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Abstract

This paper studies the asymptotic product of two metric spaces. It is well defined if one
of the spaces is visual or if both spaces are geodesic. In this case the asymptotic product is
the pullback of a limit diagram in the coarse category. Using this product construction we
can define a homotopy theory on coarse metric spaces in a natural way. We prove that all
finite colimits exist in the coarse category.
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Introduction

The area of coarse geometry studies metric spaces as geometric objects from an asymptotic
viewpoint. Key results in this area include Gromov’s result on groups of polynomial growth
[Gro81] and Yu’s result on the Novikov conjecture [Yu9§].

The coarse categoryEl is not equipped with a faithful functor to the category of sets and is

therefore not concrete. Nonetheless finite coproducts exist in the coarse category [Weil6], [Har20].
They can be characterized as coarse covers in which every two elements are coarsely disjoint.

Most boundaries on coarse spaces preserve finite coproducts [Weil6], [Har19b|, [Roe03], [Har19al.

*Department of Mathematics Institute for Algebra and Geometry, Karlsruhe Institute of Technology, Germany
1The coarse category consists of metric spaces as objects and coarse maps modulo close as morphisms. We use

the convention that metrics only take finite values.
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Conversely products do not exist in the coarse category. In fact the coarse category does
not even have a final object. The coarse product of two coarse spaces X,Y is the product of
sets X X Y equipped with the pullback coarse structure from X,Y and the projection maps.
This way one can define a natural coarse structure on the product, but the projections are not
coarse maps. Thus although the coarse product is well defined up to coarse equivalence it is not
a product in the strict category sense.

Now we introduce a pullback diagram in the coarse category, the limit of which is called
the asymptotic product. The coarse version of the point, R>(¢ the non-negative real numbers,
is unfortunately not a final object in the coarse category. Nonetheless we look at a pullback
diagram of metric spaces

Y

ld(‘ayo)

X —>d(.,mg)R20'
Here xp € X,yp € Y are fixed points. The pullback of this diagram is called X * Y. It exists if
the spaces X,Y are nice enough as studied in Theorem [[4l Indeed we only need both X, Y to
be geodesic or if X is not geodesic Y to be visual.
If X, Y are hyperbolic proper geodesic metric spaces then X xY is hyperbolic geodesic proper
by [ES03], therefore its Gromov boundary 9(X *Y) is defined. The paper [FS03] shows there is
a homeomorphism

(X xY) = d(X) x o(Y).

Therefore the asymptotic product is indeed a product on the Gromov boundary. Thus the
terminology product is justified.

Equipped with the asymptotic product we can define a coarse version of homotopy. Our
coarse version of an interval is denoted by I, any visual metric space might be a candidate for
such a space, we chose I = R>g x R>q, the first quadrant in R%. Then a coarse homotopy is
defined to be a coarse map

H:X*xI—=Y.

Here * refers to the asymptotic product and X,Y are metric spaces. There are other notions of
homotopy on metric spaces which were studied in the coarse setting. The Lipschitz homotopy is
due to Gromov [Gro93]. It was shown by Roe that controlled operator K-theory is a Lipschitz
homotopy invariant [Roe96]. Moreover Lipschitz homotopy has been used by Yu in the proof of
the coarse Baum-Connes conjecture for spaces which admit a uniform embedding into Hilbert
space [Yu00]. Other notions of coarse homotopy appeared in [Mit01JWul20{MNS20/BE20/Saw05].
In particular the homotopy theories introduced in [MNS20] will be shown to be equivalent to our
homotopy theory if the parameter function in [MNS20] is chosen appropriately. This homotopy
theory in turn is equivalent to the homotopy theory introduced in [BE20] if the two parameter
functions in [BE20] are chosen appropriately.

The class of flasque metric spaces erases many coarse cohomology and homology theories.
Theorem 2§ shows that a flasque metric space X is coarsely homotopy equivalent to the product
X x Zzo.

The last section will be about colimits in the coarse category. The coproduct of two metric
spaces is known to exist and appears in many isomorphic forms. We show the coequalizer of two
coarse maps with common domain and codomain exists. This result provides a proof that finite
colimits exist in the coarse category.
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1 Metric Spaces

Definition 1. Let (X,d) be a metric space. Then the coarse structure associated to d on X
consists of those subsets E C X? for which

sup d(z,y) < o0.
(zy)elE

We call an element of the coarse structure an entourage. In what follows we assume the metric
d to be finite for every (z,y) € X2

Definition 2. A map f: X — Y between metric spaces is called coarse if

e E C X? being an entourage implies that f*2(E) is an entourage (coarsely uniform);

o and if A CY is bounded then f~!(A) is bounded (coarsely proper).
Two maps f,g: X — Y between metric spaces are called close if

fxg(Ax)
is an entourage in Y. Here Ax denotes the diagonal in X 2,
Notation 3. If S C X x X, A C X are subsets we define
SA]:={ze X |IyeA:(x,y) € E}.
If ST C X x X then
SoT :={(z,2) e Xx X |yeX:(z,y) €S (y,2) €T}

If R > 0 we define
Ap :={(z,y) € X x X | d(x,y) < R}.

