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BIPRODUCTS AND COMMUTATORS FOR NOETHERIAN FORMS

FRANCOIS KOCH VAN NIEKERK

ABSTRACT. Noetherian forms provide an abstract self-dual context in which one can
establish homomorphism theorems (Noether isomorphism theorems and homological di-
agram lemmas) for groups, rings, modules and other group-like structures. In fact, any
semi-abelian category in the sense of G. Janelidze, L. Méarki and W. Tholen, as well as
any exact category in the sense of M. Grandis (and hence, in particular, any abelian
category), can be seen as an example of a noetherian form. In this paper we generalize
the notion of a biproduct of objects in an abelian category to a noetherian form and
apply it do develop commutator theory in noetherian forms. In the case of semi-abelian
categories, biproducts give usual products of objects and our commutators coincide with
the so-called Hugq commutators (which in the case of groups are the usual commutators
of subgroups). This paper thus shows that the structure of a noetherian form allows for
a self-dual approach to products and commutators in semi-abelian categories, similarly
as has been known for homomorphism theorems.

1. Introduction

A “noetherian form” is a mathematical structure that allows to recapture the noetherian
isomorphism theorems for groups (and other group-like structures) in a general self-dual
setting. This notion evolved through the following papers: [10], [11], [12], [13], [4]. A
noetherian form can be defined as a category C for which

e every object A is equipped with a bounded lattice sub A, called the lattice of (formal)
subobjects,

e and every morphism f: A — B induces two maps
fy:subA —subB and f*:subB —subA

called the direct and inverse image maps of f respectively.

The tmage of a morphism f is defined to be Im f = f,1, and the kernel is defined to be
Ker f = f*0 (where 1 and 0 denote top and bottom elements of the subobject lattices).
Further, a subobject is called normal if it occurs as a kernel of some morphism, and it is
called conormal if it occurs as an image of some morphism. The category with this added
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structure must also satisfy five axioms listed at the start of Section 2. The definition of
a noetherian form is self-dual in the following sense, where we extend categorical duality
to:

e f, is dual to f*, for any morphism f;
e X <Yisdual toY < X, for any two subobjects X and Y of some object A.

It follows, in particular, that ‘kernel’ is dual to ‘image’, ‘normal subobject’ is dual to
‘conormal subobject’.

Noetherian forms in which every subobject is both normal and conormal, and in
which both products and coproducts exist, turn out to be precisely the abelian categories.
In an abelian category products are the same as ‘biproducts’ — these can be seen as
simultaneous products and coproducts. In this paper (building on [17]) we generalise the
notion of a biproduct to noetherian forms, and as an application, develop commutator
theory in the context of a noetherian form (having biproducts). For any two objects A
and B, the biproduct of A and B is an object G equipped with four maps

€1 €2
A——G——/BHB
y4 b2

such that pie; = 14, pees = 1p, Ime; = Kerpy and Imey = Ker py, which satisfies two
further, more technical conditions. This definition is self-dual in the sense that was previ-
ously described. The definition of biproducts was inspired by one of the characterizations
of categorical biproducts in an abelian category found in [3]. The two further conditions
were added to deduce that biproducts are unique up to isomorphism, but interestingly it
turns out that under the assumption that biproducts exist, to check whether something
is a biproduct, it is sufficient to only check the four explicitly stated equalities above.

These biproducts and (categorical) products share some common properties, like both
give rise to a monoidal structure on a category. In fact, there are even relations between
them, for example, in any noetherian form with products, coproducts and biproducts
(thus necessarily pointed), the canonical morphism from the coproduct to the product
factorizes through the biproduct. Another relation is that biproducts and products coin-
cide exactly when the category is Barr-exact [1] and protomodular (in the sense of Bourn
[2]). Consequently, biproducts and products coincide in any semi-abelian category [8]
(seen as a noetherian form).

In this paper we explore the extent to which products in the context of a semi-abelian
category have a self-dual treatment as biproducts in the more general context of a noethe-
rian form. In particular, we show that this self-dual treatment is sufficient for recovering
the theory of (Huq) commutators.

Defining commutators from biproducts is analogous as to how Huq commutators (see
[7]) are defined from products. In the context of semi-abelian categories, where biproduct
are exactly products, these commutators coincide with the Huq commutators.
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For commutators, we mostly prove that results known for Huq commutators in semi-
abelian categories hold more generally for our commutators. Using commutators we also
introduce commutative objects in our context and prove that the collection of commutative
objects of a noetherian form (with biproducts) constitutes a full reflective subcategory
whose opposite category is Barr-exact and protomodular. Further, this subcategory is
isomorphic to the category of internal monoids with respect to biproducts. Dually, the
subcategory of cocommutative objects is Barr-exact and protomodular. This category
falls short of being semi-abelian due to the absence of coproducts.

Any semi-abelian category determines a noetherian form, where the subobjects of
an object are the categorical subobjects (equivalence classes of monomorphisms into the
object). And as noted before, biproducts are exactly products and the commutators
are Huq commutators. In a semi-abelian the subcategory of cocommutative objects is
the entire category, while the subcategory of commutative objects is the subcategory of
abelian objects. Another source of examples of noetherian forms is given by Grandis
exact categories [5,6]. Since existence of biproducts forces pointedness, Grandis exact
categories having biproducts are forced to be Puppe-Mitchell exact [15,16]. Biproducts
in these categories (when they exist) are the same as split products in the sense of Grandis
[5,6] (which in general are not quite the same as split products, as defined in the present
paper). In particular, in the category of sets and partial bijections, biproducts are given by
disjoint union, while in the category of distributive lattices and modular connections (see
[5,6]), biproducts are the same as cartesian products of distributive lattice. In the first
example, the commutator of two subsets is their intersection, while the cocommutator
is their union. In the second example, where ‘subobjects’ of a distributive lattice are
elements of the lattice, commutator is given by meet and cocommutator by join.

In fact, more generally, we will prove that in any noetherian form within which all
conormal subobjects are normal and direct images preserve meets, commutators are given
by meets of subobjects. Both this condition and its dual hold in the last two examples,
this explains why commutators are meets and cocommutators are joins in those examples.

2. Preliminary results on noetherian forms

All the results in this section were established in [4].
We begin by listing the axioms that a noetherian form must satisfy:

(1) For any two composable morphisms f and g, (fg). = f.«g. and (fg)* = ¢*f*, and
for any identity morphism (14), = lgp 4 = 1%. Further for any morphism f, f, and
f* forms a monotone Galois connection: for any subobject X of the domain and
subobject Y of the codomain of f,

LX<Y & X</fv
(2) For any morphism f and subobject X of the domain and subobject Y of the

codomain,

LY =Y AImf and [f*f,.X =X VKerf.
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For any conormal X € sub A, there is a morphism ¢y : Xo — A, called the embedding
of X, such that (¢x).1 < X and for any f into A with f,1 < X there is a unique h
such that f = txh. Also, for any normal Y € sub A, there is a morphism my: A —
AJY | called the projection of Y, such that 730 > Y, and for any g from A with
g*0 > Y there is a unique morphism k such that kmy = g.

