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0. Introduction

When Hopf discovered in the early 1940’s a purely algebraic method to construct the second
homology group of a pathwise connected aspherical complex from the fundamental group of the
complex [18], it marked the birth of what is now called homological algebra. Hopf proved that, when
A is the fundamental group of the considered complex, and p: P —> A is a projective presentation of
A (i.e. a surjective homomorphism onto A with a free domain), then the second (integral) homology
group of the complex is isomorphic to the quotient

[P, PINK][p]

, (A)

[K[p]. P]
where K[p] denotes the kernel of p and [-,-] the group commutator. In particular, he proved that the
construction is independent of the particular choice of projective presentation of A. Thanks to Hopf's
result it became meaningful to speak of the homology group of a group rather than of a complex (or,
more generally, a topological space).
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Constructions for the higher homology groups were found soon after: Eilenberg and MacLane,
Hopf, Freudenthal and Eckmann all more or less independently came up with solutions that resulted
in the now classic definition via chain resolutions. (See [26] for a detailed historical account.) Later,
another now classic construction, via simplicial resolutions, was discovered (see, e.g. [2]). It is inter-
esting to note that, contrary to what one might expect, neither of these two coincides with Hopfs
original construction, in the particular case of the second homology group. In fact, it was not un-
til 1989 that similar constructions were found for the higher homology groups: in their article [8],
Brown and Ellis obtained a “Hopf formula” for the nth integral homology group, for any n > 3 (see
also [11]).

To give an idea, let us have a look at Brown and Ellis’s Hopf formula for the third homology of a
group. Consider a group A. Instead of representing A by a single surjective homomorphism, represent
it by a commutative square of surjective homomorphisms

fa

Fp —— F4

fz’l lfl (B)

Fop —— A

fo

with the following properties: the unique factorization a: F; —> P to the pullback P = Fg x4 F1 is
surjective, and Fg, F1 and F, are free groups. Brown and Ellis discovered that the third (integral)
homology group of A is isomorphic to the following quotient, where the denominator is an internal
product of subgroups of A:

[F2, 21N K[f21 N K[ f,]
[K[f21, KLf511- K[ f21 N K[ f3], F21°

©

Recall that a surjective homomorphism f:A — B is also called an extension (of B). Commu-
tative squares of extensions, such as B, in which also the factorization a: F, —> P to the pullback
P = Fg x4 F1 is an extension (but without any freeness condition) are called double extensions. They
have been considered by Janelidze in his study of double central extensions [20], as an application
of Categorical Galois Theory [19]. In his talk [21] Janelidze continued his observations from [20] by
considering n-fold extensions and n-fold central extensions for any n > 1. Both are particular kinds of
commutative n-dimensional cubes of extensions. Higher extensions are of interest: indeed, Brown and
Ellis’s construction of the (n+ 1)st homology of a group A involved the choice of some n-dimensional
cube of group extensions. In particular, any n-fold extension with “terminal vertex” A and with all
other groups involved free groups, constitutes a valid choice. Note that it makes sense to call such
n-fold extension an n-fold (projective) presentation of A.

Let us, for one moment, return our attention to Hopf’s original formula A and, in particular, to its
denominator [K[p], P]. This normal subgroup of P is universal in turning the projective presentation
p:P —> A into a central extension: more precisely, it is the smallest normal subgroup N of P with
the property that the homomorphism p: P/N — A induced by p is a central extension. (By central
extension we mean a surjective homomorphism f:A —> B with the property that the kernel K[f]
lies entirely in the center of A.) It was Janelidze who realized [21] that the denominators of the higher
Hopf formulae satisfy a similar property: they turn the higher presentations considered universally
into higher central extensions, by nulling them out of the initial vertex of the higher presentation (see
also [22]). For instance, the double presentation B induces a double central extension
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f2
Fa/l —— F4

]

Fo —— A,
fo

where I denotes the normal subgroup [K[f2], K[f;11- [K[f2]1 N K[f;], F2] of F, and the homomor-

phisms f, and f4 are the natural ones induced by f; and f}, respectively.

This insight inspired Everaert, Gran and Van der Linden to write [12]. In this article, the authors
introduced notions of higher extensions and higher central extensions, again derived from Categorical
Galois Theory, that make sense in a large variety of categories, not just in the category of groups.
Making use of these notions, they obtained Hopf formulae for the cotriple homology of Barr and Beck
[2,14]. Since Barr and Beck’s theory incorporates the classical group homology, this generalized Brown
and Ellis’s result to other categories than the category of groups alone. In fact, the generalization was
much wider since, for instance in the case of groups, Hopf formulae were obtained not only for the
integral homology, but also for the homology with coefficients in the cyclic group Z,, just to mention
one example.

One thing that is particularly interesting about the results from [12] is that they provide one with
a new approach to non-abelian (categorical) homology, based on Categorical Galois Theory or, more
precisely, on the theory of higher extensions and higher central extensions, rather than on that of
cotriples and simplicial objects, like in [2]. It is therefore important that the notions of higher exten-
sion and of higher central extension be well understood. The aim of the present article is to study
their fundamental properties and thus to provide a powerful base for further research in homology
theory via the Brown-Ellis-Hopf formulae.

Instead of defining higher extensions explicitly, as in [12], we shall here take an axiomatic ap-
proach. This will allow us to treat n-fold extensions (for any n > 1) as if they were “simple” (1-fold)
extensions, but also, at the same time, as if they were (n — 1)-fold extensions. This greatly simpli-
fies the study of higher extensions and higher central extensions. Also, it will allow us to obtain a
simple and direct proof of the invariance of the higher Hopf formulae with respect to the considered
higher presentation, without any reference to simplicial objects or any condition on the existence of
a suitable cotriple, like in [12].

