AN AXIOMATIZATION OF THE HOMOTOPY GROUPS

BY
DanieLn M. Kan!

1. Introduction

In the present paper an axiomatic characterization of homotopy groups
will be given. The possibility of such a characterization was conjectured
by S. Eilenberg and N. E. Steenrod in [1]. Another such axiomatization,
which is essentially different from the present one, is due to J-P. Serre, J.
W. Milnor [6), M. Kuranishi [5] and S. T. Hu [2]. The main difference
is that we do nof postulate that “m, is the set of the components”. Nones-
sential is the fact that we consider only absolute groups. The results will
be stated in terms of c.s.s. complexes. Free use will be made of the defini-
tions and results of [3], [4], and [7].

In an appendix we discuss the influence of the first two axioms (homo-
topy and exactness) on m(K(Z, 1)), which plays a role similar to that of
the coefficient group in homology theory.

2. The main result

Let 8 be the category of c.s.s. complexes with base point ([3], §2), and let
8. be the subcategory of the c.s.s. complexes which are of the weak homotopy
type of a countable ¢.s.s. complex ([4], §6). We shall define the notion of a
theory of homotopy groups on a subcategory 8’ € 8 and state uniqueness
theorems for theories of homotopy groups on the categories S, and 8.

Let G be the category of groups, and let G, be the subcategory of the count-
able groups. All groups will be written multiplicatively. A group con-
sisting of one element will be denoted by 1.

DerinimioNn 1. A theory of homotopy groups {m;, d;} on a subcategory
8’ C 8§ is a collection which contains for every integer n > 0

(a) a functor 7,:8’' — G,

(b) a function 9,41 which assigns to every fibre sequence F 4LEZ2Bin
8’ ([3], §3) a homomorphism 3,11(q, P):mn1(B) — w.(F) satisfying the nat-
urality condition:

If commutativity holds in the diagram

q p

F > FEF —B

ool
’ ’
FI q El p BI
Received September 6, 1957.
! The author was partially supported by an air force contract during the period when
the work on this paper was being done at Princeton University.
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where both horizontal sequences are fibre sequences, then the following
diagram is also commutative

7‘,"+1(B) an+1(Q? P) Tn(F)
[ren® [

/ 7
—1:1 Mwn(p:),

Unless stated otherwise the functions #; and d; are required to satisfy the
following four axioms:

Axiom I. If f:K — L is a weak homotopy equivalence, then
Wn(f):ﬂ'n(K) — wa(L)

is an isomorphism for all n.

AxiomII. IfF L E B Bis a fibre sequence, then the sequence

— ma(F) Tn(‘I)’ mu(E) 7 (p) 7n(B) (g, p)’ e m1(q) m(E) m1(p) m1(B)
is exact. If F is connected, then = (p) is onto.

Axiom III. If K; v K, is the union of K; and K, (with the base points
identified) and if k;: K; — K; v K, are the embedding maps (z = 1, 2), then
m(K; v Ky) is the free product of m(K;) and m(K,) under the maps m(k,).

Axiom IV. 7. (K) # 1 for some K and n.

Clearly the usual homotopy groups and boundary homomorphisms of a
fibre sequence satisfy the above axioms. That this theory of homotopy
groups is essentially the only one possible on 8. (the category of c.s.s. com-
plexes which are of the weak homotopy type of a countable c.s.s. complex)
is an immediate consequence of the following uniqueness theorem.

THEOREM 1. Let {r;, 8;} and {#:, 3;} be theories of homotopy groups on
the category S.. Then there exist unique natural equivalences

hn:‘ll'n—)’fl'n (n=1)2,“')

such that for every fibre sequence F L E P, B commutativity holds in the dia-
gram

ran(B) 2L o ()
M By @)

Fnt1(q, P)

Fpy1(B) ——25— 7, (F).

The proof of Theorem 1 will be given in §4. In this proof an important
role will be played by the following group-theoretical lemma.
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LemmA 1. Let I:G, — G be the inclusion functor, and let M:G, — G be a
Sfunctor such that
(a) M preserves short exact sequences, i.e. if a sequence

1—>A—S—>B—£~> C—1

18 exact, then so is the sequence

1 m(4) M9, 3y MO, 410y -1,

(b) M opreserves (two-fold) free products, i.e. if B is the free product of
A; (2 = 1, 2) under the maps a;:A; — B, then M (B) is the free product
of M(A;) under the maps M(a;):M(A:;) — M(B).
Then either there exists exactly one natural equivalence m:1 — M, or M(4) = 1
forall A eG,.