Any morphism f factorizes as f = tim fhker f for some isomorphism h.

the join of normal subobjects is normal, and dually the meet of conormal subobjects
is conormal.

Note that, for a conormal subobject X of object A, by the notation Xy we mean that
there is an embedding of X with domain Xo.
We will, for convenience, mostly denote f,.X by fX, and f*Y by f~1Y.

2.1. REMARK. In [17], a stronger version of axiom (3) was used where existence of em-
beddings/projections was required for all subobjects and not only the conormal/normal

ones.

Here is a list of useful basic properties of a noetherian form, all of which follows directly
from the axioms.

fO0=0and f~'1 =1 for any morphisms f;
direct images preserves joins, and inverse images preserves meets;

for any conormal subobject C', Im ¢ = C, and dually for any normal subobject NV,
Kermy = N;

any morphism f is a projection (of some subobject) if and only if Im f = 1, and
dually it is an embedding if and only if Ker f = 0;

any split epi is a projection, and dually any split mono is an embedding;
any projection is an epimorphism, and dually any embedding is a monomorphism;
any morphism f is an isomorphism if and only if Ker f =0 and Im f = 1;

for any normal subobject N and projection p, p/N is normal, and dually for any
conormal subobject C' and embedding m, m~'C' is conormal.

Although this result wasn’t explicitly stated in [4], the proof of this result was given
in their proof of the Restricted Modular Law (the proposition hereafter). Since this result
has some usefulness on its own, we make it explicit.

2.2. PROPOSITION. For a morphism f and a subobject X below the image of f and a
normal subobject N of the codomain of f, we have

fFAXVN)=f1*XVvfIN.



BIPRODUCTS AND COMMUTATORS FOR NOETHERIAN FORMS 965

PROOF. Suppose N = g0, for some morphism g. We then have

JAX VN = XV g0
= [TXV(gf)70
= (9/) (9N f'X

2.3. PROPOSITION. [Restricted Modular Law| For any three subobjects X, Y, and Z of
a object G, if Y is normal and Z is conormal (or if Y is conormal and X is normal),
then

X<Z = XVIYAZ)=(XVY)AZ

PROOF. Suppose Y = g0 and Z = f1 for some morphisms g and f, and suppose X < Z.
We have

XV(YANZ) =XV (370N f1)
=ffX Vg0
=f(f7'IX Vv g0
=ff (X Vg0
=(XVvglo)afl
=(XVY)AZ

2.4. SEMI-ABELIAN AND RELATED CATEGORIES. From results in [10] (see also [13]),
it follows that with ordinary categorical subobjects a semi-abelian category constitutes
a noetherian form. Moreover, from [13] we know that any noetherian form in which
any subobject is conormal is a semi-abelian category. Here we are going to prove a
stronger result that any noetherian form in which inverse images of conormal subobjects
are conormal, is semi-abelian, provided that it is pointed and has products and coproducts.

An example of a noetherian form, where there are more formal subobjects than cate-
gorical subobjects, is the form over the category of groups, where formal subobjects of a
group G are pairs (X,Y’) of subgroups of G. Direct and inverse images, and meets and
joins are defined component-wise. The conormal subobjects in this form are those pairs
of subgroups where the two subgroups are equal, thus this form cannot be (isomorphic to)
the form of categorical subobjects. But here the inverse images of conormal subobjects
are conormal.
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2.5. LEMMA. In a noetherian form with a zero object, in which all bottom subobjects 0
are conormal (or dually, all top subobjects 1 are normal), the zero objects are exactly those
objects T for which subT has exactly one element. The zero morphisms are exactly those
morphisms with kernel being 1, or equivalently, with image being 0.

PROOF. Suppose T' is the zero object. Let ¢o: 0 — T be the embedding of the conormal
subobject 0 of T'. Since T is in particular an initial object, there exists an h: T — 0 and
toh = 17. Consequently ¢o is an isomorphism. So 0 = Im¢y, = 1, and thus sub 7" only
has one element. If sub7” has one element for any object 7", then the unique morphism
t: T — T is necessarily an isomorphism.

If f: G — H is a zero morphism, then it factors through the zero object T', and
consequently f1 = 0 and f~'0 = 1. If f has image 0, then it has to factor through the
embedding ¢( of the bottom subobject of its codomain. The domain of ¢, is a zero object.
Thus f is a zero morphism. [

2.6. COROLLARY. In a noetherian form with zero object, all bottom subobjects are conor-
mal if and only if all top subobjects are conormal.

PRrOOF. If either condition is satisfied then for any object there is at least one zero
morphism to it and one from it. Consequently the top subobject is normal and the
bottom subobject is conormal. [

2.7. LEMMA. In a noetherian form, the diagram, where m is an embedding,

has a pullback if and only if there is a largest conormal subobject f~*ml contained in
f~tm1. The pullback is given by (g,n) where n is the embedding of f~'ml.

PROOF. Suppose the pullback of m and f exists, that it is the diagram

E

P A
g jf
c-". B

We have
nl < f1fnl = flmgl < fiml.

So nl is a conormal subobject contained in f~'ml. Suppose D is a conormal subobject
contained in f~'ml. Let ¢p be the embedding of D. Then

fipl < ff7'ml < ml.
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Since m is an embedding, there is a unique u such that mu = fip. Since g and n is the
pullback, there is in particular an h such that nh = ¢p. Consequently nl is the largest
conormal subobject contained in f~'ml.

For the converse, suppose there is a largest conormal subobject f~'m1l contained in
f~tml. Let n be the embedding of it. We have

fnl= ff~'ml < ff~'ml <ml.

Thus there is a unique g such that mg = fn. Consider the diagram

where fu = mv. We have
ul < 1 ful = el < f~iml.

Thus ul < f~'ml. Since n is the embedding of f~'ml, there is a unique h such that
nh = u. We have
mgh = fnh = fu=muv.

And since m is a monomorphism, gh = v. And so g and n is the pullback of m and f. m

2.8. COROLLARY. In a noetherian form with a zero object, where all the bottom subobjects
are conormal, f has a categorical kernel if and only if there is a largest conormal subobject
1710 contained in f~10. In either case, the embedding of f~10 is the categorical kernel of

7.

2.9. LEMMA. Any noetherian form with pullbacks along embeddings and with finite prod-
ucts is finitely complete.

PROOF. Since any split monomorphism is an embedding, the lemma follows from the fact
that pullbacks along split monomorphisms and finite products implies finitely complete. m

2.10. LEMMA. In a noetherian form with zero object, in which normal subobjects are
conormal, the normal epimorphisms are exactly the projections. Further, the embeddings
are exactly the monomorphisms.