Note that higher extensions do not explicitly appear in [8]. In fact, Brown and Ellis demanded
their “higher presentations” to satisfy some weaker property instead. However, as is explained in an
erratum which is available from Ellis’s homepage, this was an error, and the “higher presentations”
considered in [8] needed to be higher extensions after all. Donadze, Inassaridze and Porter, who gave
in [10] a new proof for Brown and Ellis’s result, did assume a condition on their “n-fold presenta-
tions” (or free exact n-fold presentations in their terminology) which can be shown to be equivalent to
demanding them to be n-fold extensions. The first appearance of both higher extensions and higher
central extensions, however, was in [21] although double extensions and double central extensions had
been studied already in [20]. The concept of double extension has been of importance also in [9] and
in [7] (in the latter article the term regular pushout was used), where it was considered in a more
general context than just the variety of groups, namely in regular Mal’tsev categories. Double central
extensions in Mal'tsev varieties have been studied in [17]. Finally, for n > 3, n-fold extensions and
n-fold central extensions have been considered outside the scope of the variety of groups for the first
time in [12].

The context in which the results of [12] hold true, and in which those of the present article will
be developed, is that of semi-abelian categories. These were introduced in [24] in order to capture,
among other things, the homological properties of the categories of groups, rings, Lie algebra’s, (pre-)
crossed modules and similar non-abelian structures. A category A is called semi-abelian if it is finitely
complete and cocomplete, pointed, Barr-exact and Bourn-protomodular.

A being pointed means that 0 =1, i.e. the initial and terminal objects coincide. This allows for
a natural definition of kernels and cokernels: the kernel of a morphism f:A — B is the arrow
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Ker f : K[ f] —> A obtained by pulling back along f the unique morphism 0 — B; dually the coker-
nel of f is the arrow Coker f : B —> Cok[f] obtained by pushing out along f the unique morphism
A —> 0. For the sake of convenience, we shall refer also to the objects K[f] and Cok[f] as to the
kernel and cokernel of f, respectively.

In order to explain what Barr-exactness means, let us recall that a regular epimorphism is an ar-
row that is the coequalizer of some pair of arrows. Furthermore, an internal equivalence relation
(R, 1, ) on an object A in a category .A (where 71,12 : R —> A denote the projections) is called
effective if (71, ;) is the kernel pair of some arrow. Now, A being Barr-exact [1] means that the
regular epimorphisms are pullback-stable (i.e. A is regular [1]) and that every internal equivalence
relation in A is effective.

Finally, a pointed and regular category is called Bourn-protomodular [4,6] if the “regular” Short Five
Lemma holds: for any commutative diagram

Ker f1 fi
K[f1] —— A1 —— By

|

K[fo] —— Ao —— Bo
Ker fo fo

with fp and f7 regular epimorphisms, v is an isomorphism as soon as u and w are isomorphic.

Among the implications of the above axioms let us mention here that any regular epimorphism is
the cokernel of its kernel [6]. Thus, both rows in the diagram above are short exact sequences, which
means that the sequences

Ker f; fi
0 K[ fi] Aj Bi 0

d; d;_
are exact (for i =0, 1) (a sequence --- s Aj 1*1> -+ is exact if Imdj = Kerdj_q for any j).
Hence, the regular Short Five Lemma coincides with the “classical” Short Five Lemma.

Let us conclude this introduction by mentioning one final property of semi-abelian categories.
Recall that a monomorphism is called normal if it is the kernel of some arrow. In a semi-abelian
category, normal monomorphisms are preserved under regular images: if k: K — A is a normal
monomorphism and f:A — B a regular epimorphism, then the image Im(f ok) of f ok is a normal
monomorphism as well [24].

Unless stated otherwise, throughout this article, A will always denote a semi-abelian category.

1. Higher extensions

Let A be a semi-abelian category, with class of objects Ob A. If £ is a class of morphisms in A,
then we shall write £~ for the class of objects A € Ob.A defined as follows: A € £~ if and only if
there exists in £ at least one arrow f:A — B or one arrow g : C —> A. The full subcategory of A
determined by £~ will be denoted by Ag.

Definition 1.1. Let £ be a class of regular epimorphisms in A with 0 € £~. We call £ a class of
extensions when it satisfies the following list of properties. An arrow f € £ will be called an &£-
extension, or simply an extension.

1. £ contains all split epimorphisms f: A — B with A and B in £7;

2. For each composable pair of arrows f: A —> B and g: B —> C, one has
e If f and g are in &, then so is go f;
elf gofisin & and B in £, then g is in &;
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3. For every f:A—> Bin £ and g:C —> B in A with C € £7, the pullback g*f is again in &:

CXBA‘ Y |
- l

g f: f
v
C—F—B;

4. If the following diagram is a short exact sequence in A with A€ &£,

[

then K € £~ implies f € &;
5. For every commutative diagram with short exact rows in A, such that the right hand vertical
arrow is an identity,

f
0 K A B 0
0 L C B 0,
4

one has: if both f and k are in £ and C € £, then also a € £.

Remark 1.2. Since 0 € £, (3) implies that the kernel K[f] of an extension f: A —> B is always
in £7. Therefore, the implication in 1.1(4) is an equivalence.

Example 1.3. The class Reg.A of all regular epimorphisms in A is a class of extensions: (2) and (3) are
satisfied because A is regular, (5) because A is semi-abelian: the image Im(a) of a is an isomorphism
by the Short Five Lemma. Note that (Reg.A)~ = Ob A. In fact, if we demand that £~ =Ob .4 then,
by 1.1(4), Reg.A is the only class of extensions £ in A: in a semi-abelian category every regular
epimorphism is the cokernel of its kernel.

We now consider the category Arr A of all arrows in .4 which has as morphisms between arrows
a and b commutative squares

Ap —— Bo
fo

in A. Such a morphism will be denoted by (f1, fo):a —> b.
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Definition 1.4. Let £ a be class of extensions in .A. We call double £-extension in A any arrow
(f1, fo) :a —> b in Arr A such that all arrows in the following commutative diagram are £-extensions,
where r is defined as the unique factorization to the pullback P = Ag xp, B1:

A £
\
a 11—’ B
lb
AO T Bo.