Notation 4. A map f: X — Y between metric spaces is called
e coarsely surjective if there is an entourage £ C Y2 such that

Elim f] =Y

e coarsely injective if for every entourage F' C Y2 the set (f*2?)71(F) is an entourage in X.

Remark 5. We study metric spaces up to coarse equivalence. A coarse map f: X — Y between
metric spaces is a coarse equivalence if

e There is a coarse map g : Y — X such that f o g is close to idy and g o f is close to idx.

e or equivalently if f is both coarsely injective and coarsely surjective.

The coarse category consists of coarse (metric) spaces as objects and coarse maps modulo close
as morphisms. Coarse equivalences are the isomorphisms in this category.
The following notion is based on the notion of w-excisive [HRY93].

Definition 6. If X is a metric space and A, B C X are subsets then (A, B) are called a coarsely
excisive pair if AU B = X and for each R > 0 there is some S > 0 such that

Ar[A] N AR[B] € As[AN B].

If X, Y are two metric spaces then unless otherwise stated we define the metric on X x Y to
be
d((z1,91), (2,y2)) = max(d(z1, 22), d(y1, y2))
for every (z1,y1), (z2,92) € X x Y.
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2 Coarse rays and quasigeodesic rays

In [KPO§] every metric space that is coarsely equivalent to Z> is called a coarse ray. We keep
with that notation: If X is a metric space a sequence (z;); C X is called a coarse ray in X if
there is a coarsely injective coarse map p: Z>o — X such that z; = p(i) for every i.

Recall [Roe03], Definition 6.16]:

Definition 7. Let X be a metric space and C > 0, D > 0 be constants. A (D, C)-quasigeodesic
ray in X is a map p: Z>o — X such that

Dtn —m| - C < d(p(n), p(m)) < Dln — m| +C
for every n,m € Zx>o.

Definition 8. A geodesic metric space X is called large-scale visual if there exist x¢o € X,
C > 0,D > 0 such that for every y € X there exists a (D, C)-quasigeodesic ray p starting at zg
with y € p(ZZ()).

If xp € X then X is called visual from xg if it is geodesic and every geodesic segment starting
at xo can be extended to a geodesic ray starting at zg. The space X is called visual if it is visual
from xg for some point g € X.

Remark 9. Recall [CdIH16, Definition 3.A.8.a)]: A map ¢ : X — Y between metric spaces is
called large-scale Lipschitz if there exist constants D > 0,C > 0 such that

d(p(x), p(z")) < Dd(z,2") + C

for every z, 2’ € X. Note that a coarse map between geodesic metric spaces is already large-scale
Lipschitz and every coarse equivalence between geodesic metric spaces is a quasi-isometry.

Lemma 10. On geodesic metric spaces the property large-scale visual is coarse.

Proof. Let a: X — Y be a coarse equivalence between geodesic metric spaces with X large-scale
visual. We prove Y is visual. Suppose C’ > 0,D’ > 0 are constants and zy € X is a point
such that every point € X is on a (D', C’)-quasigeodesic ray joining zo to x. Suppose « is
K-coarsely surjective and a (D", C")-quasi-isometric embedding.

Let y € Y be a point. Then there exists + € X with d(a(z),y) < K. And there exists a
(D', C")-quasigeodesic ray p in X starting at xo with 2 = p(n) for some n € N. Then awo p is a
(D"D',D"C" + C")-quasigeodesic ray starting at a(xg) with a(z) = a0 p(n). Define

p i lso—Y
aop(i) i<n
1Sy 1=n
aop(i) i>n.

Now

d(p'(i), ' (§)) < d(evo p(i), o p(35))
< D"d(p(i),p(j)) +C" + K
< D/D”|Z‘fj|+0/+0”+K
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and in the other direction

d(p' (i), p'(4)) = d(eo p(i), a0 (j)) — K
> D" d(p(i), p(j)) — C" —
> D' 'D" Y d(p(i), p(j)) - C' = C" — K

Thus we have shown p’ is a (D"D’,C’" + C"” + K)-quasigeodesic ray starting at «(zg) with
Yy € p'(Zzo). O

3 Asymptotic product
Lemma 11. If X is a metric space, fix a point xo € X, then
d(.%'o, ) X = Rzo
x — d(xg, x)
i8S a coarse map.
Proof. We show d(zg, ) is coarsely uniform: Let R > 0 be a number. If d(x,y) < R then
d —d d >d
e, ) — dag, )] = § 0700 2) ~ dlosy) - clans 2) 2 dlzo.y)
d(-rOa y) - d(ZCQ, :E) d($05 y) > d(ZCo, :C)

<d(z,y)
<R

Now we show d(xo, -) is coarsely proper. If B C R>( is a bounded set then there is some R > 0
with B C B(0, R). Then

(d(z07 ))71(3) g d('rOv ')71(3(07 R))
= B(x()v R)
is bounded. O

Definition 12. (asymptotic product) Let X,Y be metric spaces. Fix points zg € X,yp € Y
and a constant R > 0. The asymptotic produczﬁ with respect to zg, yo, R is defined to be

(X, 20) xr (Y,y0) ={(z,y) € X x Y : [d(z0, ) — d(yo, y)| < R}
with the subspace coarse structure from X x Y.