PROOF. Suppose p is a normal epi. Then p = me for some projection e and embedding
m. Suppose p is the cokernel of f. Then mef = 0 = m0, which implies ef = 0. Thus
there is an d such that e = dp. Thus p = me = mdp, and so md = 1. Consequently m is
an isomorphism, and thus p a projection.
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Conversely, take any projection p. Since p~!0 is conormal, by Corollary 2.8, p has a
categorical kernel k, which is the embedding of p~!0. By the dual of Corollary 2.8, p is
then the cokernel of k (k1 is normal, p is the projection of k1, and all the top subobjects
are normal).

For the second part, we already have that any embedding is a monomorphism. Take
any monomorphism m: A — B. By Corollary 2.8, m has a kernel k: K — A. So
mk =0 =m0, and so k = 0. So m~0 = k0 = 0, thus m is an embedding. ]

The following lemma is a version of the short five lemma in a noetherian form.

2.11. LEMMA. In a noetherian form, consider the following commutative diagram

KLALB
o, o, o

K/ 5 A/ 5 B/

where k and k' are embeddings, and f and f' are projections, and k1 = f~10 and k'l =
710, If u and v are projections, then so is w. Dually, if u and v are embeddings, then
50 15 W.

PROOF. Suppose u and v are projections. We have

fwul=vfl=1
= flovuwl =1
= E1Vwl =1
=kulvwl=1
=wklVwl=1
=wl =1.

2.12. THEOREM. Any noetherian form with zero object, in which all normal subobjects
are conormal, is protomodular.

PrOOF. Consider the commutative diagram

k f
K—— A

A— B
[y e
v |w o |v

f/
K

/ k;/>A/ )BI
~—_ —

S/
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where k is the kernel of f, and %’ is the kernel of f/, and fs =1 and f's’ = 1. So k and &’
are readily embeddings, and f and f’ are projections. By Corollary 2.8, k1 = f~!0 and
k'0 = f'~10. Then by Lemma 2.11, it follows that if  and v are isomorphisms, so is w.
Thus the category is protomodular. n

2.13. LEMMA. In a pointed category with products, for any product A x B, (1,0) is the
kernel of mo and (0, 1) is the kernel of .

PROOF. Suppose myk = 0. Then k = (mk,0) = (1,0)(m k). Since (1,0) is a mono, mk is
the unique morphism such that & = (1,0)m k. Since also m2(1,0) = 0, (1,0) is the kernel
of mo. Similarly, (0, 1) is the kernel of ;. =

2.14. LEMMA. In any noetherian form with a zero object and with products, in which all
normal subobjects are conormal, for any binary product, we have

e Im(1,0) = Kermy and Im (0,1) = Ker 7.
e Im(1,0) VIm(0,1) =1 and Kerm; A Kermy = 0.
e For any f and g,

Kerf x g=mn;'Ker f Am; ' Kerg and Imf x g=(1,0)lmfV(0,1)img.

PRrROOF. The first part of proof follows from the above lemma and Corollary 2.8. For the
second part, we have

(1,001 Vv (0,1)1 = (1,001 Va;'0 = my 'y (1,001 = 7M1 =1,
T 0OAT 0 =m0 A (1,001 = (1,0)(1,0) 710 = (1,0)0 = 0.

For the last part:

(fxg)70=(fxg) (m '0AT0) =(f x g) 'm0 (f x g) 'm0
=m floA Ty g,

For the other one, first notice that (f x ¢)(1,0) = (1,0)f and (f x ¢)(0,1) = (0,1)g. This
can be demonstrated by composing with m; and 7. Then

(f xg)1=(fxg)((L,0)1Vv(0,1)1) = (f x g)(1,0)1V (f x g)(0,1)1
= (1,0)f1V (0,1)gl.
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2.15. THEOREM. Any noetherian form with a zero object and with products, in which
mverse images of conormal subobjects are conormal and all the bottom subobjects are
conormal, 1S a reqular category.

PRrOOF. By Lemma 2.9, it is finitely complete. Further, regular epimorphisms are exactly
normal epimorphisms (since by Theorem 2.12, the category is protomodular, and is also
pointed). So by Lemma 2.10, the regular epimorphisms are exactly the projections.

Take the kernel pair (K, ki, k) of morphism f: A — B. Consider the factorization
f = ep where p is a projection and e is an embedding. Then pk; = pky as well. If pu = pv,
then fu = fuv, so there is a unique h then such that k1h = u and koh = v. Thus (K, ky, k2)
is also the kernel pair of projection p. Since p is a regular epi, it is the coequalizer of its
kernel pair. Thus coequalizers of kernel pairs exists.

To show that regular epimorphisms are pullback stable, take any regular epimorphism
p: B — C and morphism f: A — C. Their pullback can be constructed as follows:

E/\
\\e
N 7T2
AxB---- B
A C
f

where e is the equalizer of fm; and pmy. So we need to prove that mel = 1. We have that e
is the embedding of (fmr, pm2)~1(1,1)1 = (f xp)~1(1, 1)1, since e can be constructed as the
horizontal part of the pullback of (fm, pmy) and (1¢, 1¢). We have, using Proposition 2.2,

f(mel) = fm(f xp)~' (1, 1)1

1(f xp)(f xp)7H(1, 1)1

x p)1A(L1)1)
1,0)f1v (0, 1)p1) A (1, 1)1)
1,0)£1 Vv (0,1)1) A (1, 1)1)
L0)f1var'0) A (1, 1)1)
VA1V o) A (1, 1)1)
)f1=f1

3

Il
)

1

I
3

1

(
(
(
1
(
(
(

I
3

|
3

1

I
3

1

(f
((
((
((1,
(1,0
= m((1,0

I
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We also have, making again use of Proposition 2.2,

mel = 7 (f x p)~*(1, 1)1

> mi(f xp)~'0

= m(m fTOAT, g0)
m(mf0) Ammy g0
= floAmmy g0
> fﬁlO A 7r17rglo
= floAT(1,0)1
= 710

Putting these two calculations together, we get mel = 1. [

2.16. THEOREM. In any noetherian form with a zero object and products, in which all
normal subobjects are conormal, any reflexive relation (R,dy,dy, s) on any object X is
effective.

PROOF. Since dys = 1 = dss, both d; and dy are projections. Since d1d2_10 = d1d2_10, the
pushout

d
2y

R
af |7
XY

—

f

exists by the dual of Lemma 2.7, where f is the projection of did;'0. Notice that f =
fdis = f'dys = f’. Also notice that
dad; 0 = do(d 0V dy'0) = dy(dy *didy '0) = dody ' f710
= dydy ' 710 = f710 = dyd; 0.