We denote the class of double £-extensions by E!.
Usually, we will speak of double extension, forgetting the reference to £.

Remark 1.5. Of course, an arrow (fi, fo):a — b in Arr A is a double extension if and only if
(a,b): f1 —> fo is one. For higher extensions, a similar property will be shown to hold (see Theo-
rem 3.2).

Remark 1.6. Note that, because an extension is a regular epimorphism, a double extension f in A
induces a square in .4 which is a regular pushout in the sense of Bourn [7,9]: every arrow in the
square is a regular epimorphism and so is the factorization to the pullback. In particular, f is a
regular epimorphism in Arr A.

&1 is always a class of extensions in Arr.A, as we shall now prove.

Lemma 1.7. Consider in A a commutative diagram with short exact rows, such that f1, fo, a and b are exten-
sions:

0 K1 Aq By 0
0 Ko Ao By 0.
fo

The right hand square is a double extension if and only if k is an extension.

Proof. We can decompose the diagram as follows:

0 K Aq B 0
7]
k r
0 Ky P B 0
|
b
0 Ky A By 0
fo

If the factorization r to the pullback P = Ag xp, B1 is an extension, then so is k, by 1.1(3) and
Remark 1.2. If k is an extension, then r is one as well, by 1.1(5) and (3). O
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Proposition 1.8. £1 is a class of extensions in Arr A.

Proof. Note that (£1)~ = £. Of course, 19 € £. We must prove that £' satisfies the properties listed
in Definition 1.1. Let us refer to them as (1), ..., (5)', and to (1), ..., (5) for the corresponding
properties of £. Keeping in mind Remark 1.5, it is easily verified that (1)! follows from (1) and
Lemma 1.7; (2)! from (2) and Lemma 1.7; (3)! follows from (3) and (2); (5)! from (3) and (5); (4)!
from (2), (4) and Lemma 1.7. O

Proposition 1.8 allows us now to define, inductively, n-fold extensions, for every n > 1. For this, it is
necessary that we make precise what we shall mean by n-fold arrow, and that we fix some notations.

Let us consider the natural numbers by their standard (von Neumann) construction and put 0 = &
and n={0,...,n — 1} for n > 1. We write P(n) for the powerset of n. Recall that P(n) is a category
which has as an arrow S — T the inclusion S C T for subsets S, T Cn.

Definition 1.9. Let n > 0. We shall call n-fold arrow in A any contravariant functor
A: PP — A

A morphism between n-fold arrows A and B in A is a natural transformation f:A — B. We will
write Arr" A for the corresponding category.

Remark 1.10. Let n > 0. Just as any category of presheaves in A, Ar" A is a semi-abelian category.
Moreover, limits (colimits) in A" A are pointwise limits (colimits) in .A.

If A is an n-fold arrow and S and T are subsets of n such that S C T, then we will write Ag
for the image A(S) of S by the functor A and ag :Ar —> Ag for the image A(SCT) of SCT.If
f:A— B is a morphism between n-fold arrows, we will write fs:As —> Bs for the S-component
of the natural transformation f. Furthermore, it will often be convenient to write (As)scn instead of
A and (fs)scn instead of f, or simply (As)s and (fs)s. Moreover, in order to simplify our notations,
we will write a; instead of ag\m, foro<i<n—1.

Of course, Arr® A = A. Suppose now that n > 1. An n-fold arrow A in A naturally induces an arrow

SUfn—1
(GSU{H })Sgn—l : (Asum-1p)scn—1 — (As)scn—1

in Arr»~1 A. This yields a functor 8,1 : A" A —> Arr(Ar'"~1 A). Obviously, we have
Lemma 1.11. Arr" A = Arr(Are*~1 A). An isomorphism is given by the functor 8,_1.
We are now in a position to define higher extensions.

Definition 1.12. Let £ be a class of extensions in .A. We put £° = £ and let, inductively for any n > 1,
&M be the class of arrows f:A —> B in Arr" A such that the induced square in Ar'"~1 A

(fsum-1))s

(Asun—1})s (Bsun-1))s

@t l l b3V

(As)s (Bs)s
(fs)s




1778 T. Everaert / Journal of Algebra 324 (2010) 1771-1789

is a double £"~1-extension: all arrows in the above square are £"~!-extensions and so is the universal
arrow to the induced pullback. Suppose n > 1. We call n-fold £-extension or simply n-fold extension,
any n-fold arrow A for which 8,_1(A) is in £"1,

For the sake of convenience, we shall sometimes call 0-fold £-extension or simply 0-fold extension
any object Ae&™.
By Proposition 1.8 we have

Corollary 1.13. If £ is a class of extensions in A, E" is a class of extensions in Ar" A for eachn > 0.

For n > 0, denote by Ext" A the full subcategory of Ar" A of all n-fold extensions. In particular,
Ext® A = A¢. More generally, we have that Ext” A = (Ar® A)gn, for any n > 0.

2. Higher central extensions

The categorical theory of central extensions has been developed in [23] in the context of exact
Mal'tsev categories [9]: these are the Barr-exact categories in which every internal reflexive relation
is an effective equivalence relation. In particular, the theory applies to semi-abelian categories [3,5].
It is, on the one hand, an application of Categorical Galois Theory [19], and on the other hand a
generalization of the Frohlich school’s work on central extensions in varieties of £2-groups [15,16,25].
Where the Frohlich school’s notion of central extension depended upon the choice of a subvariety of
the variety of £2-groups considered, Janelidze and Kelly’s notion depends on the choice of a Birkhoff
subcategory of the considered exact Mal'tsev category. In order to be able to consider higher central
extensions, we shall now generalize the notion of central extension, making it dependent on a class
of extensions £. For this, we must generalize in a similar fashion the notion of Birkhoff subcate-
gory.

