V(Y C X) of V§(X)
generated by the morphisms p(Y)Au(Y') for all Y in ). Note that this involves taking
closures. A general element of V() C X) is not of the form pu(Y)Au(Y) for some Y, but
can be approximated by those. Note that

V(Y CX) c%i)mvfg‘(y CX).

Lemma 12.15. V(Y C X) is an ideal in VE(X).

Proof. Assume that B is U-controlled and diag(X) C U. Then u(U[Y])Bu(Y) = Bu(Y).
Hence

Bu(Y)Au(Y) = p(UY ) Bu(Y) Au(Y)p(UY]) = p(Y') BAp(Y")
for some Y’ in Y with U[Y] C Y’. Therefore multiplication by B sends generators to

generators. O

Thus a pair (X)) gives rise to an exact sequence

0= V{YCX)—=ViX) = VX)) —0. (12.1)

Assume that (Z,)) is an equivariant complementary pair in X.
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Lemma 12.16. The canonical functor
i:VF(Z,2nY) = VI(X,D)

1$ a unitary isomorphism.

Proof. An inverse functor is given as follows. It sends (H, p, ) in V§ (X, V) to (H(Z), piri(z) 4 2)
and [A] to [u(Z")Ap(Z)]. In the discussion of algebraic K-theory we have shown: If A

and B are controlled generators of the ideal, then ZAZBZ — ZABZ is in V§(Y) for

Y suifficiently large. Hence p([A])p([B]) = p([AB]). This extends by continuity to the
closures. This shows that p is well-defined.

We have poi = id. We have a natural inclusion H(Z) — H. Again, in the algebraic
K-theory case we have seen that if A is a controlled generator of the ideal ZAZ — A is in
VE(Y) for YV suifficiently large. Hence i(p([A])) = [A]. O

We set
G = i Gy .
Vi (Y) c%%}m Vi (Y)

We can consider this as a full subcategory of V§(X) of objects supported on members of

V.

In order to define the coarse homology theory we need a K-theory functor for C*-
categories.

We consider a functor
K : C*Cat™ — Ab”

with the following properties:

1. K sends unitarily isomorphic functors to equal maps (and hence unitary equivalences
to isomorphisms).

2. K sends exact sequences
0+ A—-B—->C—=0

to long exact sequences

K(A) = K(B) = K(C) % K(A)[-1] .

3. K preserves filtered colimits.

Theorem 12.17. There exists a K-theory functor for C*-categories.
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Here is a construction of such a functor from the standard K-theory functor for C*-algebras.

We use the adjunction
Al C*Cat™ < C*Alg™ : incl .

Proposition 12.18 (M.Joachim, B-Engel). If K is the usual K-theory functor for C*-
algebras, then

K o AT . C*Cat™ — Ab”

1s a K -theory functor for C*-categories.

We discuss further properties of the K-theory functor.

Let 0[X]| be a zero category with object set X. We have K (0[X]) = 0. In order to see this
we note that
0— 0[X] = 0[X] = 0[X]—=0

is an exact sequence of C*-categories. Hence
K(0[X]) = K(0[X]) = K(0[X]) = K(O[X])[1]

is exact. Since the two maps induced by the identity are isomorphisms it follows that
K(0[X]) =2 0. We say that K is reduced.

Let K : C*Cat™ — Ab” be a K-theory functor. Then if ¢, : C — D and additive D
we have

K(p@¢) = K(¢) + K(¥) .
This is an exercise using exactness and reducedness. As a consequence, if D is flasque, then
K(D) = 0. Indeed, if S : D — D implies flasqueness, then the relation K(5) + K(id) =
K(S @ id) = K(S) implies the assertion.
We now define the d-functor (KX, 0). We let
KX%:BornCoarse’ - Ab” | KXY(X,)):=K(V{(X, X)) .

For every (X,)) in BornCoarse? we have a natural exact sequence

K(VE(Y C X)) — KX%(X)— KX(X,Y) 2> K(V$(Y C X))[-1]

4 4

KX%(Y) KX4(Y)[-1]
which we take as the long exact sequence of the §-functor

Theorem 12.19. The pair (KXY, §) of is an equivariant coarse homology theory.
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Proof. 1f f ~ g, then f, and g. are unitarily isomorphic. Hence K(f.) = K(g.). Hence
K X% is coarsely invariant.