Proposition 13. Let X,Y be metric spaces, let xo,x € X, yo,y) € Y be points and let R, R’ > 0
be numbers. If

1. both X,Y are geodesic or
2.'Y is wvisual from yo, Y,

then (X, o) *r (Y,y0) and (X, xp) *r (Y,y() are coarsely equivalent.

2We guess this notion first appeared in [Dra00, chapter 3]
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In case X,Y have such nice properties we write short X xY for (X,x0) *g (Y,yo). This
definition is well defined up to coarse equivalence.

Proof. Define
R" = d(zo, () + d(yo,yp) + R

If (z,y) € (X, x}) g (Y,y() then

|d(wo, z) — d(yo, y)| < |d(zo,x) — d(z, )| + |d(5, 2) — d(yo, y)| + |d(yo,y) — d(yo, )]
S d(an zO) + R + d(yvyO)
— R//

This implies (X, z() *r (Y,4) C (X,20) *r» (Y,y0). In the same way we can show there is
some R"” such that (X, z¢) *r» (Y,y0) C (X, () *r+ (Y,y0)/ Thus we have shown that X Y
is independent of the choice of points if X %Y is independent of the choice of constant. We are
going to show now the second assertion.

Now we can assume R’ is larger than R. We show that the inclusion

i: (X, 20) #r (Y,90) = (X, 20) *r (Y, 0)

is a coarse equivalence. It is a coarsely injective coarse map obviously.
Suppose both X, Y are geodesic. We show i is coarsely surjective. If (x,y) € (X, z0)*r (Y, y0)
is not in the image of ¢ then
R < |d(zo, ) — d(yo,y)| < R'.

Assume without loss of generality that d(zg,x) > d(yo,y). Choose z' € Toz with d(a’,x0) =
d(y,y0). Here Tox denotes the geodesic segment joining xg to 2. Then
d(z,z") = d(z,z0) — d(z', x0)
= d(l‘, :EO) - d(yv yO)

Since (z/,y) € (X, o) %0 (Y, y0) and d((x,y), (z',y)) < R’ the map i is R’-coarsely surjective.
In case Y is visual we can proceed similarly. If (z,y) € (X, z0) *r (Y, yo0) is not in the image

of i there is some point ¥’ on the geodesic ray extending Foy such that d(xo, ) = d(yo,y’). Then

d(y,y’) < R’ as before. Thus i is R’-coarsely surjective. O

We denote by px : X * Y — X the projection to the first factor and by py : X xY — Y the
projection to the second factor. Note that both px,py are coarse maps.

Theorem 14. Let X,Y be metric spaces with both X,Y geodesic orY wvisual. Then

X+y 2 oy

pxl ld(wyo)

X ——R,
d(+,zo)

is a limit diagram in the coarse category. Note that we only need the diagram to commute up to
closeness.
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Proof. Let f:Z — X and g : Z — Y be two coarse maps from a metric space Z such that there
is some R > 0 such that

|d(f(2),20) — d(g9(2),%0)| < R.

Suppose both X, Y are geodesic. For every z € Z if d(f(2),x0) > d(g(2), o) there is f(z) € Y
with

Then f is close to f. Define §: Z — Y in a similar way. Then g is close to g. If X is not geodesic
but Y is visual we can define g : Z — Y in a similar way and choose f = f. Then define

(f,9): Z = X %Y
20 (f(2),3(2))-
This map is a coarse map: We show (f, g) is coarsely uniform: If E C Z_2 is an entourage then
[*2(E) C X?,¢g*2(E) C Y? are entourages. Since g is close to g and f is close to f the sets
§*%(E),g*%(E) are entourages. Then (f, g)*%(E) C f*%(E) x g*%(FE) is an entourage. We show
(f,g) is coarsely proper: If B C X Y is bounded then px(B), py (B) are bounded. Then
(£;9)71(B)C fopx(B)Ug ' opy(B)

is bounded since f, g and thus f, g are coarsely proper. Also px o (f,g) ~ f and py o (f,g) ~ g
Suppose there is another coarse map h : Z — (X, x0) *0 (Y,yo) with the property that
px oh ~ f and py oh ~ g. Then

(f, ) @Xohpyom

are close. 0

Remark 15. For every metric space X we have X = (X, o) *g (R>0,0). Thus R>¢ plays the role
of a point.

Lemma 16. If X,Y are proper geodesic metric spaces then X %Y is a proper metric space.

Proof. We show that X x Y is a proper metric space. If B C X X Y is bounded then the
projections Bx of B to X and By of B to Y are bounded. Since X,Y are proper the sets
Bx, By are relatively compact. Then

BgBXxBy

is relatively compact. Thus X x Y is proper. Since X *Y C X X Y is a closed subspace the
result follows. |
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Since there is no metric space which is final in the coarse category we can repair this by
defining a subcategory of the slice category over R>g. We chose exactly one morphism for each
object X, namely d(-,z0) : X — R>o. For X = R>¢ and zo = 0 this is the identity. Thus the
object R>¢ will play the role of the final object.

Definition 17. A coarse map « : X — Y between metric spaces is called weighted if d(xg,-)
and d(yo, ") o a are close for some xy € X,yo € Y and hence for all choices of basepoint. The
weighted coarse category consists of metric spaces as objects and weighted coarse maps modulo
close as morphism.