Recall from [23] that a Birkhoff subcategory of an exact Mal'tsev category A is a full and replete
reflective subcategory BB of A that is closed in A under subobjects and regular quotients.

Example 2.1. In the case where A is a variety of (finitary, one-sorted) universal algebras, the notion
of Birkhoff subcategory coincides with that of a subvariety.

Remark 2.2. As explained in [23], the closedness of I under subobjects and regular quotients in A
may equivalently be stated as follows. Let us assume that 3 is a full and replete reflective subcategory
of a regular category .A. We denote by I the reflector A —> B and by 1 the unit of the adjunction

I
A_1 5B

Then B is closed in .A under subobjects and regular quotients if and only if for every regular epimor-
phism f:A — B in A the square D below is a pushout of regular epimorphisms which, in an exact
Mal'tsev category, is equivalent to it being a regular pushout (see [9]).

The following definition is now natural. As before, we assume that A is a semi-abelian category.

Definition 2.3. Let £ be a class of extensions in .4, and B a full and replete reflective subcategory
of Ag¢. Denote by n the unit of the corresponding adjunction and by I: . 4¢ —> B the reflector. We
call B a strongly E-Birkhoff subcategory of A if for every (£-) extension f: A —> B the induced
square
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nA
A—— 1A

is a double (£-) extension.

Remark 2.4. Definition 2.3 first appeared in [12], in the cases where A is A" X, for X’ a semi-abelian
category, n > 0 and £ the class of (n + 1)-fold Reg X'-extensions (see Example 1.3).

Example 2.5. In the situation where £ = Reg.A, the notions of Birkhoff subcategory and of strongly
£-Birkhoff subcategory of A coincide.

Let us consider the particular example where .4 = Gp is the variety of groups and £ = RegGp.
The subvariety Ab of abelian groups is a (strongly RegGp-) Birkhoff subcategory of Gp, as is any
subvariety. For any group A, the A-component of the unit of the adjunction

ab
Gp _ L 5 Ab

is given by the canonical quotient n4: A — ab(A) = A/[A, A].

From now on, B will always denote an £-Birkhoff subcategory of A, where A is semi-abelian and £
a class of extensions in A.

For an object B of A, let us denote Ext(B) the full subcategory of the comma category A | B
determined by the arrows A — B in &. If g:C — B is an arrow with C € £~, we will write
g* . Ext(B) —> Ext(C) for the functor that sends an extension f:A —> B to its pullback g*f:C xp
A —> C along g. By 1.1(3), g* is well defined. Denote the kernel pair of f by (71, m2):R[f] — A.
The following are natural generalizations of Janelidze and Kelly’s definitions [23], which represent the
case £ =Reg A.

Definition 2.6. Let £ be a class of extensions in 4, and B a strongly £-Birkhoff subcategory of A.
Consider an extension f:A — B. f is

1. a trivial extension (with respect to 3), when the square D is a pullback;

2. a normal extension, when the first projection 71 : R[f] — B (or, equivalently, the second projec-
tion my) is a trivial extension;

3. a central extension, when there exists a g: C — B in Ext(B) such that g*f:C xg A — C is
trivial.

Remark 2.7. It is clear that every normal extension is central. Moreover, since the pullback in A of a
trivial extension f: A — B along an arrow in Ag is again trivial, every trivial extension is normal.

In our semi-abelian context, we moreover have the following. The proof from [12] of the case
& = Reg A remains valid.

Proposition 2.8. Every central extension is normal.

Example 2.9. Consider again the situation of Example 2.5. One easily sees that the trivial extensions
are exactly the surjective homomorphisms of groups f : A — B with the property that the restriction
f:[A, A] — [B, B] of f to the derived subgroups is an isomorphism. It was shown in [19] that an
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extension f:A —> B that is central with respect to Ab is the same thing as a central extension in
the classical sense: its kernel K[f] is contained in the center Z(A) of A.

The full subcategory of Ext.A of all extensions that are central with respect to 3 will be denoted by
CExtp A. We have the following important property. Again, the proof from [12] of the case £ = Reg.A
remains valid.

Proposition 2.10. C Extg A is a strongly £-Birkhoff subcategory of Arr A.

We denote the reflector Ext.A — CExtg.A by 1. In order to recall its construction, we introduce
some notations.

If I: Ac —> B is the reflector associated with a strongly £-Birkhoff subcategory B of A with
unit n, we shall write [A]p or simply [A] for the kernel K[n4] of the A-component of the unit 7.
Moreover, we denote the arrow Kerng : [A] —> A by w 4. This defines a functor [-[]=[-]z: As — Ag¢
together with a natural transformation p:[-] — 1 4,.

Now, the “centralization” I;f of an extension f:A —> B is given by the extension
Ii1f:A/[fl1,8 — B induced by f, where the normal monomorphism [f];, 3 —> A is obtained as
the composite /,Llf = A o [m2] o Ker[mq] ((7r1, m2) denotes the kernel pair of f):

Ker[m1] [r1]
[fh.B=Kl[[m1]] —— [RIf1] —= [A]

[72]
\L MR[ﬂl \LMA
T

K[m] —— RIf] ——=< A.
Kermq T

Remark 2.11. le is a monomorphism in .4 because so are both wa and [m2] o Ker ([mr1]): ma by as-
sumption, and [m2] o Ker ([;r1]) because it is the normalization of the effective equivalence relation
([RLf11, [1], [mr2]) (note that, since R[f] is clearly a reflexive relation, it is indeed an effective equiv-
alence relation because .4 is an exact Mal'tsev category). Furthermore, since 44 is a monomorphism,
the left hand square is a pullback, hence gy o Ker[r1] is a normal monomorphism as an intersec-
tion of normal monomorphisms. It follows that le =3 o LR f] o Ker[mr1], its regular image along 72,
is normal in A.

Example 2.12. Consider again the situation of Examples 2.5 and 2.9. In this case I; = ab; is the
reflector ExtGp —> CExtap Gp sending an extension f:A —> B of groups to its centralization
aby f: A/[K[f], A] — B, where [K[f], A] denotes the commutator of subgroups K[ f] and A of A.