Since K preserves filtered colimits we have

colim K (VS (Xy)) 2 K(colin V§(Xy)) =2 K(VE(X)) .

vec§ vec§
Hence KX is u-continuous.

If X is flasque, then V§(X) is flasque and hence K (V$ (X)) =2 0. Hence KX vanishes
on flasques.

Excision follows from Lemma [12.16| by applying K. [

For simplicity we consider the case of a trivial group G, but the following discussion has
an equivariant generalization.

Let (H,p) be in V(X).

Definition 12.20. We say that (H, p) is determined on points if H = @, . H(x).

Definition 12.21. We say that (H, i) is locally separable if (B)H is separable for every
B in Bx.

Let (H, p) be in V(X)) be locally separable and determined on points. Then we have the
classical Roe algebra C}.(X, (H, 1)) = Endv, (x)((H, p)).

Example 12.22. Let X be a separable proper metric space. Let v be a regular Borel
measure. Interesting operators often life on H := L?(M,B,v). We want to turn H into
a locally countable X-controlled Hilbert space. We choose a 1-dense countable subset L
in X. Then we choose a measurable partition (B;);cr of X by subsets B; with B; C U[l].
Then we define the measure

pi= Z XB,01 -

leL

Then (H, ) is a locally separable (by regularity of v/) controlled Hilbert space which is
determined on points.

The Roe algebra C}.(X, (H, 1)) is independet of the choice of p and only depends on v.

]

Definition 12.23. We say that (H, p) is ample if it is determined on points and for every
other locally separable X -controlled Hilbert space (H', ') determined on points there exists
an isometry u: (H',p') — (H', 1) in V(X).
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Definition 12.24. X is locally countable if there exists an entourage V of X such that
every V-separated subset L is locally countable.

Proposition 12.25. X admits an ample X -controlled Hilbert space if and only if X is
locally countable.

Proof. Let V be an entourage such that every V-separated subset is locally countable. We
then choose a V2-dense V-separated subset L. We then set H := L*(L) ® £? and let u be
the counting measure. Then (H, 1) is locally separable.

We now show that it is ample. Let (H’, /) be any other X-controlled Hilbert space which
is determined on points and locally separable. Then supp(H’, i) is locally countable.
We can find a map f : supp(H’,;/) — L such that (f(z),z) € V? for every x in
X. Then f has countable fibres. For every [ in L we choose an isometric embedding
W P,epr(p H'(x) = H(l). Then @y« H' — H is V2-controlled and isometric.

For the converse see [BED, Prop.8.20]

The classical definition of the coarse K-homology is as
K(C™(X, (H, 1))
for some ample X-controlled Hilbert space. This definition works if X is locally countable.
Definition 12.26. An morphism A is in V(X) is called locally finite if it is of the form
(H. ) % (Houuo) ™ (Hp. 1) 5 (H'.40)
for (Ho, po) and (H{, 1g) in Vie(X) and isometries u,u' in V(X) and a morphism A in
Vi(X).

Note that locally finite operator is locally compact. We let V ¢)(X) be the wide subcategory
of Vi.(X) generated by the locally finite operators. In particular we have an inclusion

Cliny (X, (H, p)) € Cr(X, (H, 1))

of Roe algebras.

Let X be in BornCoarse.

Definition 12.27.

1. X is locally finite if there exists an entourage V' of X such that every V -separated
subset L is locally finite.
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2. X is called separable, if it admits an entourage V such that there exists a countable
V -dense subset.

Example 12.28. If X is coarsely equivalent to X' then X is locally finite iff X' is locally
finite. So local finiteness is a coarsely invariant notion.

If X has the minimal bornology, then X is locally finite. So Ryin min is locally finite. Any
space X' coarsely equivalent to X is the also locally finite.

If X is a proper metric space, then X is locally finite. Indeed, if L is 1-separated and B is
compact, then L N B must be finite since otherwise L N B would have an accumulation
point.

An infinite dimensional Hilbert space with metric structures is not locally finite. Let

(ex)ken be an orthonormal family. Then (ney)ren is 2n — 1-separated. But the bounded
subset B(,41)(0) contains the whole family. O

Example 12.29. If X is coarsely equivalent to X', then X is separable iff X’ is separable.
So local finiteness is a coarsely invariant notion.

A separable metric space (i.e., a metric space containing a countable e-net for every € in
(0, 00) is separable.

A Hilbert space is separable.

Rinin,min 1S not separable. ]

Proposition 12.30 ([BED, Prop.8.40]). Assume:
1. (H,p) locally separable and determined on points.