This definition makes sense since the composition of two weighted coarse maps is weighted
coarse. Not every coarse equivalence is weighted though. Thus the weighted coarse category
may not have the same isomorphism classes as the coarse category.

Lemma 18. In the weighted coarse category the asymptotic product, if well defined, is a product
in the category theoretic sense. The space R>q is a final object in the weighted coarse category.

Proof. We first prove the second statement. If X is a metric space then d(xo, ) : X — Rxg is
weighted coarse. If a : X — R is another weighted coarse map then o = a0 d(0, -) is close to
d(l‘o, )

Now we prove the first statement. Suppose X * Y is the pullback of d(zo,-),d(yo,) in the
coarse category. Then in particular the projections px,py are weighted coarse. Namely if
(x,y) € (X,20) *r (Y, yo) then

|d(’ ($0,y0))(l‘,y) - d(a $0) OpX(‘T’y)l = |max(d(x,x0), d(ya yO)) - d(l‘,l’o)l
<R.

Thus px is weighted. The proof for py is similar. If Z is another metric space with weighted
coarse maps a: Z — X, : Z — Y then

d(an ) o~ d(ZOa ) ~ d(y07 ) © /8

Thus the conditions of Theorem [I4] are satisfied. This implies that there exists a unique coarse
map h : Z — X %Y such that px oh is close to a and py o h is close to 8. The map h is weighted
since

d((w0,%0),") o h ~ d(xo,-) o px o h ~ d(xg,-) 0 a ~ d(z0, ).
O

Corollary 19. If there are weighted coarse equivalences o : X — X',8 :Y — Y’ between
geodesic metric spaces then the asymptotic product X =Y is coarsely equivalent to X'« Y.
If a : X — X' is a weighted coarse equivalence between metric spaces and 3:Y — Y’ is a

weighted coarse equivalence between visual metric spaces then there exists a coarse equivalence
X*xY = X' +xY'.

Proof. If a map is weighted coarse and a coarse equivalence at the same time then it is an
isomorphism in the weighted coarse category: Namely if o’ is the coarse inverse to a then o' is
weighted since

ld(a’(2"), 20) — d(a’, z0)| < |d(a’(2"), o) — d(av0 0/ ('), x0)| + |d(a 0 o (a), 25) — d(a', )]

is bounded. Conversely if a weighted coarse map is an isomorphism then it is in particular a
coarse equivalence.

By Lemma [I§] the asymptotic product is a product in the weighted coarse category. Since
products are well defined up to isomorphism the result follows. [l
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There are properties on metric spaces which are invariant under coarse equivalence. In
particular Property A [Wil09] and Property C [vMMS84] have been widely studied.

Lemma 20. Let X,Y be metric spaces.
o If X,Y have finite asymptotic dimension so does X xY .
o If X, Y have Property A so does X xY .
e If X, Y have Property C so does X xY .

Proof. Suppose X,Y have finite asymptotic dimension. Then asdim(X X Y) < oo by [Gra06,
Proposition 3.33]. By [Gra06l Corollary 3.23] the subspace X *Y” has finite asymptotic dimension.
Suppose X, Y have Property A. By [Lawl9, Theorem 1.46] the product X x Y has Property
A. By [Law19| Proposition 1.34] the space X * Y has Property A.
Suppose X, Y have Property C. By [Law19, Theorem 1.47] the space X x Y has Property C.
By [Law19, Proposition 1.29] the asymptotic product X * Y has property C. O

4 Coarse homotopy

We equip I := R x R>( with the Manhattan metric. Namely
d((s0,t0), (s1,t1)) = [s0 — 51| + [to — 1]
for every (so,t0), (s1,t1) € I.
Lemma 21. The space I is visual from (0,0).
Proof. It (xo,yo0), (x1,y1) € I are two points they can be connected by
yi[0,1] = T

t— (zo 4+ t(x1 — o), y0 + t(y1 — Yo))

If ¢t,s € [0,1] then
A 0),7(5)) = (1 — z0)(t — )] + (1 — 1)t — 9)
= (lz1 — @o| + |y1 — wo|)It — sl.

Thus v is a geodesic. This proves that I is geodesic.

If v : [a,b] — I is any geodesic we prove: «(t); is an increasing or decreasing function and
~(t)2 is an increasing or decreasing function. Assume the opposite, there are a <1 < tg <t3<b
with 'Y(tl)l = ’}/(tg)l < ’y(t2)1. We have

vlts — t1| = d(v(t1),7(t3)) = [v(t1)2 — v(t3)2]
and
vlta — 13| = d(y(t2),v(t13)) = [v(t2)1 — v(trys)al + |v(t2)2 — Y(t1/3)2| > [y(t2)2 — Y(t1/3)2]
Then
vlts — t1] = |y(t1)2 — v(t3)2]
< v(t1)2 — y(t2)2] + [v(t2)2 — v(t3)2]

< ’Ultg — t1| +’U|t2 — tgl
= ’U|t1 — t3|
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is a contradiction.
Now suppose 7 : [a,b] — I is a geodesic joining (0,0) to (z,y) with speed v. Define

7:la,00) = I

. {v(t) t € [a,b]

(x +v(t—0b),y) te€[boo).