Further notice that 71 (dy, ds)d; '0 = 0, thus 7;'0 > (dy, do)d; 0 and similarly 7,10 >
(dy,dy)d; 0. From all this, we have, together with the restricted modular law,

(fxH0=m ' fTOAT fTH0

= 7 dydy 0 Ay tdad 0

= mtm(dy, dy)dy PO A Tyt o (dy, dy)dy

= (7 'OV (dy,ds)d5'0) A (7510 V (dy, do)d; *0)
= (70 V (dy, d2)dy '0) A5 10) V (dy, dy)d; 0
= (770 A 75 0) V (dy, dy)dy POV (dy, do)dyt0
= (dy,dy)d; 0V (dy, dy)dy 0
< (dy,dy)1.
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Further have,

1= fdi1
=L, D1 =1, 1)fdil = (fdy, fdi)1l = (fdi, fd2)1 = (f X f)(dy,d2)1
= (f x )7 LD = (d,d2)1 V (f x [)710 = (dy, dy)1.

Since R is a relation, (dy,ds) is a monomorphism. Since the category is pointed and
normal subobjects are conormal, (d,dy) is an embedding. From the above calculations,
(dy,ds) is the embedding of (f x f)~(1,1)1, thus (dy, ds) is the equalizer of fm; and f,.
Thus (R, m(d1,ds), m2(dy, dg)) is the pullback of f and f, that is (R, d;,ds) is the kernel
pair of f. ]

Putting everything together, we get

2.17. THEOREM. Any noetherian form with zero object, products and coproducts, in which
wnverse images of conormal subobjects are conormal and 0 is conormal, is semi-abelian.

3. Biproducts
Throughout this section, we assume that we are working in a noetherian form.
3.1. INTRODUCTION TO BIPRODUCTS.

3.2. DEFINITION. A split product of A and B is an object G equipped with four maps

€1 €9
A—"G—/]BHB
4 b2
such that

Kerp1 = |m62, p1€1 = 1
Kerpg = |m61, Paea = 1

Sometimes we will just refer to G as a split product of A and B, and assume that
their respective embeddings are given by e; and ey, and their respective projections are
given by p; and ps.

The two additional conditions on a split product in the following definition were sug-
gested to the author by Zurab Janelidze.

3.3. DEFINITION. A biproduct of A and B is a split product G of A and B such that for
the following diagrams

p Y
A G2 B

N 1N

AT G B
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the left one has a limit for any f and g, and the right one has a colimit for any f' and ¢'.

To make it easier to refer to those diagrams in the definition, the left one will be
denoted by Lg(f,g) and the right one by Cg(f’,¢'). The subscript G may be dropped
when it is clear to which biproduct we are referring to.

Note that both the notions of a split- and biproduct are self-dual.

Some trivial properties of split products:

3.4. PROPOSITION. If G is a split product of A and B, then we have
(1) e11 Vel =1=p;'0V p,to;
(2) e1l Aeal =0 =p;t0Apyt0;
PROOF. (1) Since poesl = 1, we have
e1l Vel = p2_10 Vegl = pz_lpgegl = pgll =1.

(2) is the dual of (1). =

3.5. COROLLARY. If the split product of any two object exists, then the top subobject 1 is
normal and the bottom subobject 0 is conormal for any object.

PROOF. By (1) of the previous proposition, 1 in A & A is normal, since it is the join of
normal subobjects. Since p;: A@® A — A is a projection, 1 = p;1 is normal. Dually 0 is
a conormal subobject of A. n

Having biproducts forces pointedness:

3.6. THEOREM. If the biproduct of any two objects exists in a non-empty noetherian form,
then the category is pointed.

ProOOF. Take any object G. By Corollary 3.5, 1 = G is a normal subobject of G. Let
T = G/G. We have
17 = Wgﬂall =7mel =07,

Thus sub T has exactly one element. Let B be a biproduct of 7" and T'. Then
1 2611\/6212610\/62020.

Thus sub B also has one element. From this in particular follows that both e; and ey are
isomorphisms. For any object A, there is at least a morphism from T to A, for example
compose the embedding from 7" to a biproduct of T" and A with the projection from the
same biproduct to A. We would like to show that there is at most one morphism from
T — A. Consider any f,g: T — A. Let (C,e: A — C,m: B — () be a colimit (or even
a cocone) of Cg(f,g). Since sub (T') only has one element, both f and g are embeddings
of 0 in A. Thus there exists an isomorphism h: T'— T such that fh = g. We have

mes = eqg = efh = meyh,
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and since m is (trivially) an embedding, e; = e;h. Consequently fe;' = ge; ! for any
fog: T — A. In the case when f = g = 17, e; = e5. So in the general case, f,g: T — A
implies f = g. So T is an initial object. With dual arguments, one can show that 7" is
also a terminal object. Thus T is a zero object. [

The remaining results of this section are some general properties of biproducts.

3.7. PROPOSITION. Suppose G is a biproduct of A and B. For any f: A — W and
g: B=>W,if (Cie: W — C,ym: G — C) is a colimit of C(f,g), then e is a projection.

PROOF. Suppose (C,e,m) is a colimit of C(f,g). Let I = Ime, and let n: I’ — C be an
embedding corresponding to /. We have the following diagram

Morphism a exists such that na = e, since n is an embedding and Ime < Imn. We
(always) have Imm < I, since

ml =m(e1lVeyl) =mel Vmesl =eflVegl <Ime=1.

Thus morphism b exists such that nb = m.
We have
nbe; = me; =ef =naf

Which implies be; = af, since n is a monomorphism. Similarly bes = ag. Thus
(I';a,b) is a cocone of C(f,g). Since C' is a colimit, there exists a morphism k: C' — I’
such that ke = a and km = b. Composing k and n, we get a morphism nk: C — C such
that (nk)e = e and (nk)m = m. But 1¢: C' — C is the unique such morphism. Thus
nk = 1¢, and thus n is a projection. Consequently e is a projection. [

3.8. PROPOSITION. If G is a biproduct of A and B, then e; and ey are jointly epi, and
dually py and py are jointly mono.

PROOF. Suppose (C,e: G — C;m: G — () is a colimit of Cg(eq, ez). Since (G, 1g, 1¢)
is a cocone, there is an h: C' — G such that he = 15 and hm = 1g, consequently e
is an embedding. By Proposition 3.7, e is also a projection, thus e is an isomorphism.
Consequently & is also an isomorphism, and (G, 1g,1g) is also a colimit of C(ey,eq).
Suppose for some u,v: G — W, ue; = ve; and uey = vey. Then (W, u,v) forms a cocone
of C(ey, e2). Thus there is an h: G — W such that u = hlg and v = hlg, from which we
get u = wv. ]
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3.9. PROPOSITION. Suppose G is a biproduct of A and B. For any f: A — W and
g: B— W, any cocone (Cye: W — C,m: G — C) of C(f,g) is a colimit if and only if

® ¢ is a projection;
o for any cocone (D,d: W — D,n: G — D) we have Kere < Kerd.