2. X is separable and locally finite.

Then

Proof. We consider A in Cj, (X, (H, y1)). We must appximate A by elements from Cfi, (X, (H, p)).

Let L be a U-separated and U? dense countable subset. We choose a partition (B;)cz, of
X by U?-bounded subsets such that B; C U?[l].

First we approximate A by A; with controlled propagation up to €/2.

We set Bj := supp(A;)[B;] for every [ in L. Since A; is locally compact we can choose a
finite-dimensional P, on H(Bj) for every [ such that

|PBjABP, — A'B)|| <2772 .
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We well-order L. Then we define Hj :=»_,; im(F) and H' := {J,c; Hi. Then we define
Q; as the projection onto H; © H;_;. We define p/ := )", _, ;9. Then (H', ') is locally
finite.

We set A" := %", ., PBjAB;P. Then A" has controlled propagation and
|A"— Ayl <¢€/2.
We have ||A — A’|| < e and A’ factorizes over H' which is locally finite.

O
Thus if X is separable and locally finite then can identify the classical definition of coarse
K-theory with K(Cyy (X, (H, ).

The following theorem holds true for the classical K-theory functor for C*-categories. Its
proof uses more properties than just the axioms.

Theorem 12.31 ([BEb, Cor. 8.96]). We assume that X is separable and locally finite.
Then there exists a canonical isomorphism and that (H, p) is ample.

KX(X) = K(Chey (X, (H, 1)) -

Proof. (Sketch) We consider the category Vi(X)V of triples (H',p/,U), where U :
(H', ') — (H, p) is an isometry. We have a fully faithful functor
F:V(X)" - Vi(X), (H W U)— (H ).

Since (H, ut) is ample this functor is essentially surjective. Hence it is a unitary equivalence
of C*-categories. In particular it induces an isomorphism

K(F): K(VH(X)Y) =2 K(VT(X)).
We have a functor
12 VE(X) = Gl (X, () (As (Hp i, Ug) = (H g, Uy)) v U AU
(note that the action on objects is clear).
Since Cyy) (X, (H, pt)) is generated by locally finite operators one can show that
E(I): V(X)) = K(Clp (X, (H, )
is an isomorphism, too.

At this point we use more than the axioms. See the next remark.
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Remark 12.32. In order to show this we use the picture where K-theory classes are given
by homotopy classes of projections and unitaries.

If p is a projection in Cfy) (X, (H, 1)), then there exists p’ on an object in V(X)) such
that ||Up'U* — p|| < 1/10 by density of locally finite operators. But then we can find a
projection p” on the same object with ||p” — p|| < 1/4. This projection is unique up to
homotopy.

In this way we show the isomorphism on Ky. On K; we argue with unitaries in a similar
way. O

The desired isomorphism is the the composition
K(V' (X)) & KV (X)") = K(Ciey (X, (H, ) -
O

Example 12.33. Let M be a complete Riemannian manifold. Let D be a formally
selfadjoint Dirac type operator on a hermitean bundle L?*(M, E). Then D is essentially
selfadjoint, i.e. D is selfadjoint.

Then we consider H = L?(M, E). We choose a locally finite control y using a measurable
Uy-bounded partition. If dim(M) > 0, then (H, u) is ample.

We have the Roe algebra C(M, (L*(M, E), i1)). The coarse index indexX'(D) is a class in
Ki(C(M,(L*(M, E),p))). In order to define it we consider the homomorphism

CO(R)_}O(Mv (L2(M’E)nu)) ) fo(D)

of C*-algebras.

The observation that f (D) belongs to the Roe algebra is due to J. Roe. Here is the rough

~ —

argument. Let f be the Fouriertansform of f. If supp(f) C [—R, R], then supp(f(D)) C U,
(this is the finite propagation property). A general f can be uniformly approximated by
functions with compactly supported Fourier transform.

This gives
7;D L= Kl(CO(R)> — KI(C(M7 (LQ(M7 E)’lu)))

and we define
indexX (D) :=ip(1) .

This particular simple way to define the coarse index is due to R. Zeidler. A modification
including gradings works in the even case.

Using our comparision isomorphism we get a well-defined class

indexX (D) € KX (M) .
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We now discuss continuously controlled Hilbert spaces. We consider a locally compact
space X.

Definition 12.34. A continuously X -controlled Hilbert space is a pair (H,k) where
k:Co(X) — B(H) is a C*-homomorphism.