Clearly ¥ is a composition of two geodesics. Since 0 is minimal in both factors of I the function
7 is increasing in both factors. The same holds for the second geodesic. Since they increase with
the same speed they glue at (x,y) to a geodesic ray through (x,y) starting at (0, 0). O

Definition 22. Let X,Y be metric spaces.
e A coarse homotopy is a coarse map h : X * I — Y.

o Define ¢y : X — X % I to be the map x — (z, (d(z,20),0) and ¢; : X — X * I to be the
map x — (,(0,d(x,x0)). Two coarse maps «, 8 : X — Y are coarsely homotopic if there
is a coarse homotopy h: X x I — Y with h o1 close to a and h o ¢1 close to f3.

e A coarse map « : X — Y is called a coarse homotopy equivalence if there is a coarse map
B :Y — X such that a o 8 is coarsely homotopic to idy and 8 o « is coarsely homotopic
to ’LdX

e Two coarse spaces X, Y are called coarsely homotopy equivalent if there is a coarse homotopy
equivalence av: X — Y.

Lemma 23. This definition of coarse homotopy on coarse maps does not depend on the choice
of R>0in (X,x0) *r (I,(0,0)) neither does it depend on the choice of basepoint zo € X .

Proof. If R > 0 then there exists a coarse equivalence ¢ : (X, x0) *r (I,(0,0)) — (X, zq) *0
(1,(0,0)) which leaves the subspace (X, ) *o (I, (0,0)) C (X, z0) *r (I,(0,0)) invariant. Thus
a coarse homotopy h : (X, x0) *o (I,(0,0)) — Y joining h o ¢y to h oty gives rise to a coarse
homotopy h o : (X, ) *r (I,(0,0)) — Y joining ho oy =hoty to ho oty =hou.

Composition with the inclusion ¢ : (X, ) *¢ (I,(0,0)) — (X,x0) *r (I,(0,0)) transforms
a coarse homotopy h : (X, z0) *r (Z,(0,0)) — Y joining h oty to h o1 to a coarse homotopy
hot: X x9I — Y joining hototg=hotytohotot =hou.

If z; is another basepoint then there exists R > 0 such that (X, zo) *r (I, (0,0)) contains
both (X, z0) *0 (I, (0,0)) and (X, 21) %0 (I, (0,0)). Then the maps ¢g : = — (z, (d(z, x),0)) and
1y x> (z,(d(z,21),0)) are close to each other and the maps ¢1 : © — (x,(0,d(z,z0))) and
¢y x— (x,(0,d(x,21))) are close to each other. If h : (X, x1) %o (I,(0,0)) — Y is a coarse
homotopy joining h ot to h o} then ho : (X, z0) *r (I,(0,0)) — Y is a coarse homotopy
joining how oty ~hottohotor ~hou. O

To prove that two coarse homotopies can be composed we need an auxilary lemma:

Lemma 24. Let X,Y be metric spaces. If A, B C X are a coarsely excisive pair and oy :
A = Y,as: B =Y are coarse maps with a1|anp = a2|anp then they glue to a coarse map

B:AUB =Y.
Proof. We define a map
:AUB =Y

. {al(z) reA
as(z) x € B.

10
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It remains to show that 3 is coarse. Let R > 0 be a number. Then there exists S > 0 with
ARr[A] N ARg[B] C Ag[AN BJ.

If (x,y) € ArRN(AX B) then z € ANAR[B]. Then x € ANAg(ANB). Thus there exists u € ANB
with (z,u) € AgN(Ax(ANDB)). The triangle inequality tells us that (u,y) € Ar+sN((ANB)x B).
Thus (z,y) € (AsN(Ax (AN B))) o (Arts N ((ANB) x B)). In a similar way we show

ArN(BxA) C(AsN(Bx(ANB)))o(ArrsN((ANB) x A))
Now we can show

B*2(AR) = B2(ArRN(Ax A)UB*2(ArN (A x B))UB**(ArN (B x A))
UB**(ArN (B x B))
C B2 (ARN(Ax A)U (B2 (As N (A x (ANB))) o f**(Arys N ((AN B) x B)))
U (B**(As N (B x (AN B))) o B**(Arts N ((ANB) x A)))UB**(Ar N (B x B))
=a2(ArN(Ax AU (a]*(AsN (A X (AN B))) o} (Aris N ((AN B) x B)))
U(a?(AsN(Bx (ANB)))oaf*(Arts N ((ANDB) x A))) UaS*(ArN (B x B))

is an entourage. Thus we have shown that [ is coarsely uniform. If B C Y is a bounded set then
B~H(B) = a7 }(B) Uay ' (B) is bounded. Thus 3 is coarsely proper. This way we have shown
that § is a coarse map. O

Lemma 25. Let X,Y be metric spaces. Coarsely homotopic on maps X — Y is an equivalence
relation.

Proof. That coarsely homotopic is reflexive and symmetric is obvious. We prove transitive. Let
hy : X *xI — Y be a coarse homotopy between o and 5 and let hy : X * I — Y be a coarse
homotopy between [ and . We define

L:={(s,t)el:s>t} and Ir:={(s,t)el:t>s}.
Moreover we define maps
(,01:[1%] (,022[24)]

t t
(s,t)H%(s—t,t) (s,8) » 25

(s,t—s)
that are easily seen to be coarse. We define a map

h: XxI—=Y

hi(z,01(s,t)) s>t
(@, (5,)) = {hg(x,gog(s,t)) t>s

The composition with ¢1, 2 makes sense since

15,0, 0,0)) = 22
=5+t

=d((s,1),(0,0)).