PROOF. Suppose (C,e,m) is a colimit. Then by Proposition 3.7, e is a projection. For
the second point, since C'is a colimit, there is an h such that he = d from which it follows.
Conversely suppose there is such a cocone (C,e, m) with those properties. Let

(D,d: W — D,n: G — D)

be another cocone. Since e is a projection and Kere < Kerd, there is a unique h: C' — D
such that he = d. We further have

hmey, = hef = df = ney,

and similarly hmey = ney. By Proposition 3.8, e; and e, are jointly epi, and thus Am = n.
Thus (C, e, m) is indeed a colimit of C(f,g). =

3.10. BiprODUCTS OF MORPHISMS. The following theorem is the main theorem of this
subsection.

3.11. THEOREM. Suppose G is a biproduct of A and B, and H is a split product of C' and
D. For any pair of morphisms f: A — C and g: B — D, there is a unique morphism
h: G — H such that

he; = €1f; plh = fp1
hey = eag,  pah = gps.

Furthermore

Imh = e;lmf V eslmg,
Kerh = p; *Kerf A py 'Kerg.

PrROOF. Let (L,e: H — L,m: G — L) be a colimit of Cg(e1f,e29). The following
commutative diagram just makes it easier to follow:

A a2 p
|m
f L g
€1 TG €9
C H D

The aim will be to deduce that e is an isomorphism, then h = e 'm is our desired
morphism. Both (C,p;: H — C, fp1: G — C) and (D,ps: H — Dfpy: G — D) are
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cocones of C(eyf,eag). So Kere < Kerpy, Kerps, thus Kere = 0. By Proposition 3.7, e is
a projection and thus an isomorphism. Let h = e 'm. By choice of h, he; = e;f and
hes = eag. We further have

piher =pienf = f = fpier and pihey = preag =0 = fpres.

Since e; and ey are jointly epic by Proposition 3.8, pith = fp;. Similarly poh = gpo. To
compute the image of h, we have

Imh =hl=nh(e;1Veyl)=helVheyl =e f1Veygl =eilmfVeslmyg.

By a dual argument, we get the formula for the kernel of A. [

3.12. COROLLARY. Biproducts are unique up to isomorphisms.

PROOF. Let both G and H be biproducts of A and B. Take f =14 and g = 15. Then
the induced morphism A in the proposition above, is an isomorphism which commutes
with the projections and with the embeddings. [

3.13. NOTATION. The biproduct of A and B will be denoted by A® B. For f: A — C
and g: B — D, the unique h: A® B — C @& D in the statement of Theorem 3.11 will be
denoted by f @ g.

The following follows immediately from Theorem 3.11:
3.14. COROLLARY. The following holds for any morphisms:
o 1@ 1p=1lagn;
o (fDg)(udv)= fudgv, whenever the compositions are defined.

Further basic results that follows from Theorem 3.11:

3.15. PROPOSITION. In any biproduct A & B, we have:

(1) For normal subobjects N of A and M of B, p;*N A py "M s a normal subobject of
A®B.

(2) For conormal subobjects C' of A and D of B, e;C'V esD is a conormal subobject of
A®B.

(3) if N is a normal subobject of A, then ey N is a normal subobject of A ® B;
(4) if C is a conormal subobject of A @ B, then p;'C is a conormal subobject of A;

(5) For any X € subA andY € sub B, if X is a normal or conormal subobject, orY is
a normal or conormal subobject, then

el X Ve =p ' X ApytY.
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PROOF. (1) The subobject p;' N A p;' M is normal, since it is the kernel of 7y @ 7.
(2) is the dual of (1).
(3) Since pre; = 1, we get N = 17'N = e 'p; ' N. Then we have

erN = e pr N = ey ] Apy'N = pr'N Apy 0,

thus e; NV is normal by (1).

(4) is the dual of (3).

(5) As already noticed in the proof of (3), ;X = e;1 A p;'X and similarly e,y =
e21 Apy 'Y, These are in particular just special cases of (5) for Y = 0 or X = 0. Suppose
X is normal. Then we have, making use of the restricted modular law twice,

e X VeY
=(e11 Ap ' X))V (eal Apy'Y)
=((er1 APy ' X) Veal) ApytY
=P X A (e11Veal)) Apy Y
=p ' X ApytY.

The second equality follows, since p; 'Y > p;'0 = e11 > e;1Ap; ' X, and e;1Ap; ' X =
e1X is normal by (3) and ey1 is conormal. The third follows, since p; ' X > p;'0 = esl,
and eyl is normal and e;1 is conormal.

So for X normal the result is true. By duality it is also true if X is conormal. The
case for when Y is normal or conormal is similar. [

The remaining results of this subsection, is about when an object is a biproduct of
two other objects. All this still relies on Theorem 3.11.

3.16. THEOREM. For any A and B, any split product of A and B is a biproduct, assuming
the biproduct of A and B ezists.

PROOF. Let G be a split product of A and B. Theorem 3.11 guarantees an isomorphism
h (taking f = 14 and g = 1p) between G and A@ B which commutes with the projections
and with the embeddings. From this, it can be readily checked that the split product G
will satisfy the remaining biproduct conditions. [

3.17. COROLLARY. If G has two subobjects A and B such that
e A and B are both normal and conormal;
e AVB=1and ANB =0,

then, G = Ao @ Bo, assuming Ao @ Bo exists, where Ap and Bo are the domains of
embeddings of A and B respectively.
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PROOF. Let ¢; = 14: Ao — G and ey = 1p: Bo — G. Notice that
mptal = mpA=mg(AV B) =mgl =1,
and
Lm0 =1'B=1"(AANB) =1,'0=0.

Thus w4 is an isomorphism. Denote the inverse by hy. Similarly 7w4¢p is an isomorphism.
Denote the inverse by hy. Define p; = hymp and py = homy. A straightforward verification
shows that GG together with ey, es, p1, and py forms a splitproduct of Ao and B, thus a
biproduct of Ap and B by the above theorem. [

3.18. COROLLARY. If f: B — A has a right inverse s: A — B, and Ims is normal and
Kerf is conormal, then B = (Ims)o @ (Kerf)o, assuming that biproduct exists.

PROOF. Both Im s and Ker f is both normal and conormal. We have
fFlovsl=ffsl=f'1=1 and f'0Asl=ss'f10=250=0.

Thus by Corollary 3.17 the result follows. n
3.19. COMPARISON WITH CATEGORICAL PRODUCTS AND COPRODUCTS.