The proof will be given in §5.

It should be noted that the usual theory of homotopy groups on the whole
category 8 satisfies the following axiom which is stronger than Axiom III.

Axrtom IIT'. If Q is any set, K, €8 for all a €@, if L is the union of all
K, (with the base points identified) and if k,: K., — L is the embedding
map for all « €@, then m (L) is the free product of the groups m(K,) under
the maps m(kea) 1 m(Ko) — m(L).

It then follows immediately from the following uniqueness theorem that
the usual theory of homotopy groups is essentially the only theory of homo-
topy groups on the whole category $8 satisfying Axiom III’.

TaeoreM 2. Let {r;, 3;} and {%;, 3;} be theories of homotopy groups on
the category 8 satisfying Axiom III'. Then there exist unique natural equiva-
lences hyimy — & (n = 1,2, - -+ ) such that for every fibre sequence

F-LE 2B
commutativity holds in diagram (1).

The proof of Theorem 2 is similar to that of Theorem 1 (see §4). The
following lemma has to be used instead of Lemma 1.

LemMA 2. Let I1:G§ — G be the identity functor and let M :G — G be a func-

tor such that

(a) M preserves short exact sequences,

(b) M preserves all free products, i.e. if Q is any set, A, €G for all o €Q,
and if B is the free product of the groups A . under the maps ao:4.— B,
then M (B) s the free product of the groups M(A.) under the maps
M(ao):M(A.) — M(B).



AN AXIOMATIZATION OF THE HOMOTOPY GROUPS 551

Then either there exists exactly one natural equivalence m:I — M, or M(A) = 1
forall A €G.

The proof of Lemma 2 is similar to that of Lemma 1 (see §5).

3. An axiomatization which includes =,

It is possible to give an axiomatization of the homotopy groups which
includes 7o . This can be done as follows:

Let ® be the category of sets with a distinguished element 1. A set con-
sisting of one element will also be denoted by 1. A theory of homotopy
groups {m;, 9;} on a subcategory 8’ C 8§ then contains in addition to the func-
tions m, and 9,41 (n > 0)

(a) a functor m:8’ — ®,

(b) a function 9; which assigns to every fibre sequence F' 4 EP Ba
function 9:1(q, p):m(B) — m(F) such that d:(g, p)1 = 1, and satisfying the
obvious naturality condition.

Axioms I, III, and IV need not be changed, but Axiom II has to be re-
placed by

Axiom I. It F-4, E P, Bis a fibre sequence, then the sequence

— ma(F) ma(q) 7u(E) ma(p) 7u(B) 9.(g,p) . mo(p) mo(B) — 1
is exact in the sense that always ‘“‘the image of one map”’ = ‘‘the kernel of

the next map”.

Clearly the usual theory of homotopy groups satisfies Axiom II’. That
this theory of homotopy groups is essentially the only one possible on the
category 8. is a consequence of the following uniqueness theorem.

TueoreM 3. Let {w;, d;} and {#;, 3;} be theories of homotopy groups on
the category S. which satisfy Axiom II'. Then there exist unique natural equiv-
alences hy:mn — 7 (n = 0, 1,2, -+ ) such that for every fibre sequence

r4 gPpB

and integer n > 0 commutativity holds in diagram (1), while for n = 0 the
diagram (1) is either always commutative or always anticommutative, i.e. for
every element B e m1(8)

(ho(F) 2 01(q, p))B = (31(g, P) ° (B))B™".
The proof will be given in §6.

4. Proof of Theorem 1

It clearly suffices to prove Theorem 1 only for the case that {m;, 9;} is the
usual theory of homotopy groups on §. .
The proof consists of three parts. We first show, using only Axioms I
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and II, that #,(K) = 1 for certain » and K (Propositions 1-5) and that
7o(K) =~ ®(L) for all n and K and suitable L (Proposition 6). Then we
define a functor M:G. — G and prove, using again only Axioms I and II,
that it preserves short exact sequences (Proposition 7) and, using Axioms I,
11, and ITI, that it preserves (two-fold) free products (Proposition 8). Only
at the last stage we need Axiom IV (in the proof of Proposition 9) in order
to be able to define the natural equivalences h,:m, — #» .

ProposiTion 1. Let P be a c.s.s. complex with one simplex in every dimen-
sion. Then #,(P) = 1 for all n.