(Is — [+ [¢])

11



4 COARSE HOMOTOPY Elisa Hartmann

A similar calculation shows @2 does not change the distance to (0,0). The pair X I, X x I is
coarsely excisive since

AR[X « I NAR[X x Iy] = {(z,(s,t)) e X*[:s+ R>t,t+ R>s,s+1t=d(z,z0)}

= {(2,(s,t) € X # I : |@ t| < R/2, |M — 5| < R/2,
s+t=d(x,z0)}
4 d(ZL',:L'())
CArpl{(z,(s,t) € X xlis=t=———}
= Apo[(X * I1) N (X * I2)]
for every R > 0. If (z, (d(z,2z0)/2,d(x,20)/2)) € (X *I1) N (X * I3) then
hl(x,cpl(d(z,:po)/2,d(z,:p0)/ )) hl( (O,d(z,zo)))
= B(z)
= ha(z, (d(x, 20),0))
= ha(x, p2(d(x, 20)/2,d(x,20)/2)).
Thus Lemma 24 shows that h is a coarse map. We have
h(l‘, (d(:z:,aco) )) = hl( (d(l‘o, ),0))
= ha(z, ( (z,70),0))
= a(x)
and
h(z, (0,d(x,x0))) = ha(x, p2(0,d(z, x9)))
= ha(z, (0, d(z, z0)))
=7().
Thus h is a coarse homotopy connecting a and . |

If two coarse maps «a, 8 : X — Y between metric spaces are close then they are obviously
coarsely homotopic. Just take the constant homotopy. Note that in practice it is easier to show
that two maps are close than to construct a coarse homotopy between them.

There are other notions of coarse homotopy which are closely related to the one we just
introduced.

We recall the coarse homotopy theory studied in [MNS20]:

If p: X = R is a coarse map then

[,X = {(x,t) € X x Rsq | t < p(x) + 1}

is a cone over X. There are inclusions
0: X =1, X i1: X = [, X
z — (2,0) x> (z,p(z) +1).
Then two coarse maps «, 8 : X — Y are said to be coarsely homotopic if there exists a coarse
map h: [, X =Y witha=hoigand f=hoi.

In some cases, for example if X is a path-metric space, the coarse homotopy relation on
coarse maps X — Y is independent of the choice of coarse map p. Suppose in what follows that

p = d(o, ).

12



4 COARSE HOMOTOPY Elisa Hartmann

Proposition 26. Two coarse maps a, 5 : X — Y between metric spaces are coarsely homotopic
in our sense exactly when they are coarsely homotopic according to [MNS20)].

Proof. We provide maps

U LX = X+1
O: X1 —I,X

s s o s (z,(s,d(xg,x) — 5)) s <d(x,x0)
(@ (s d{@o, z) = 5)) = (. 5) (@,8) = {(z, (d(z0,7),0))  otherwise

We first show ¥ is the coarse inverse to ® by showing these maps are coarsely uniform and their
composition is close to the identity. Let R > 0 be a number. Then

D*(AR) = ®**{((z, (s, d(z,20) — 5)), (y, (t,d(y,0)))) € X * I | d(x,y) < R,d(s,t) < R/2}
={((z,5),(y,1)) € I, : d(z,y) < R,d(s,t) < R/2}
C Agr

and
U(AR) = U((z,5), (y,1) € L,X | d((x,5), (y,1)) < R}
= U 2{((z,5), (y,1)) € [, X | d(z,y) < R,d(s,t) < R}

C {((z, (s,d(z,20) — 5)), (y, (t,d(y,y0) — 1)) € X + I | d(z,y) < R,d(s,t) < R}
C Ajpg.

Thus, &, ¥ are coarsely uniform. We have ¥ o ® = idx,.; and

(z,9) s < d(z,xp)
(z,d(z,x0)) otherwise

@o\I/(x,s):{

is close to the identity on I, X. Thus ®, ¥ are coarse inverses. If

g: X > X1 11 : X > X1
x = (x,(0,d(zo,x))) x — (x,(d(xg,x),0))

are the inclusions then
Do p(x) = P(x, (0,d(x,20))) = (2,0) = ig(x)

and
Do (x) = P(z, (d(x,x0),0)) = (z,d(x, z0))

is close to 77. Likewise
Uo ’L()(Z') = \I/(:L',O) - (SC, (Oad(xv'r()))) = LO(:C)

and
Uoiy(z) = U(x,d(xg,z) + 1) = (z, (d(z,20),0)) = t1(x).
If h:I,X — Y is a coarse homotopy joining a to 5 then ho® : X xI — Y is a coarse homotopy
joining
ho®oi=hoiyg=a

13



5 ACYCLIC SPACES FElisa Hartmann

to h o ® o1y which is close to hoi; = 8. By definition the map « is coarsely homotopic to 5 via
ho®ou.
If g: X +*I — Y is a coarse homotopy joining v to d then ho ¥ : [, X — Y is a coarse
homotopy joining
hoWoig=hotw="r

to
hoWoii =hotu =6.