Example 12.35. Let X be a proper metric space with a regular measure p. Then we let
H :=L*(X,pn) and x : Co(X) — B(H) be the action by multiplication operators. This of
course extends to an action of L>®(X, u). O

This is in fact a general observation. By spectral theory the homomorphism + extends to
a homomorphism x : L>*(X) — B(H).

Definition 12.36.

1. We say that (H, k) is locally separable if k(xp)H is separable for every relatively
compact subset B.

2. We say that (H, k) is ample if k(f) is not compact for every f in Cy(X).
Example 12.37. If X is second countable and L is a dense countable subset, then (H, k)
H = L*(X)® ¢* with k(f) = f ® idp is ample.

Example 12.38. Let X be a locally compact uniform bornological space and (H, p1) be
an ample O(X)-controlled Hilbert space. Let [0,00) x X — X be the projection. We
define k : Cy(X) — B(H) be defined by

()= Y f@)ul).
(t,2)€0(X)
Then (H, k) is an ample continuously X-controlled Hilbert space.

Definition 12.39.

1. An operator A from (H,k) to (H',K') is called pseudo-local of k(f)A — Ak(f) is
compact.

2. An operator A from (H, k) to (H', k') is locally compact if k(f)A and Ax(f) are
compact for all f in Cy(X).

We let Wy (X) be the C*-category with objects (H, ) and locally compact operators. We
let Wo(X) be the C*-category with the same objects and the pseudo-local operators. We
get an exact sequence of C*-categories

0— U_1(X) = Uo(X) = B(X)

where (X)) is defined as the quotient. If f: X — X’ is proper continuous, then it gives
rose to functors

[(H, k) = (H, fux) ,  f(A):=A4,

where f,k := kKo f*.
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Definition 12.40. We define the analytic locally finite K-homology of X by K2*(X) :=
Kot (3(X)).

Assume that X — X’ is a proper map. Then we define the continuously X’-controlled
Hilbert space f.(H, k) := (H,ko f*).
One can show [HRO0]:

1. K® is homotopy invariant.

2. K*" satisfies closed excision.

3. K*([0,00) x X) = 0.

The following uses deep functional analytic results (Voiculescu’s theorem).
Proposition 12.41. There exists a pseudolocal isometry u : f.(H, k) — (H,K).

Proposition 12.42. The canonical map K,(Endyx)(H, 1)) = K. (X(X)) is an isomor-
phism

In other words, it suffices to consider a single ample X-controlled H-Hilbert space.

Let us now assume that X is a bornological coarse space.

Definition 12.43. A coarse structure and a topology are compatible if there exists an
open entourage.

We assume that the bornology of X consists of the relatively compact subsets and that
the topology of X is compatible with the bornology.

We let C(X) be the category with the objects (H, k) and the morphisms generated by the
locally compact and controlled operators. We furthermore let D(X) be the C*-category
with the objects (H, k) and morphisms generated by controlled and pseudolocal operators.
Then we get an exact sequence of C*-categories

0—-C(X)—>DX)—-QX)—0.

We have a map of exact sequences

0——C(X)——D(X) Q(X) ——0

L

0—— U1 (X) — Wy(X) S(X) 0
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Lemma 12.44. We have KX(X) = K(C(X)).

Proof. The verification is similar as the comparison with Roe algebra. O

Lemma 12.45. We have an isomorphism Q(X) = W(X).

Proof. Here is the idea. Let A be in ¥(X). Choose locally open covering by U-controlled
subsets and partition of unity (x?);c;. Then show that A — ", x;Ax; is locally compact.
This shows [A] = [>°. x;Ax;]. But Y. x;Ax; is controlled. O

We can now consider the index map
indexX : K{"(X) = K, 1 (3(X)) = K..1(Q(X)) 2 K. (C(X)) =2 KX.(X) .

This is the map which sends a locally symbol class of a differential operator to the coarse
index.

The classical definition of the Baum-Connes assembly map is

ucBe co%im K" (Py(X)) cotiny ndext colljim KX, (Py(z)) 2 KX.(X) .

For comparison we need the square

KX(0®(W)) -2 KxX(W)[—1]

| |

Ko (W) —228% KX (W)[—1]

The left vertical map is given by the inclusion using the construction from Example
12.38

Proposition 12.46. This square commutes and the left vertical map is an isomorphism
for nice W.
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