Proof. Let i:P — P be the identity map. Then

pLpip

is a fibre sequence. Hence application of Axiom II yields the desired result.
ProposiTioN 2. Let K be contractible. Then #.(K) = 1 for all n.
Proof. This follows immediately from Proposition 1 and Axiom I.
ProposiTioN 3. Let K be connected, and let m(K) = 1. Then
m(K) = 1.
Proof. Because K is connected there exists (see [4]) a fibre sequence
G(K)—> E(K) > K

such that E(K) is contractible. Application of Proposition 2 and Axiom IT
then yields that #(K) = 1.

ProposiTioN 4. Let S be a c.s.5. complex with two simplices in every di-
mension. Then #,(8°) = 1 forn > 0.

Proof. Let ¢ ¢ 8 be the base point and let = be the other O-simplex.
Define maps p:8° X 8° — 8% #:8° X & — 8 and ¢:8° — & x & by

P, ¢) =p(r,¢) =¢, P, 7)=p(r,7) =71
U, 7) = Ur, ¢) = U7, 7) = 7,
q(r) = (7, ¢).
Application of Axiom IT and Proposition 1 to the fibre map
Pogx st
yields that #,(f) is an isomorphism for all n > 0. As the composition
L, g% gty g

is the identity map, it follows that #.(¢) is also an isomorphism. Clearly
#a(p) is onto for all n. Hence application of Axiom II to the fibre sequence
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R D i
yields that #,(S%) = 1 for alln > 0.
ProrosiTioN 5. Let A €G.. Then 7,(K(4, 1)) = 1 forn > 1.

Proof. There exists (see [7]) a fibre sequence

K@4,00 18P Kg@4,),
where E is contractible. Hence by Axiom II and Proposition 2
3n(g, p): 7a(K(4, 1) — 7.1(K(4, 0))

is an isomorphism for » > 1. Now consider the fibre sequence
P—K(4,0) 2>,

where a(o) = 7 for every O-simplex o e K(4, 0) different from the base point.
Then it follows from Axiom II and Propositions 1 and 4 that

7a1(K(4,0)) =1
for n > 1. Hence also #,(K(4, 1)) = 1 forn > 1.

Let K be a connected c.s.s. complex. Then there exists (see [3]) a fibre
sequence

HE) —— E(K) K,

where E(K) is contractible and G(K) satisfies the extension condition.
For every K and n > 0 consider the fibre sequence

K, - K, P K (m(K), 1),

where

(a) K; is the subcomplex of Ex” K consisting of the simplices of which
all 0-dimensional faces are of the base point,

(b) K, is the subcomplex of K, consisting of the simplices of which all
1-dimensional faces are of the base point (it is simply connected),

(©) Kun = G(K,),

(d) g¢n:Kn — K, is the inclusion map,

(e) p. is the canonical map p,: K, — K(m(K.,), 1) (see [7]).
The complexes K,4; and K, are connected by a fibre sequence

Kua—2s B(KS) 25 K,
where E(K ») is contractible.
Let ¢€°’K:K — Ex”K be the embedding map and denote by j:K; — Ex"K

the inclusion map. Then

ProrosiTioN 6. The maps #1(p), #2(qn-), ** , Fulqr), O2(tn—1, Sna), *** ,
Aty , 1), ®u(f), and #,(e’K) (see Figure I) are isomorphisms.
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Proof. Because K, is simply connected it follows from Axiom II and
Proposition 3 that #;(p.) is an isomorphism, while Axiom II and Proposition
5 imply that #2(gu—), - -, Tu(q1) are isomorphisms.

The contractibility of E(K,) together with Axiom II and Proposition 2
yield that d2(f,—1, Sn_1), *** , Ox(t1, s1) are isomorphisms.

The map j:K; — Ex”K may be factored

K25 K, 2L ExK,

where K is the component of Ex*K containing K;. In view of Axiom I,
#a(j1) is an isomorphism. If K« # Ex® K, then define a map %:Ex"K — §°
in such a manner that

K, -2, Ex=k -*

is a fibre sequence. (This clearly is possible in a unique way.) Proposition
4 and Axiom II then imply that #.(j:) is also an isomorphism, and hence
() is an isomorphism.

It follows from Axiom I that #,(e”K) is an isomorphism.

This completes the proof of Proposition 6.