5 Acyclic Spaces

There is a class of metric spaces on which most coarse cohomology theories vanish. Let us
translate [Will3l Definition 3.6] into coarse structure notation:

Definition 27. A metric space X is called flasque if there is a coarse map ¢ : X — X such that
e ¢ is close to the identity on X;
e for every bounded set B C X there is some Np € N such that
" X)NB =10
for every n > Np.
o For every entourage E the set | J, (¢°")*?(E) is an entourage.

Theorem 28. If X is a flasque metric space then there is a coarse homotopy equivalence

D: X xZs>o— X
(,4) = ¢°'(2).
Here ¢°° denotes the identity on X.

Proof. First we prove that @ is a coarse map. Let R > 0 be a number. If d((z,7),(y,7)) < R
then in particular d(x,y) < R. Then

¢><2 AR QU on X2 AR

is an entourage. Thus @ is coarsely uniform. If B C X is a bounded set then there exists some
N € N with im(¢°") N B = ) for every n > N. Then

Y B)C o Y(B)U---Uo°N(B)

is bounded. Thus @ is coarsely proper.
We show that the coarse homotopy inverse to @ is

02X—>X><Z20
x +— (x,0).

14
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We obtain @ o ig = idx. It remains to show that ig o @ and idXXZZO are coarsely homotopic.
Define a map

h:(XXZZO)*I%XXZZO
((2,1), (s, max(d(z, o), 1) — 5)) = (¢°1 (@), [(1 = 8)i]).

Here § := denotes the normalized parameter. We observe that h|(x xz.¢)«(0xz20) =

max(d(x,xq),t
tdx xz-, and (h|((XX)Z>)O)*(Z>OX0) = 19 o $. Now we just need to show that h is a coarse map.
First we show the map h is coarsely uniform: Let R > 0 be a number. If p; : X X Z>g =+ X
denotes the projection to the first factor and ps : X X Z>9 — Z>o denotes the projection
to the second factor then h*?(AR) is an entourage if p;® o h*2(Ag) and pS? o h*?(Ag) are
entourages. If d(((x,1), (s, max(d(z,z0),7) — s)), (v, 7), (t, max(d(y,zo),7) — t))) < R then in
particular d(x,y) < R,|i — j| < R and |s — t| < R. Now

pi® o ¥ (AR) € [J(07)*(AR)

is an entourage.
d((p2 0 h((w,9), (s,5")),p2 0 h((y, ), (t,¢'))) = |L(1 = 8)i] — |(1 = §)j]|
<1 =8)i— (A1)l +2
< fi = gl + |80 — t5] + 2
<|i— |+ |8 — i + [fi — 5] + 2
<R+R+R+2

Thus py? o h*?(AR) is an entourage.
Now we show that h is coarsely proper: Let B C X X Z>q be a bounded subset. We write

B=|B;xi
i
which is a finite union. Then for every ¢ there is some N; such that

" (X)NB; =0

for every n > N;. The set h=!(B) is bounded if p; O PX xZso © h=1(B) and py O PX xZsg © h=1(B)
are bounded. Now

P1oPxxza, 0 hH(B) S| @ OB U U™ N (By))

i

is bounded in X. If j € p2opxxz-0 oh™1(B) then |tj] < N; for at least one i and some t € [0,1].
Thus
J <maxN;

is bounded in Zx. O
Example 29. Note that Zx is flasque by

¢ZZ20—>Z20
n—n+ 1.

Thus there is a coarse homotopy equivalence ZZOQ — Z>o. Now for every n the space Z>o" is
flasque. As a result Z>(™ is coarsely homotopy equivalent to Zsq for every n.

15
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6 Finite colimits

Definition 30. Let (A4,d4), (B, dp) be two nonempty metric spaces. The coarse disjoint union
AV B of A, B is defined to be
Al B/(IO ~ bo

where ag € A, by € B are two fixed points and

d:(AVB)x (AVB) =R

QU

A-Tay) .’L',yEA

(

a(z,a0) +dp(by,y) z€A,yeB
B(
B(

QU

s — .
(:E y) ) (a07y) :CGB,yEA

) x,y € B

€T,

&.&.

T

@0‘

)

In [Weil6] a similar Definition has been made. They ar equivalent since they share the same
universal property:

Lemma 31. If A, B are metric spaces then AV B is a metric space. It is a coproduct of A, B.

Proof. First we prove that A V B is a metric space. If z,y € AV B are two points with
d(z,y) = 0 and both z,y € A or both 2,y € B then z = y is clear. If x € A and y € B then
0 = d(z,y) = d(z,a0) + d(bo,y) implies d(z,a9) = 0 and d(bo,y) = 0 thus x = a9 = by = y.
Symmetry of d is clear. We prove the triangle inequality. If z,y € A and z € B then

d(w,y) + d(y, 2) = d(z,y) + d(y, ao) + d(bo, 2)
> d(x,a0) + d(bo, 2)
=d(z, z).