The fact that CExtz.A is a strongly £!-Birkhoff subcategory of Arr A allows us to define 2-fold
central extensions as those double extensions that are central with respect to CExtg.A and then, in-
ductively, to define n-fold central extensions, for all n > 1.

More precisely:

Definition 2.13. Put By = B. Inductively, for n > 1, we call an n-fold extension A an n-fold central
extension if 8,_1(A) is central with respect to B,_1. We write CExt”B.A for the full subcategory of
Ext" A of all n-fold central extensions and put B, = CExty A.

We shall usually say double central extension instead of 2-fold central extension. Also, we shall
sometimes call 0-fold central extension any object A of the strongly £-Birkhoff subcategory B of A
and put CExtOBA = B. Iy is understood to be the reflector I : A — B.
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Remark 2.14. For any n > 1, the reflector Ext" A —> CExt}; A, which we denote by Iy, is uniquely
determined by the commutativity of the square

Ext" A

Sn—1 \L \L Sn—1

Ext(Ext™™1 A) o Ext(Ext™! A).
n—1)1

For any n > 0, let us denote by (" the functor A —> Ar" A that sends an object A of A to the
n-fold arrow ("A defined by putting (:"A), = A and (\"A)s =0, for any strict subset S C n. We write
n™ for the unit of the adjunction

In
Ext" A _ L 5 CExtp A

From the construction of the (I;_1)1 for 1 <i <n, and the above remark, it follows that the kernel
[-1B, of the unit n" factors over (". More precisely, [Alp, = ("[Aln.B for every n-fold extensions A,
for some functor [-], ;3 : Ext" A —> A. It is these functors [-], 5 that provide the denominators of the
higher Hopf formulae (see Section 5). Note that we shall usually drop the reference to B and denote
this functor by [-],.

Example 2.15. Consider, once again, the situation of Examples 1.3-2.12. It was shown by Janelidze [20]
that the double central extensions (As)sc> with respect to Ab are precisely those double extensions
with the property that [K[ag], K[a1]] =0 and [K[ag] N K[a1], A2] = 0. It is easily verified by using
the properties of the commutator of groups that sending a double extension (As)s to the double
extension (A%)s determined by putting

e Ay =Ay/([Klaol, K[a11][K[ao] N K[a1], A2])
and
o Ay =As forall S C2,

defines a reflector Ext? A —> CExtf3 A. Consequently, this reflector is ab, and

[Alz = [Klaol, K[a11][K[ao] N K[a1], Az].

One can find explicit formulae for all [-], in this case, as well as in a few others, in [12]. For instance,
one obtains formally the same formulae for Lie algebra’s over a fixed commutative ring, where the Lie
bracket plays the role of commutator, or for precrossed modules, where the Peiffer commutator plays
this role.

3. Symmetry

In the previous sections, we defined notions of n-fold extension and n-fold central extension (for
n > 1), making use of the functor 8,_1. This seems arbitrary, since there are clearly other ways of
considering an n-fold arrow as an arrow in Ar*~1 4. However, these alternative ways do not induce
any new notions, as we shall now see.

We continue to make the same assumptions on 4, £ and B and use the same notations as before.

For i > 0, let us denote by s; the map N — N defined as follows:
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o si(ky=kifk <i,
e sik)=k+1ifk>i.

We have the following simple lemma.
Lemma3.1.1fi < j, thensjos; =sjosj_1.

For a subset S C N, we shall write S' for the image s;(S) of S by the map s;. Then, for n > 1 and
0 <i <n, any n-fold arrow A induces an arrow of (n — 1)-fold arrows

8iA: (Asiu(i))sgn—l — (Asi)sgn—L

By definition, A is an n-fold extension (resp. n-fold central extension) if A is in £" (resp. in
CExts, , Ar"~1 A), for i =n — 1. When n > 2, the former in its turn means that 8jdp—1 is a dou-

ble £"2-extension for j =n — 2. The following theorems state that the same is true for any i and j.

Theorem 3.2. Suppose n > 2. Forany 0 <i<n—1and 0 < j <n — 2 and any n-fold arrow A in A, the
following properties are equivalent:

1. Ais an n-fold extension;
2. iAe&m T,
3. 8;8iA is a double £"2-extension.

Proof. To prove the equivalence of (1) and (2), we will show that §;A € £ if and only of 8jA e

E™ 1 foranyn>1and 0<i< j<n—1 and any n-fold arrow A. We prove this property by induction

on n. If n =1, there is nothing to prove. Suppose then that n > 2 and that the property holds for n—1.
Let 0<i< j<n—1 and let A be an n-fold arrow in A such that

&A . (ASiU{i})S —> (Asi)s
is in £"1. Then, in particular, both (Asiygiys and (Agi)s are (n — 1)-extensions and by the induc-
tion hypothesis the middle and right hand vertical arrows in the following commutative diagram in
A2 A are elements of £"2:
(KL8iAlsi-1ygj-1))s —— (Aimruj—pivps ——= Asimryg-1p)s

| N

(K[8iAlgj-1)s ————— (A(si-nyiygp)s (A(si-1yi)s-

Furthermore, since 8;A is a regular epimorphism in Ar"~! A, the upper and lower right hand hori-
zontal arrows are regular epimorphisms in Ar*~2 4, hence both rows are short exact sequences. Since
8;A is an element of £" 1, its kernel K[8;A] is an (n — 1)-extension. By the induction hypothesis, this
implies that the left hand vertical arrow is in £"2, hence, by 1.1(4), the right hand square (i) is a
double £"~2-extension.