/'n'n(K) 7-"(K)
/n(ewm \mwK)
AN
e N
© Wn(j) - 7_""(-7.) - ©
m(Ex*K) «————— m(Ky) in(K) ——— #(Ex"K)
/! N

4 AN
/gy #nlq)
/ N

3,(ty, s1) Onlts, 1)
AT ILAN PR TRV

mulK1) ma(Ks) (Ko (K1)
N
/ N
A N
’ n—1y On— 5 n—1y On— !
Ky Sl Sy KD Salls, 8) et

) O
#(K@(Kn),1))
Figure 1
Let M :G. — g denote the composite functor

K(,1 s, 1

Ge §.
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ProposiTioNn 7. The functor M:G. — G preserves short exact sequences.
Proof. Let
1548t 01

be an exact sequence. Then it is readily verified that

K, 1)—K&D gp oy KGD ey

is a fibre sequence, and because K(4, 1) is connected, it now follows from
Axiom IT and Proposition 5 that the sequence

1 ) MO, 3y MO, prey -1

is also exact.
ProrosritioN 8. The functor M:G, — G preserves (fwo-fold) free products.

Proof. Let B be the free product of A; (z = 1, 2) under the maps
a;:A; —> B, Let ki:K(A;,1) - K(A;, 1) v K(4A2, 1) be the embedding
maps and let j:K(4,, 1) v K(4,, 1) — K(B, 1) be the (unique) map such
that the following diagram is commutative.

KA, 1)~ K (A1, 1) v K(4s, 1) <2 K(4,,1)
N

/
N\ /
K(ai, 1) J (Kas, 1)
\\ //

K(B,1)

It is readily verified that = (j):m(K(4:, 1) v K(4,, 1)) — m(K(B, 1)) is
an isomorphism. Furthermore 7,(K(B, 1)) = 1 for ¢ > 1 and it follows from
a lemma of J. H. C. Whitehead (see [9]) and the fact that

Ti(K(41, 1)) = 7(K(4;,1)) = 1

for ¢ > 1, that m;((K(4:, 1) v K(4:, 1)) = 1fors > 1. Hence the map
7 is a weak homotopy equivalence.
Application of the functor #; yields the commutative diagram

M) 1) g k4, 1) v KA., 1)) —2ED)pr(a,)
/
\ //
AN o) M)
N /
N /
N v

M(B)
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By Axiom IIT (this is the only place where Axiom III is used)
1_l'1(K(A1 y 1) v K(A2 s 1))
is the free product of M(A4.) under the maps #(k;), and by Axiom I, #(j) is
an isomorphism. Hence M (B) is the free product of M(A4;) under the maps
M ( ai).
ProrosiTioN 9. There exists a unique natural equivalence m:I — M.

Proof. Suppose this is not the case. Then by Propositions 7 and 8 and
Lemma 1, M(4A) = 1for all A ¢G,, and in view of Proposition 6 this would
imply that #,(K) = 1 for all » and K. By Axiom IV however this is im-
possible.

We now define for every K €8, and every integer n > 0 an isomorphism
ho(K):mo(K) — #.(K) as the composition of all the isomorphisms in Figure
I. Then it can readily be verified by ‘“‘chasing diagram” that the functions
h, are natural equivalences h,:m, — 7, such that for every fibre sequence

F4L EP B commutativity holds in diagram (1) and that the uniqueness
of the natural equivalence m implies the uniqueness of the natural equiva-
lences h,:mn — 7n .

This completes the proof of Theorem 1.

5. Proof of Lemma 1*

The proof of Lemma 1 consists of two parts. First it is shown that M (Z)
is either infinite eyclic or trivial (Proposition 13), and then we prove that in
the first case there exists exactly one natural equivalence m:I — M (Prop-
ositions 15 and 16), while in the other case M(A) = 1forall A ¢G,.

PropositioN 10. Let D be the direct sum of A; (i = 1, 2) under the maps
di:A; — D. Then M (D) 1s the direct sum of M(A;) under the maps M(d;).
Proof. Let j;:A; — A, be the identity maps, and let p;:D — A; be maps
such that in the diagram
1 1

\. e

A,
\d1 / da
/ P \Pz

Al A2
e N
1 1

2 A more straightforward proof of Lemma 1 will be given in a forthcoming paper in
Bol. Soc. Mat. Mexicana, On monoids and their dual.

J2
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both sequences on the diagonal are exact. That D is the direct sum of A;
under the maps d; then is equivalent to the statement that the above diagram
is commutative. As application of the functor M yields a similar diagram,
it follows that M (D) is the direct sum of M (A;) under the maps M (d;).

Prorosrrion 11. If A is abelian, then so is M(A).
Proof. Let D be the direct sum of 4 with itself under the maps
di:A — D.