Now we prove AV B with the natural inclusionsi: A — AV B and j: B — AV B is a coproduct.
Suppose C' is a metric space and a: A — C, 5 : B — C are coarse maps. Then define

y:AVB—C

. alz) ze€A

Then yo7 =« and o j is close to . It remains to show that v is a coarse map. If R > 0 then
there exist a(R), B(R) > 0 with «*?(AR) € Ayr) and S*?(Ag) C Agg). If 2,y € AV B with
d(z,y) < R then there are 4 cases. If both z,y € A then d(v(z),v(y)) = d(a(z), a(y)) < a(R).
If both z,y & A then d(y(x),v(y)) = d(B(x),B(y)) < B(R). If x € Ay € A then

d(v(z),7(y)) = d(a(z), B(y))
(a(w),a(ao)) + d(a(ag), B(bo)) + d(B(bo), B(y))
a(R) + d(a(ao), B(bo)) + B(R).

The case x € A,y € A is similar. Thus « is coarse.
If § : AV B — C is another coarse map which fits in the pushout diagram then §|4 =doi ~
a=+|aand §|p =do0j ~ B ~~|pg. Thus d ~ v is unique.
O

16



6 FINITE COLIMITS FElisa Hartmann

Two subsets U,V C X form a coarse disjoint union of X if for every R > 0 the sets Ar[U¢]N
ARr[V¢],U NV are bounded.

Lemma 32. If U,V is a coarse disjoint union of a metric space X then X,U V'V are coarsely
equivalent.

Proof. We define a map
p: X=>UVV

[x] zeUUV
T
{[uo] x e (UUV)e.

It remains to show that ¢ is a coarse equivalence. First we show ¢ is coarsely uniform. If R > 0
and dx (x,y) < R we distinguish three cases. If (z,y) € U? then dyyv (2], [y]) = du(x,y) < R.
If x € U,y € V then since Agr[U] N Ar[V] is bounded there exists Sg > 0 with dy(z,up) <
SR,dv(y,’Uo) S SR. Then

duvv ([#], [y]) = du(x,uo) + dv(vo,y) < 2Sk.

If € (UUV)¢, y € U then since (UUV)¢ is bounded there exists some S > 0 with dx (z, up) < S.
Then

duvv (p(2), 0(y)) = dx (uo,y) < dx(ug,z) +dx(z,y) < S+ R.
The other cases are similar. Thus ¢ is coarsely uniform.
Now we show that ¢ is coarsely injective. If R > 0 and d(¢(2), ¢(y)) < R we again distinguish

three cases. If x,y € U then dx(z,y) = dyvv([z],[y]) < R. If © € U,y € V then d([z],[y]) =
d(x,up) + d(vo,y). Then

d(z,y) < d(z,uo) + d(uo, vo) + d(vo,y) < R+ d(ug,vo).

If z € (UUV)°,y € U then since (UUV)° is bounded, there exists some S > 0 with d(z, up) < S.
Then
d(a,y) < d(w, ) + d(uo,y) < S+ R.

The other cases are similar.
Since ¢ is surjective we have proven that is a coarse equivalence. [l

In the following definition we use there is a more general concept of coarse structure. It has
to satisfy a certain set of axioms [Roe03]. The coarse structure of a metric space is an example
for this. We have that the intersection of coarse structures is again a coarse structure so we can
give a collection of subsets of X x X and talk about the coarse structure they generate.

Definition 33. Let o, : X — Y be two coarse maps between metric spaces. Then the space
Y (a, ) is defined to be Y as a set equiped with the coarse structure generated by (Ag)r and

Aa, B) = {(a(x), B(x)) | v € X}
The asymptotic coequalizer of a, B is q :=idy : Y — Y («, ).

Proposition 34. If a,5: X — Y are two coarse maps between metric spaces then Y («, 8) is a
coequalizer of o, B in the category of metric spaces and coarse maps modulo close.
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Proof. We first remark that Y(«, ) is a metric space since its coarse structure is countably
generated [Roe03].
Now we prove that ¢ is a coarse map. Since every entourage in Y is an entourage in Y (a, )
the map ¢ is coarsely uniform. If z € Y then
Ala, B)le] ={y €Y | Fz € X, a(z) =y, B(z) = 2}
= {a(z) |z € F7(2)}
—ao0f7(2)

is bounded. Similarly we obtain
Ala, B)7 '] = A(B, a)[2]
—Boal(z)

is bounded. By an inductive argument every bounded set in Y («, 3) is already bounded in Y.
Thus ¢ is coarsely proper. Now (goa x go 8)(Ax) = A(a, 8) is an entourage in Y («, 3). Thus
qoa,qo 3 are close.
Now we prove the universal property. If r : Y — Z is a coarse map with r o « close to r o 3
then {(r o a(x),r 0 f(x) | x € X} is an entourge. Define
r:Y(a,8) > Z
y = r(y).

If R > 0 then r"*2(Ag) is an entourage since r = r’. Moreover
(A, B)) = {(roa(w),r o f(z) | v € X}

is an entourage. Thus 7’ is coarsely uniform. Since every bounded set in Y is bounded in Y (v, 8)
the map 7’ is coarsely proper. Thus 7’ is coarse with r = 1’/ o q. If v’/ : Y(a, 8) — Z is another
coarse map with r ~ r” o g then r” ~ 1/, O

Theorem 35. The category of metric spaces and coarse maps modulo close has all finite colimits.

Proof. By Lemma 3] the category has all finite coproducts. By Proposition [34] the category has
all coequalizers. The claim is then a general result in category theory. [l
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