3.20. PROPOSITION. Consider any noetherian form that has biproducts, (categorical)
products and coproducts. For any pair of objects A and B, the canonical morphism
I: A+ B — A X B (that is mlv; = d; ;) factors as

1

T

A—I—B?A@BWAXB

where e is a projection and m is an embedding, such that ety = ey, ety = ey, p1 = mMMm,
and py = mTom.

PROOF. Let e be the unique morphism A + B — A ® B such that ei; = ¢; for i = 1, 2.
Then
l=e11Vesl =el Vel =e(t11Vigl) <el <1.

Thus e is a projection.
Dually, the unique morphism m: A& B — A x B such that mym = p; for ¢+ = 1,2, is
an embedding. Furthermore, we have

T™MmelL; = Pi€j = 51‘,]"

Thus me is the canonical morphism. [
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3.21. THEOREM. For any noetherian form C with biproducts and (categorical) products,
the following are equivalent

(1) For any two objects, their biproduct and product coincide.

(2) Inverse images of conormal subobjects are conormal.

(8) Normal subobjects are conormal.

(4) For any product, (1,0) and (0,1) are jointly extremal epimorphic

Whenever any of the above holds, C is protomodular and Barr exact.

PROOF. (1) = (2): Take a morphism f: A — B and a conormal subobject X of B.
Consider the biproduct A ® B. Since it is a product, there is a morphism h: A - A® B
such that p;h = 1 and pyh = f. By Proposition 3.15(4), p, ' X is conormal. Since h is a
split mono, it is an embedding, from which it follows that

fX =0y X

is conormal.

(2) = (3): Since biproducts exist, all bottom subobjects 0 are conormal, from which
it follows that all normal subobjects are conormal.

(3) = (4): Consider any product A x B. Take any monomorphism f: W — A x B
such that (1,0) and (0,1) factor through f, that is (1,0) = fa and (0,1) = fb, for some
morphisms a and . By Lemma 2.10, f is an embedding. Further by Lemma 2.14, we
have

F1> falVv fbl = (1,0)1V (0,1)1 = 1.

Thus f is an isomorphism.

(4) = (1): Consider the morphism m = (py,ps): A® B — A x B. Since me; = (1,0)
and mey = (0,1), and m is a monomorphism, m is an isomorphism.

For the last part, if either of the above points hold, then by Theorems 2.12, 2.15, and
2.16, C is protomodular and Barr exact. [

3.22. COROLLARY. Any noetherian form with a zero object, biproducts, products and
coproducts is semi-abelian if and only if the inverse image of any conormal subobject is
conormal.

3.23. MONOIDALITY OF BIPRODUCTS. Throughout this subsection, we are working in a
noetherian form.

3.24. NOTATION. Fora: A — C and b: A — D, if there is a morphism h: A — C ® D
such that pth = a and poh = b, then it is unique by Proposition 3.8, and h will be denoted

by (a,b).

Notice that any morphism h: A — C' @ D can be written as h = (p1h, p2h).
Some basic properties:
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3.25. PROPOSITION. For any morphisms a, b, f, and g, we have, whenever the composites
are defined:

(1) (a,b)f = (af,bf);

(2) f&g=(fp1,9p2);

(3) (f ®9)(a,b) = (fa, gb).

(4) (p1,p2) =1 for the projections of any biproduct.

PROOF. Since p; and ps are jointly monic, we only need to verify that both sides are equal
when composing with p; and py on both sides.

P1( ) —af:pl(af,bf) and pg(a,b)fng(af,bf).
pi(f @ g) = fp1=p1(fp1,9p2) and po(f © g) = pa(fp1, gp2)-
(f ®g)(a,b) = (fp1,gp2)(a,b) = (fpi(a,b), gp2(a,b)) = (fa, gb).

P11 = (P17P2) and ps = pa(p1, p2).

(1)
(2)
(3)
(4)

The dual of the above will be:

3.26. NOTATION. Fora: A — C and b: B — C, if there is a morphism h: A® B — C
such that hey = a and hey = b, it is unique, and h will be denoted by |a, b].

We also have dual properties, which are true by duality:

3.27. PROPOSITION. For any morphisms a, b, f, and g, we have, whenever the composites
are defined:

(1) fla,b] = [fa, f0];

(2) f&g=lef el

(3) [a,0](f & g) = [af,bg];

(4) ler, e = 1 for the embeddings of any biproduct.

3.28. LEMMA. For any objects A, B, and C the morphism

a = ((p1,p1p2), p2p2) = [e1€1, [e1€2,€3]]: AB (B C) = (A@B)aC

exists. Moreover, o is a natural isomorphism.
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ProoFr. Consider the following diagram:

1@61 €2€9
ApB_—— A®(BaC) C
16 p D2p2

We have (1@ p1)(1@ey) =14 1p = lagp and papreses = 1. Further

Ker (1 & py) Im (1@ eq)
=p;'0A Py P10 =e11Vegel
=eol Apy'p;t0 =py 0V egeql
= ez¢5 'y 'y 0 =Py 'paeaerl
= eyp; 10 =py el
=egesl = Im (ege3), =py 'py 10 = Ker (paps).

Thus the above diagram is a split product, thus a biproduct. By Theorem 3.11 (selecting
f =1laep and g = 1¢) there is morphism a: A® (B® C) — (A ® B) @ C such that

prao=(1®p1) and poor = pops

By the same theorem, « is furthermore an isomorphism. We have
a = (pra, paar) = (1 ® p1, pap2) = ((p1, P1p2), P2p2).
We also have
praey = (1@ pr)e; = ep = prerer and  poae; = popaer = 0 = paege.
Thus ae; = eje;. And also
praes = (1@ pi)es = eapr = pi(e2©1) and  praes = papaes = p2 = pa(e2 & 1).

Thus aey = ey B 1. Consequently

a = [erer, eo ® 1] = [ereq, [e1€, €3]]

To verify naturality, we must show that the following diagram commutes for any f, g,
and h:

«

A® (BaC) (Ao B)eC
f@&(goh) (feg @h
XY ®2) (XaY)®Z
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It does indeed commute:

a(f @ (gD h))
((p1, p1p2), p2p2)(f D (g @ D))

((p1(f @ (g @ h)), pip2(f & (9 © h))), p2p2(f D (9 D 1))
((fp1,p1(g ® h)p2), p2(g ® h)p2)

((fp1, gp1p2), hpap2)
((
((
((

I ® g)(p1,p1p2), hpaps)
f©g) @ h)((p1, p1p2), P2p2)
f®g) @ h).

3.29. THEOREM. Any noetherian form C with biproducts forms a monoidal category
(C,®,0,a,p",p; ).

PRroor. Corollary 3.14 shows that & forms a functor from C x C to C.
We already know that having biproducts forces pointedness, thus the zero object 0
exists.
For any object A, pg@A: 0® A — A is a natural isomorphism: It is a projection, since
it is a split epi. Also
Py 0=el=¢0=0.