That A is abelian then is equivalent to the statement that there exists a
map ¢:D — A such that the following diagram is commutative

A
AN
s N
q

D——F——4A
N A
2
A

where 7: A — A is the identity map. By Proposition 10 application of the
functor M yields a similar diagram. Hence M(A) is also abelian.

ProrosiTioN 12. Let A be abelian, and let B be the free product of A with
tself under the maps a;:A — B (¢ = 1, 2). Lel p:B — A be the (unique)
map such that commutativity holds in the diagram

y: |

AN

B p A.
N A
AN /1

N
A

Then “kernel p” is the free group freely generated by the elements ay(a) - az(a”™)
where a € A and o # 1.

The proof of Proposition 12 is straightforward.

ProposiTionN 13. Let Z be infinite cyclic; then M(Z) is infinite cyclic or
trivial.

Proof. Let Z; be cyclic of order 2, let B be the free product of Z, with
itself under the maps a;:Z, — B (z = 1, 2), and let p:B — Z; and j:Z — B
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be the maps such that commutativity holds and the horizontal sequence is
exact in the diagram

Zy
N
SN
1— 2B P Zy—1
AN
N
Zs

where i:Z; — Z, is the identity. In view of Proposition 12 such a map
J:Z — B exists. Application of the functor M yields a similar diagram. As
M(B) is the free product of M(Z,) with itself under the maps M (a;), and as
in view of Proposition 11 M(Z,) is abelian, it follows from Proposition 12
that M(Z) is free. However by Proposition 11, M(Z) is also abelian. Hence
M(Z) is either infinite eyclic or trivial.

Let F; be the free product of Z with itself under the maps a;:Z — F,, and
let h:Z — M(Z) be a map. Then there clearly exists a unique map

h:F 2 — M (F 2)
such that commutativity holds in the diagram

7 % , p <2 gz

b l’ b
Mz M@, iy M) g,

ProrosITION 14.  Suppose M(Z) 1is infinite cyclic. Let ¢ ¢ Z be a generator,
and let a:Z — F, be the map given by af = a1 a2 . Then there exists a
unique tsomorphism h:Z — M(Z) such that commutativity holds in the
diagram

Z ___a_) F2

N

M(Z) M), M(F»).

In the proof of Proposition 14 use will be made of the following lemma
(for a proof see [8]).
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Lemma 3.  Let w(a, B) be a reduced word in the free group on two generators
such that

w(a, 1) = a, w(l, B) = B,
w(e, w(B, v)) = w(w(a, B), 7);
then either w(a, 8) = aof or w(a, B8) = Ba.

Proof of Proposition 14. Let fiZ — M(Z) be an isomorphism and let
¢ = f¢. Clearly M(Fs) is a free group on the generators M (a;){’, and hence
M(a)¢’” may be written as a reduced word w(M (a,)¢’, M(az)¢’) in these gen-
erators. Let p1:F: — Z be the (unique) map such that (p;oa)f = ¢ and
(proax)t = 1. Then (p1oa) = ¢, and hence (M(p:) e M(a)){’ = ¢’. Con-
sequently the word w is such that

w(a, 1) = a.

Similarly it can be shown that

w(l, ) = B.
Let F; be the free product of three copies of Z under the maps
bj:Z — F, G =123).

Then it is readily verified that M (F;) is the free product of three copies of
M (Z) under the maps M (b;). Let b:Z — F; be the map given by

br = b1 &b ¢-bs ¢

and let c:F, — F3; be the map such that

(coa)t = bi¢ and (coa)i = ba{-bs¢.
Then (coa)f = bf, and hence

M@®)" = (M(c) o M(a))i’
M(c)w(M(ar)s’, M(a2)s")
w(M b)), wM (b2)', M(bs)S')).
Similarly it can be shown that

Mb)s" = ww(M (b, M(b2)$"), M(bs)§").

Il

Hence the word w is such that
w(a, w(B, v)) = ww(a, B), ),

and it follows from Lemma 3 that either w(a, 8) = of or w(e, B) = Pa.
Let g:Z — M(Z) be the (only) other isomorphism, ie. g¢ = fet It

w(a, B) = aB, then f has the desired property, and it is readily verified

that ¢ has not. Conversely if w(e, 8) = Ba, then f does not have the de-
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sired property, but already g does. Hence there is exactly one isomorphism
h:Z — M (Z) with the desired property.

Prorosition 15. There exists af most one natural equivalence m:1 — M.

Proof. Suppose m:I — M is a natural equivalence. Then it follows
from Proposition 14 that m(Z) = h. The naturality of m implies that for
every group 4 and map f:Z — A commutativity holds in the diagram

f

Z — A

b e

M(4) M4), M(4).