Let us have a look at another commutative diagram in Ar~2 A:

(K13jAlsiugy)s ——= (Asivpivg)s — Asivgpi)s

T e

(K[§;Alsi)s —— (A(si)ju{j})s —— (A(si)j)s-



T. Everaert / Journal of Algebra 324 (2010) 1771-1789 1783

By Lemma 3.1, the square (ii) is identical to the square (i) of the previous diagram, except that
the horizontal arrows now point downwards. In particular, (ii) is a double £"%-extension. Since
both rows are short exact sequences, this implies that the left hand vertical arrow §;K[5;(A)] is
in "2, By the induction hypothesis, this implies that K[§;A] is an (n — 1)-extension, as well as the
middle arrow §;(Agjyyj))s- Applying 1.1(4) to the short exact sequence

K[8jA] —— (Asiyg))s —— (Agi)s,

we find that §;A € £"1.

Similarly, one proves that §;A € £"! implies §;A € E"1.

The equivalence of (2) and (3) for a certain n follows from the equivalence of (1) and (2) for n—1,
as one sees by applying properties 1.1(3) and 1.1(4) of the classes of extensions (£"~2)! and £ ! in a
similar fashion as above. Note that this latter equivalence holds also for n =1, in which case it holds
trivially. O

Theorem 3.3. Suppose n > 1. For any 0 < i <n — 1 and any n-fold extension A in A, we have that
A5 =18iAl B,

and, consequently, that the following properties are equivalent:

1. Ais an n-fold central extension (w.r.t. B);
2. 8;A is a central extension (w.r.t. B,_1 =C Extrl'g’1 A).

Proof. It suffices to prove the first claim. For this, we show that the following property holds: for
every n>1and 0<i<j<n—1, [§Al1 B, , =[8jAl1 8, ,. Note that this is meaningful thanks to
Theorem 3.2. The proof is by induction on n. If n =1, there is nothing to prove. Let us then suppose
that n > 2 and that the property holds for n—1. Let 0 <i < j <n—1. Consider, again, the squares (i)
and (ii) from Proposition 3.2. Recall that, by Lemma 3.1, (i) = (ii), except that the horizontal
arrows from (i) point downwards in (ii). By taking kernel pairs both horizontally and vertically,
we thus get the arrows §;R[§;(A)] and §;_1 R[5;A] which have the same kernel pair, by commutativity
of taking limits; we denote it by R’ = (R})s:

) 81 R[5 (A)]
(Ry)s ———= (RISiAlgi-1yj—1))s ———— (R[8A]gi-1)s

I I I

(R[(SjA]siu{i})S : (A(sfu{i})fu{j})s _ > (A(SiU{i})j)S

SiR[Sj(A)Jl l (ii) \L

(R[8jAlsi)s ———= (A(si)ju{j])s (A(si)j)5~

Consider the left hand upper square in the diagram above. By forgetting the second projections of the
kernel pairs and applying [-],—2, we obtain the right hand lower square in the next diagram. Taking
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kernels horizontally and then vertically, we get an object K and a commutative diagram with short
exact rows and columns:

K ———— [RI8jAlln—1 —— [(Agiggj)sh-1

| | |

[R[8iAlln—1 ———— [(R)sln—2 —— [(RIGiAlsj-1y(j_1))sln—2

| | l

[(Asiu{i})s]n—l _— [(R[(SjA]siU{,‘})S]n—Z _— [(A(siu(i))ju{j))s]n—2~

Indeed, by the induction hypothesis, we have that

M2 [RI3AY, g g = [SiRISiAL], 5,

and
O RAY, 5 =[5 RAY, 5,
as well as
" [(Asivp)slyors =31 Asuw)sh s, ,
and

"2 [Asivgslior s = [BiAsivg)s] s, -
It follows that
[6iAl1,8,_, = K=[8jAl1,B,_;- O
4. Higher central extensions of extensions

We defined n-fold extensions and n-fold central extensions inductively, by considering n-fold ar-
rows A as arrows ;A between (n — 1)-fold extensions. Another useful technique is to consider n-fold
arrows as (n — 1)-fold arrows in Arr A, which allows one to compare n-fold extensions with (n — 1)-
fold extensions of extensions and n-fold central extensions with (n — 1)-fold central extensions of
extensions. These notions coincide, as we are now to show.

Suppose that n > 1. An n-fold arrow A in A induces, for every 0 <i <n— 1, the following (n —1)-
fold arrow p;A in Arr A:

(as‘u{i

.
o Asinhy — Asi)

SCn-1"

This yields, for every i, a functor p; : Ar'* A —> Ar"~1(Arr A), which has the following obvious prop-
erty.

Lemma 4.1. Arr" A = Arr™~1 (Arr A). An isomorphism is given by any of the functors p; (0 <i<n—1).
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Furthermore, by Lemma 3.1, we have the following commutativity of p;'s with §;'s. We denote by
(pi, pi) the functor ArrAr"~1 A —> ArrArf»~2Arr A that sends an arrow A —> B in Ar"~! A to the
induced arrow p;A —> p;B.

Lemma 4.2. Supposen >2and 0 <i, j <n—1.Ifi < j, then§;_1 0 p; = (p;, pi) 08;. Ifi > j, then §j o p; =
(pi-1, pi-1) o pj.

Using the above lemma’s and Theorem 3.2, we find:
Lemma 4.3. Suppose n > 1. For any 0 <i <n — 1, we have that p;(E") = (€)™ 1.

Finally, using the three lemma’s above and, once more, Theorem 3.2, we get the following charac-
terizations of higher extensions and higher central extensions.