Thus it is also an embedding, thus an isomorphism. For naturality, take any f: A — X.
We must show that the diagram

0mA—2 4
P@f M
D2
0@ X X

commutes. Indeed it does by the definition of 1 & f. Similarly, p‘f‘@O: A®0— Ais a
natural isomorphism for any object A.

What is still left, is to prove that two certain diagrams commute. The first one, for
any objects A and C', the following diagram commutes:

A (08C) L (As0)aC

Jl@pg J}h@l

AoC—Y L aac
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Indeed:

(pr® Da= (p1 ®1)((p1,pip2), p2p2) = (p1(p1, p1p2), 1paps)
= (p1,p2p2) = (1 ® p2)(p1,p2) = 1 ® po.

The second diagram, for any A, B, C', and D, the following diagram commutes:
A®(Ba(CaD)%(AeB) @ (CoD)S (AeB)aC)®D

1P« adl

A® (B®C)® D) (A® (BeC))@® D

Indeed:

a®1)a(l®a)

apr, p2)a(l & )

(1, P1p2), P2p2)p1, p2)a(l & @)

(P11, P1P2p1), P2p2p1), P2)a(l © )
(P1p1c, PiP2pr), Papap1cv), pac) (1 © @)
(p1, P1P1P2), P2p1P2), P2p2) (1 © @)
(
(
(

pi(1 @), pip1p2(1 @ ), papip2(1 © @)), pap2(1 © @)
P1, P1P1OD2), P2P1P2), P2CtP2)
D1, P1P2)s p1p2p2) , P2P2D2)
P1C, P1P2CY), P2PaCY)
1, P1P2), P2P2)

(
(
((
((
((
((
((
((
((
((
((

3.30. REMARK. The monoidal structure given by biproducts is in fact a ‘monoidal sum
structure’ in the sense of [9]. This follows from Theorem 3.29 and Proposition 3.8.

4. Commutators

Throughout this section we are working in a noetherian form with biproducts.
4.1. THE GENERAL THEORY.

4.2. DEFINITION. For a object G and conormal subobjects X and Y, the commuta-
tor [X,Y]q is defined as follows: If (Cie: G — C,m: Xo ® Yo — C) is a colimit of
CXOEBYO(LX; Ly), then [X, Y}G = Kere.

The commutator [1,1]¢ will be denoted by [G, G]g instead.
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4.3. PROPOSITION. For any f: A— W and g: B— W, if (Cie: W — C,m: A® B —
C) is a colimit of Cagp(f,g), then Kere = [Im f,Im g]w .

PRrROOF. Let Im f = X and Img =Y. Factorize f = txa and g = tyb, where a and b are
projections of the kernels of f and g respectively. Consider the following diagram, where
(L,d,n) is a colimit of Cx ey, (tx,ty), and (C,e,m) is a colimit of Cagp(f,g)

A®B

The unlabelled arrow A ® B — C' is m.

Since (L, d,n(a @ b)) forms a cocone of Cagp(f,g), Kere < Kerd. Notice, by Proposi-
tion 3.15 (5),
Ker (a @ b) = p; 'Kera A p, ' Kerb = e;Kera V eyKerb.

Using this, we have
m(a ®b) 10 =m(era 0V exb™10) = mera 0V megb
=efa'0Vegb '0=0.

So Kerm > Kera @ b. Since a & b is a projection, there is a unique m’: Xo ® Yo — C
such that m/(a ® b) = m. Then we have

m'eja = m'(a ® b)e; = me; = ef = evxa.

Since a is a projection, it is an epi, thus m'e; = ery. Similarly m’e; = ewry. Thus
(C,e,m') is a cocone of Cx ey, (tx,ty). Consequently Kerd < Kere, and thus Kere =
Kerd = [X,Y]w. n

We establish some basic properties.

4.4. PROPOSITION. If A, B, X, and Y are conormal subobjects of G, with X < A and
Y < B, then

[X,Y] < [A, B].
PROOF. Since X < A there is a unique k such that tyk = tx. Similarly, there is a
unique [ such that tgl = ty. Suppose (C,e: G — C,m: Ap & Bo — C) is a col-
imit of Ca,ep,(ta,tp). Then (Cie: G — C,m(k @ 1): Xo & Yo — () is a cocone of
Cxoavy(tx,ty). Thus [X,Y] < Kere = [A, B]. "
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4.5. PROPOSITION. For any conormal subobjects X and Y of G, we have [X,Y] < N

where N is a normal subobject containing X. In particular if there is a smallest normal
subobject X containing X, then [X,Y] < X.

PROOF. We have that (G/N,7n: G — G/N,mntype: Xo @ Yo — G/N) is a cocone of
Cxoav, (tx,ty). Consequently N = Kermy > [X,Y]. n

4.6. PROPOSITION. For any morphism f: G — H and conormal subobjects X and 'Y of
G, we have

(1) fIX, Y] <[fX, fY];

(2) [fX, fY] <N for any normal subobject N > f[X,Y].

PROOF. (1) Suppose (C,e: H — C,m: Xo ® Yo — C) is a colimit of C(fix, fty). Then
(C,ef,m) is a cocone of C(ix,ty). Consequently

X,Y]< el 0= XL Y] = fIXY] < [FX fY),

(2) Suppose (C,e: G — C,m: Xo@®Yp — C)is a colimit of C(x, ty). Since f[X,Y] <
N, we have [X,Y] < f7!N, and so Kere < Kermyf. Thus there is an h such that
he = my f. One can then readily observe that (H/N,my,hm) is a cocone of C(fix, fry).
From this it follows that [fX, fY] < N. =

4.7. COROLLARY. We have the following immediate consequences

(1) if there is a smallest normal subobject f[X,Y] containing f[X,Y], then f[X,Y] =
/X, fY];
(2) if [ is a projection, then f[X,Y] = [fX, fY].

PROOF. (1) Since [fX, fY] is normal which contains f[X, Y], we have

FX Y] < FIX Y] <[fX, fY],
from which equality follows.
(2) If f is a projection, then f[X,Y] is normal. Then from (1) the result follows. m

Here is another corollary.

4.8. COROLLARY. If any commutator of any two conormal subobjects is their meet, then
any direct image preserves meets of conormal subobjects and any conormal subobject is
normal.
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PROOF. The last part is clear: take any conormal subobject X, then [ X, X] = XAX = X
and consequently X is normal.

Take any two conormal subobjects X and Y of the same object A. It is sufficient to
prove that their meet is preserved under embeddings and projections. Let d: A — B be
an embedding, when we have

dix1 Awyl) =dixix tyl) = dixi'd tdiyl = dix1 Adiy 1.
If d: A — B is a projection, we use the corollary above:
A(XNY)=d[X,Y]=[dX,dY] =dX AdY.