As every element o € A is the image of the generator { e Z under a unique
map f.:Z — A, it follows that

) m(d)a = (M(fa) ° h)S,

i.e. the natural equivalence m is completely determined by the functor M
and the (unique) isomorphism A and hence is unique.

In order to prove the first part of Lemma 1 it thus remains to show that

PropositioN 16. Suppose M(Z) is infinite cyclic. For every group A
let m(A):A — M(A) be the function defined by (2). Then the function m s a
natural equivalence m:1 — M.

Proof. The naturality of m follows immediately from its definition. We
first show that m(4):A — M(A) is a homomorphism for every A and then
that it is actually an isomorphism.

Let o, BeA. Then we must show that m(4)(a-8) = m(4d)a-m(4)B.
Let d:F, — A be the map such that (doa){ = « and (doas)f = $. Then
it follows from the naturality of m that

m(A)(aop) = (m(A)odoa) = (M(d) > M(a) o h){
M(d){(M(ar) o h)§ - (M (az) o h)§'}

(M (d) o M(az) o h)g- (M(d) o M(az) o h)§
m(A)e-m(4)B.

I

I

Consider the commutative diagram

J

1 — Fy F, 7Z —1
3) Jm(m jm(m lm@)

Lo ) M9, army MP), arzy 1
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where p:F, — Z is the map such that poa;, = poay = identity and
jiF, — Fyis such that the upper sequence (and hence the lower sequence)
is exact. It follows from Proposition 12 that F_ is an infinitely generated
free group. As m(Z) is an isomorphism, so is m(F,;). Application of the
“five lemma’’ (see [1]) now yields that m(F,) is also an isomorphism.

Every group A €G. can be embedded in a commutative diagram

S t

1 — F. > F. b A1
) lm(F’w) Jm(Fw) lm(A)
Loy M9 ey MOy S

where the maps s and ¢ are such that the upper sequence (and hence the
lower sequence) is exact. As m(F,) is an isomorphism, it follows from the
“five lemma’” that M(A) is also an isomorphism.

This completes the proof of Proposition 16.

In order to prove the second part of Lemma 1 we need
Prorosition 17. If M(Z) = 1, then M(A) = 1 for all A €G. .

Proof. Clearly M(A) = 1 implies M(F;) = 1, and hence in view of the
exactness of the lower sequence of diagram (3), M(F,) = 1. Finally the
exactness of the lower sequence of diagram (4) implies that M(4) = 1 for
all 4 G, .

This completes the proof of Lemma 1.

6. Proof of Theorem 3

It clearly suffices to prove Theorem 3 for the case that {m;, 9;} is the
usual theory of homotopy groups on 8, .

The proof consists of two parts. We first show that Axioms I and I’
imply Axiom II (Proposition 21). Hence Theorem 1 may be applied and
yields the existence and uniqueness of the natural equivalence

hypimry, — 7n

for n > 0. The second part of the proof consists of showing the existence
and uniqueness of the natural equivalence ho:me — 7o (Propositions 24 and
25) and proving that this natural equivalence ho has the desired property
(Proposition 26).

ProrositioN 18. Let P be a c.s.s. complex with one simplex in every di-
mension. Then 7,(P) = 1 for all n.

ProprositioN 19. Let K be contractible. Then #,(K) = 1 for all n.
Proposrrion 20. Let K be connected. Then wo(K) = 1.
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The proofs of these propositions are similar to the proofs of Propositions
1, 2, and 3.

ProposiTioN 21. Let F 4, E P, B be a fibre sequence, and let F be
connected. Then #,(p):7(E) — 7.(B) is onto.

Proof. This follows immediately from Axiom II' and Proposition 20.

For every X e ® let K(X, 0) denote the c.s.s. complex defined as follows.
An n-simplex is any pair (¢, n) where £ ¢ X; for every map a:[m] — [n],
(&, n)a = (¢, m). The O-simplex (1, 0) is chosen as a base point. If X hap-
pens to be a group, then this definition reduces to the usual definition of
K(X, 0) (see [7]).

Clearly a map 4:X — Y e® induces a map K(u, 0):K(X, 0) — K(Y, 0).

PropositioN 22. The set #o(K(Z2, 0)) consists of two elements.
Proof. There exists (see [7]) a fibre sequence
K(Z2 ) 0) —E — K(Z2 ) 1)7

where E is contractible. By Theorem 1, #,(K(Z,, 1)) =~ Z,. Hence Axiom
II’ and Proposition 20 imply that #(K(Z., 0)) consists of two elements.