Theorem 4.4. Suppose n > 1. For any 0 < i < n — 1 and any n-fold arrow A in A, the following properties are
equivalent:

1. Ais an n-fold £-extension;
2. piAisan (n — 1)-fold £'-extension.

Theorem 4.5. Foranyn > 1and 0 < i <n — 1, and any n-fold arrow A, ('[A), = [p;Aln—1 and the square

Ext® A Ext® A

Ext™1(Arr A) T Ext™1(Arr A)
1)n-1

commutes. Consequently, the following properties are equivalent:

1. A is an n-fold central extension (w.r.t. B);
2. piAisan (n — 1)-fold central extension (w.r.t. B1).

5. The higher Hopf formulae

We chose in this article to take an axiomatic approach to defining higher extensions rather than
the explicit one from [12], in which was considered solely the leading example of higher £-extensions
where £ consists of all regular epimorphisms of a particular semi-abelian category. A big advantage
of this approach is that it allows one to treat n-fold extensions as “simple” extensions (albeit in a
different semi-abelian category), which often makes life easier. Also, as we have shown in the previous
section, it gives one the possibility to consider n-fold extensions as (n — 1)-fold extensions (again in
a different category), which allows one to use simple inductive arguments in various situations. We
shall give in this section an important example of such a situation, and give a simple and direct proof
of the independency of the construction of the higher Hopf formulae from the particular choice of
“higher presentation.”
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Definition 5.1. Let £ be a class of extensions in .A. We say that an object P of A is £-projective if
for every arrow p:P —> B in A and every extension f:A — B there exists at least one arrow
p':P — A such that fop' =p:

If P is an £-projective object, then any extension p:P —> A is called an E-projective presentation
of A. Furthermore, we say that Ag has enough E-projective objects if there exists for every object
A € £ at least one E£-projective presentation p: P —> A.

Usually, we shall say presentation rather than £-projective presentation, assuming that £ is under-
stood. Similarly, we say projective object, rather than &£-projective object.

In this section, we shall always assume that .4 is a semi-abelian category, £ a class of extensions in
A, B a strongly £-Birkhoff subcategory of A and, furthermore, A¢ has enough £-projective objects.

Let p: P — A be a presentation of an object A of Ag. We write Ap for the Hopf formula

[P1NK[p]
[plh

We shall not prove here its invariance w.r.t. the presentation p of A, since the proof from [13] of
the case £ = Reg.A remains valid and does not take advantage of the axiomatic approach to exten-
sions taken in the present article. Rather we shall focus on the higher Hopf formulae, and show how
their invariance follows from that of the “classical” Hopf formula above. The invariance of the latter
explicitly means the following:

Proposition 5.2. Suppose A € £~. Then Ap = Aq for any two presentations p and q of A.

Example 5.3. In the situation of Examples 1.3-2.15, A is the classical Hopf formula for the second
homology of a group: for a presentation p:P —> A of a group A, Ap = ([P, P1NK[p])/[K[p], P)].

The higher Hopf formulae are constructed via higher presentations, which we will now introduce.

Definition 5.4. Suppose A € £~. Let n > 1. We call an n-fold extension P in A an £-projective n-fold
presentation or simply an n-fold presentation of the object A if Po = A and, for every 0# S Cn, Ps is
£-projective.

We shall also be considering £"-projective presentations P — A of an n-fold extension A. There-
fore, the following characterization of £"-projective objects will be useful. One easily proves this by
induction.

Lemma 5.5. The objects of A" A that are projective with respect to the class of extensions E" are precisely
those n-fold arrows P such that Ps is £-projective for every S C n.

It is then easily shown, also by induction, that the following properties hold.
Lemma 5.6. Since Ag has enough E-projective objects, Ext" A has enough E"-projective objects.

Lemma 5.7. For every object A € £, there exists at least one n-fold presentation P of A.
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Let us now show that Proposition 5.2 induces the invariance also of the higher Hopf formulae. We use
the notation A, P for the nth Hopf formula

[Pn) Ny KIpi]
[Pn

of an n-fold presentation P of an object A of Ag¢.

Example 5.8. In the situation of Examples 1.3-5.3, A, is Brown and Ellis’s Hopf formula for the
(n + 1)st homology of a group: for an n-fold presentation P of a group A,

_ [Pn, Pal 0 {2y KIpi]
n5gn[ﬂi€5 K[pil, m,'¢5 K[pi]]'

AP

Lemma 5.9. (' A P = A,_1(p;iP) for any n > 2, 0 <i <n — 1, and any n-fold presentation of an object
Aef.

Proof. On the one hand, (![P], = [0; P]n—1, by Theorem 4.5. On the other hand, [P,] N K[pi] = [pili:
indeed, since both py : P, — Pp\; and the identity 1p,; : Pn\i —> Pnyi are presentations of Py; (since
Pp\; is projective), we have, by Theorem 4.5, that

Pp]1 N K[p; PpilNK[1p,,.
[Pn] N K[pi] =APiEA1pn\,-=[ mil VK[1p,,;] _0 o
[p1l1 [(1p,]

Theorem 5.10. Let A, £ and BB be as above, and A € £~. Then AP = A, Q for any two n-fold presentations
P and Q of A.

Proof. The proof is by induction on n. Proposition 5.2 provides the case n = 1. The induction step
will follow from Lemma 5.9: indeed, let us suppose that n > 2 and that the theorem is valid for all
k <n, and for any A, £ and B. Let A be an object of A¢ and P and Q be n-fold presentations
of A. Consider the induced (n — 1)-fold presentations pgP and p1Q and in particular the “presented
extensions” (pgP)o = p(]) and (p1Q)o = qél}. Since A¢ has enough projectives, we can find a double
presentation of A of the form

R — = P,

10

Quy —— A.
n
do

Moreover, since Ext> A has enough projectives as well, and by taking into account Theorem 4.4, we
can extend this double presentation to an n-fold presentation R of A, in such a way that r% =T,

r{zu =1, r} =p} and r({,” = q([)”. We have that (09P)o = (0oR)o and (p1Q)g = (01R)o hence, by the

induction hypothesis,

An—1(poP) = An—1(poR)
and

An-1(p1Q) = An—1(p1R).