Let L be a c.s.s. complex and let r(L):L — K(wo(L), 0) be the map which
assigns to every n-simplex ¢ ¢ L the element (£, n) where £ em(L) is the
component containing . Then

ProposiTioN 23. The map #o(r(L)):7o(L) — #7o(K(mo(L), 0)) s an iso-
morphism.

Proof. Let L; be the component of L containing the base point. Then
there exists (see [3]) a fibre sequence

G(L) — B(L) 25 Ly,

where E(L;) is contractible. Furthermore for every component L; of L
there exists a fibre map p: :E(L;) — L; where E(L;) is also contractible.
There results a fibre sequence

G(Ly) — E -2 L,
where E is the disjoint union of the E(L;). By Axiom II’ the map
#o(p) : To(B) — wo(L)
is onto. The contractibility of the E(L;) implies that the composite map

E—P 1 "B, kL), 0)

is a weak homotopy equivalence. Hence by Axiom I, #(r(L) o p) is an iso-
morphism, and because #o(p) is onto it follows that #(r(L)) is also an iso-
morphism.
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Prorosrrion 24. There is at most one natural equivalence ho ‘mo — 7o .

Proof. Suppose ho:ms — 7 is a natural equivalence. It follows from
Proposition 22 that there exists only one isomorphism

To(K(Zz , 0) ~ 7_I'0(K(Z2 , 0))

Hence h(K(Z. , 0)) is this unique isomorphism. The naturality of A, implies
that for every map f:K(Z., 0) — K(m(L), 0) commutativity holds in the
diagram

oK (Ze, 0)) =), (K (mo(L), 0)) T ED_ 1 p)

6 jho(K (Z5,0)) ho(K (mo(L), 0)) ho(L)

Fo(K (Z, )~ 7K (L), 0)) <Dz,
Let ¢ e m(K(Z2, 0)) be the element different from 1. For every element
£ e mo(L) there exists a unique map f; :K(Z,, 0) — K(m(L), 0) such that
(mo(r(L)) " o mo(fe))¥ = £ Hence in view of Proposition 23

ho(L)§ = {#o(r(L))™ o #o(fe) o ho(K(Zz , 0))}¥,

i.e., the natural equivalence ho is completely determined by the functor
and hence is unique.

ProposiTiON 25. For every c.s.s. complex L €8, let ho(L):m(L) — 7o(L)
be the function defined by (5). Then the function ho is a natural equivalence
ho sy — 7o .

Proof. The naturality of he follows immediately from its definition. In
view of Proposition 23 it suffices to prove that ho(K(X, 0)) is an isomorphism
for every countable X ¢ ®. This is done in two steps. First it is shown that
ho(K(X, 0)) is an isomorphism into and then that it is onto.

Suppose h(K(X, 0)) is not an isomorphism into for some X, i.e., there exist
two elements & , & e m(K(X, 0)) such that h(K(X, 0))& = h(K(X, 0))&.
Then there clearly exists a map f: K(X, 0) — K(Z,, 0) such that m(f)& =
and mo(f)& % 1. This however is in contradiction with the commutativity
of the diagram

(K (X, 0)) —™Y) 1k (2,,0))

oK (X, 0)) ) 7K (Z,,0)).

Hence h(K(X, 0)) is an isomorphism into for all X.
Let Z, be a cyclic group of order n. Then there exists (see [7]) a fibre se-

quence
K(Z,,0) > E—K(Z,,1),
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where FE is contractible. In view of Theorem 1, #(K(Z,,1)) &~ Z,. Hence
it follows from Axiom II’ and Proposition 19 that #(K(Z., 0)) contains at
most 7 elements. Hence hy(K(Z, , 0)), being an isomorphism into, must be
onto, and so is therefore ho(K (X, 0)) for every finite X € ®.

Let Z; be the direct sum of a countably infinite number of copies of Zs .
For every map f:Z, — Z, there exists a commutative diagram

K(Z:,00—15 P ,K(Z,,1)
JK(f, 0) l JK(f, 1)

4 4

such that both horizontal sequences are fibre sequences and E and E’ are con-
tractible. Hence commutativity holds in

#(K (2, 1) —2CP 5k (25, 0)) LB 27,09

fn(K(f, 1) jm(K(f, 0) Jm(K(f, 0)
mK (23, 1) 29GP 5 k(2,00 Lo EEROD) k71 0)).

In view of Axiom II’ and Proposition 19 the map 8:(¢’, p’) is onto. Hence in
view of Theorem 1, there exists for every element £ e #(K(Z2, 0)) a map
f:Zy — Z; such that ¢ C dmage (3:(¢/, p') o m(K(], 1))), and because
ho(K(Zz , 0)) is onto, it follows that ¢ C image ho(K(Z3, 0)). Therefore
ho(K(Z3, 0)) is onto, and so is ho(K (X, 0)) for every X ¢ ® which is countably
infinite.
This completes the proof of Proposition 25.

ProposiTioN 26. For every fibre sequence F 4 ,E_P ,B the diagram

1(‘1) 73)

m(B) ——2— mo(F)
ha(B) lho(F )

1-l'1(B) l(‘]a p) 7 (F)
is either always commutative or always anticommulative.
Proof. Consider a fibre sequence
k(2,0 -85 K@2,1),

where E is contractible. It then follows from naturality considerations that
it suffices to show that for a generator ¢ ¢ m(K(Z, 1))

{@1(t, 8) o M(K(Z, 1))}; = {h(K(Z, 0)) o 0:(¢, 8)}8"
where n = +1.
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Suppose n = 0 (mod z) where ¢ > 1. Let f:Z — Z; be a homomorphism
onto. Then there exists a commutative diagram

K(Z,00—— B -5 K(Z,1)

lK (f,0) l P{ (f, 1)

K(Z:,0) -t B~ K(Z:,1)

such that both horizontal sequences are fibre sequences and E and E; are con-
tractible. As 8:1(#;, s;) is an isomorphism (see the proof of Proposition 25),
it follows from the naturality of 8, , 8, , and hg that

{7o(K(f, 0)) © 01(t, 8) e (K (Z, 1))}¢
= {81t , s:) o M(K(f, 1)) o M(K(Z, 1))}¢ # 1,
while
{F(K(f, 0)) o ho(K(Z, 0))  8:(¢, s)}¢"
= {ho(K(Z;, 0)) o m(K(f, 0)) o &u(t, 8)}¢"
= {h(K(Z;,0)) 0 di(t:, 85) o m(K(f, 1))}¢" = 1.
This is a contradiction. Hence n # 0 (mod ¢) for all ¢ > 1, ie., n = 1.

This completes the proof of Theorem 3.

Appendix
7. The influence of Axioms | and Il (or I') on = (K(Z, 1))

In the above axiomatization the group Z and hence the group m(K(Z, 1))
played an important role, somewhat similar to the role of the coefficient group
in homology theory. Hence one may ask the question:

Is it possible to weaken or change Axiom III in such a manner that
m(K(Z, 1)) need not necessarily be infinite cyclic or trivial, but may be any
(abelian) group?

The answer to this question is negative. In fact we will show

TueoreEM 4. Let {m;, 0;} be a theory of homotopy groups on the category
S , which satisfies only Axioms I and II (or I and II'). Then m(K(Z, 1)) is
lorsion-free and abelian.

An example of such a theory of homotopy groups on 8, which satisfies
Axioms I and IT but not Axiom III can, for instance, be obtained by taking
the direct sum (or product) of a number of copies of the usual homotopy
groups.

Proof of Theorem 4. By Theorem 3, Axioms I and I’ imply Axiom II.
As in the proof of Proposition 7 no use was made of Axioms III and IV,
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Theorem 4 is an immediate consequence of the following group theoretical
lemma.

LEmmA 4. Let M:G. — G be a functor which preserves short exact sequences.
Then M(Z) is torsion-free and abelian.

Proof. As in the proof of Proposition 11 no use was made of Proposition 8,
it follows that M (Z) is abelian.

For A abelian, let i3:4 — A denote the map given by 74 & = " for all
aeA. We now show that M(i%) = 2u) -

Clearly M (i) = x4 . Suppose it has already been shown that

n—1 n—1
M('L: = ’L?{(A) .

The map <4 is the composition

d ia + s q
A—"oA4+ 4 Tu 44+ 4-254,

where d:A — A + A is the diagonal map and ¢ is as-in the proof of Proposi-
tion 11. It is readily verified that M(d) is again the diagonal map. As
application of the functor M to the above sequence yields a similar sequence,
it follows that M (d4) = %) -

Let » > 1 and consider the exact sequence

152 7 57, 51.

Application of the functor M yields the exact sequence

1> M(2) —22, M(Z) — M(Z,) — 1.
Hence M(Z) is torsion-free.
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