Using Lemma 5.9, we find that AP = A, R=A,Q. O
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Remark 5.11. In [12] the invariance of the higher Hopf formulae was obtained indirectly, as a con-
sequence of the equivalence with Barr and Beck’s cotriple homology. In order for this equivalence to
hold, the existence of a “suitable” cotriple on the considered category A had to be assumed. This as-
sumption has disappeared here, but not entirely. It has been replaced by the weaker assumption that
A has enough projectives. Of course, if one wants to develop a homology theory based on the theory
of higher central extensions, using the higher Hopf formulae as definition, it does not make sense to
make any assumption on the existence of some cotriple. Therefore, a direct prove of the invariance
was necessary.

Remark 5.12. There is the following beautiful description of the Hopf formula which we learned from
Tim Van der Linden: Ap is the “difference” between the centralization and the trivialization of the
projective presentation p.

Indeed, the full subcategory TExti A of Ext.A of trivial extensions (w.r.t. B) is reflective, the triv-
ialization Tf = Tgf of an extension f:A — B being the pullback n}(If) of If :IA — IB along
np: B —> IB. Moreover, it is easily verified that tAp is the kernel of the factorization I1p — Tp,
which is a regular epimorphism by the strongly £-Birkhoff property of .

Similarly, for 1 <i < n — 1, we have that ("A,P is the kernel of the factorization I1,8,_,0iP —
Tp, ,0;P. It follows that T,P =Tp, ,9;P is independent of the choice of i, so that the trivialization
T of n-fold presentations is well defined. Hence we may write that

1A, P =K[I,P —> T,P],

for any n > 1 and any n-fold presentation P.
Let us also remark that, in general, T, ,3;A does depend on the choice of i, when A is an arbitrary
n-fold extension. Therefore trivialization is not well defined for arbitrary n-fold extensions.

References

[1] M. Barr, Exact categories, in: Exact Categories and Categories of Sheaves, in: Lecture Notes in Math., vol. 236, Springer,
1971, pp. 1-120.
[2] M. Barr, J. Beck, Homology and standard constructions, in: Seminar on Triples and Categorical Homology Theory, in: Lecture
Notes in Math., vol. 80, Springer, 1969, pp. 245-335.
[3] E Borceux, D. Bourn, Mal’cev, Protomodular, Homological and Semi-Abelian Categories, Math. Appl., vol. 566, Kluwer Aca-
demic Publishers, 2004.
[4] D. Bourn, Normalization equivalence, kernel equivalence and affine categories, in: A. Carbon, M.C. Pedicchio, G. Rosolini
(Eds.), Category Theory, Proceedings, Como, 1990, in: Lecture Notes in Math., vol. 1488, Springer, 1991, pp. 43-62.
[5] D. Bourn, Mal'cev categories and fibration of pointed objects, Appl. Categ. Structures 4 (1996) 307-327.
[6] D. Bourn, 3 x 3 lemma and protomodularity, J. Algebra 236 (2001) 778-795.
[7] D. Bourn, The denormalized 3 x 3 lemma, ]. Pure Appl. Algebra 177 (2003) 113-129.
[8] R. Brown, G.J. Ellis, Hopf formulae for the higher homology of a group, Bull. London Math. Soc. 20 (1988) 124-128.
[9] A. Carboni, G.M. Kelly, M.C. Pedicchio, Some remarks on Maltsev and Goursat categories, Appl. Categ. Structures 1 (1993)
385-421.
[10] G. Donadze, N. Inassaridze, T. Porter, n-Fold Cech derived functors and generalised Hopf type formulas, K-Theory 35 (3-4)
(2005) 341-373.
[11] GJ. Ellis, Relative derived functors and the homology of groups, Cah. Topol. Géom. Diff. Catég. 31 (2) (1990) 121-135.
[12] T. Everaert, M. Gran, T. Van der Linden, Higher Hopf formulae for homology via Galois Theory, Adv. Math. 217 (2008)
2231-2267.
[13] T. Everaert, T. Van der Linden, Baer invariants in semi-abelian categories I: General theory, Theory Appl. Categ. 12 (1)
(2004) 1-33.
[14] T. Everaert, T. Van der Linden, Baer invariants in semi-abelian categories II: Homology, Theory Appl. Categ. 12 (4) (2004)
195-224.
[15] A. Frohlich, Baer-invariants of algebras, Trans. Amer. Math. Soc. 109 (1963) 221-244.
[16] J. Furtado-Coelho, Homology and generalized Baer invariants, ]. Algebra 40 (1976) 596-609.
[17] M. Gran, V. Rossi, Galois theory and double central extensions, Homology, Homotopy Appl. 6 (1) (2004) 283-298.
[18] H. Hopf, Fundamentalgruppe und zweite Bettische Gruppe, Comment. Math. Helv. 14 (1942) 257-309.
[19] G. Janelidze, Pure Galois theory in categories, ]. Algebra 132 (1990) 270-286.
[20] G. Janelidze, What is a double central extension? (The question was asked by Ronald Brown), Cah. Topol. Géom. Diff.
Catég. 32 (3) (1991) 191-201.
[21] G. Janelidze, Higher dimensional central extensions: A categorical approach to homology theory of groups, Lecture at the
International Category Theory Meeting CT95, Halifax, 1995.



T. Everaert / Journal of Algebra 324 (2010) 1771-1789 1789

[22] G. Janelidze, Galois groups, abstract commutators and Hopf formula, Appl. Categ. Structures 16 (2008) 653-668.

[23] G. Janelidze, G.M. Kelly, Galois theory and a general notion of central extension, J. Pure Appl. Algebra 97 (1994) 135-161.
[24] G. Janelidze, L. Marki, W. Tholen, Semi-abelian categories, ]. Pure Appl. Algebra 168 (2002) 367-386.

[25] AS.-T. Lue, Baer-invariants and extensions relative to a variety, Math. Proc. Cambridge Philos. Soc. 63 (1967) 569-578.
[26] S. MacLane, Origins of the cohomology of groups, Enseign. Math. 24 (1978) 1-29.



	Higher central extensions and Hopf formulae
	Introduction
	Higher extensions
	Higher central extensions
	Symmetry
	Higher central extensions of extensions
	The higher Hopf formulae
	References