4.9. PROPOSITION. If direct images preserve meets of conormal subobjects, then the com-
mutator of any two conormal subobjects contains their meet.

PROOF. For conormal subobjects X and Y of A, let (C,e: A — C,m: Xo® Yo — C) be
the colimit of C(tx,ty). We have

e(XANY)=eX ANeY =exl Aetyl =me;l Amesl = m(e;l Aeyl) =m0 = 0.

Thus X AY < Kere = [X,Y]. "

4.10. PROPOSITION. The commutator of any conormal subobjects X and Y is X ANY if
and only if the direct images preserves the meet of conormal subobjects and all conormal
subobjects are normal.

PROOF. The one direction is given by the corollary above.

For the converse, by Proposition 4.5, the commutator of X and Y is contained in
X AY. And also by the proposition above, X AY is contained in the commutator. Thus
the commutator is X AY. n

Commutators in biproducts can be computed component-wise as in:

4.11. PROPOSITION. If A, C' are conormal subobjects of G, and B, D are conormal sub-
objects of H, then

[e1AV eaB,e1CV eaD]gon = [e14, e1Caan V [e2B, e2D]aan
= 61[14, C]G’ V GQ[B, D]H

PROOF. Since [A, C]¢ is normal, so is e;[A, C|g by Proposition 3.15 (3), thus by Corol-
lary 4.7 (1) we have e1[A,Clg = [e14,e1C)gen. Similarly es[B, D]y = [esB, esD]can.
By Proposition 3.15 (2) both e;A V eaB and e;C V esD are conormal. Further, from
Proposition 4.4 it follows that

[6114 V GQB, 610 V GQD]G@H Z [€1A, elC]G@H V [egB, €2D]GG§H-
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Notice that

e1 de; e D e
Ao ® Bo (Ao ® Co) ® (Bo @ Do) Co & Do
P11 D P2 D p2

Is a split product by Theorem 3.11 and Proposition 3.15(5), thus a biproduct of Ap @ Bo
and Co @ Do. Suppose (Ly,dy: G — Li,ny: Ao & Co — Ly) is a colimit of C(ua, i),
and (Lo, dy: H — La,ng: Bo @ Do — Ls) is a colimit of C(ctp,tp). Then (Ly & Lo, dy @
dy,m1 @ ngy) is a cocone of C(tq @ g, e ® tp). Consequently

letAV eaB,e1C Ves D] = [Im (14 @ tp),Im (tc @ tp)]
S Ker (d1 D dg)
=e1d; 0V eady 0 = e, [A, O] V e[ B, D].
Thus the result is true. n
4.12. COROLLARY. For objects A and B, we have
[A ©® B7A D B]AEBB = 61[‘47 A]A \% 62[37 B]B
ProoOF. We have

[AEB B,AEB B] = [6114\/ eQB,elA\/ GQB} = el[A,A} V 62[B,B].

4.13. TRIVIAL COMMUTATORS.

4.14. LEMMA. For any pair of morphisms f: A — W and g: B — W, if [Im f,Img] =0,
then there exists a unique h: A@® B — W such that hey = f and hey = g; that is [f, g
exists. Conversely, if [f, g] exists, then [Im f,Img] = 0.

PROOF. Suppose (C,e: W — C,m: A® B — () is a colimit of C(f,g). Suppose
[Im f,Img] = 0. Then Kere = 0 by Proposition 4.3, and since e is a projection by
Proposition 3.7, e is an isomorphism. Then the required h is e~!m. The converse also
follows easily from Proposition 4.3. n

4.15. PROPOSITION. For any object G and conormal subobjects X and Y such that X V
Y =1, [X,Y] =0, then both X and Y are normal subobjects of G.

PROOF. Since [Imex,Imuy] = [X,Y] =0, by Lemma 4.14 there is a morphism
h: Xo® Yo —> G
such that he; = tx and hey = ty. Notice that h is a projection, since
hl = h(e11Vesl) = he;1Vhesl =X VY =1.

Since e11 and eyl are normal subobjects of Xo @Yy, heil and heyl are normal subobjects
of G, that is, X and Y are normal subobjects of G. n
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Usually in group theory, a normal subgroup X of G is defined to be a subgroup such
that for any g € G, gXg~! C X, or equivalently [X,G] < X. The above result allows to
prove the same here:

4.16. COROLLARY. For any object G and conormal subobject X, X is a normal subobject
if and only if [ X,G] < X.

PROOF. By Proposition 4.5, if X is normal then [X,G] < X.

For the converse, consider the projection p = 7mx ¢ We have [pX, pG| = p[X, G| =0,
and pX V pG = 1, and pX and pG are conormal subobjects. Thus by Proposition 4.15,
pX is a normal subobject of G/[X,G]. Since X contains the kernel of p, X = p~1pX.
Consequently X is normal as well. n

4.17. REMARK. If we apply this corollary to semi-abelian categories seen as noetherian
forms, we recover the main result Theorem 6.3 of [14].

One can readily observe that [e;1, ex1] = 0 for the embeddings of any biproduct.
Another way to recognize whether an object is a biproduct of two subobjects:

4.18. THEOREM. If object G has conormal subobjects A and B such that

e AVB=1,
e ANB=0,
o [A,B]G:O,

then G = AO D Bo.

PRrROOF. By Proposition 4.15, the first and the last points implies that both A and B are
normal subobjects. Then the result follows from Corollary 3.17. [

4.19. COMMUTATIVE OBJECTS.

4.20. DEFINITION. An object A is called commutative when [A, Aj4 = 0.

From previous results on commutators, we have the following list of basic properties
of commutative objects:

e for projection p: A — B, if A is commutative, then so is B;
e for embedding e: B — A, if A is commutative, then so is B;
e any conormal subobject of a commutative object is normal;
e A@® B is commutative if and only if both A and B are commutative.

4.21. THEOREM. For any noetherian form C with biproducts, the full subcategory A of
all commutative objects is a reflective subcategory.
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PRrooF. Take any object G in C. We have
[G/1G, G, GG, G = [me.a/G, Te.a Gl = mealG, G] = 0.

Thus G/|G, G| is commutative. Take any morphism f: G — A, where A is commutative.
Then we have

fIG.G] < [fG, fG] = 0.

Thus Ker f > [G, G], and thus there is a unique h: G/[G,G] — A such that f = hrig q.
Consequently, A is a full reflective subcategory of C. [

There is another way of getting this full subcategory of commutative objects:

4.22. THEOREM. The internal monoids (with respect to @) are exactly the commutative
objects. The internal monoid structure is uniquely determined on every commutative ob-
ject. Further any morphism between commutative objects preserves the monoid structures.

PROOF. Suppose (M,m: M x M — M,u: 0 — M) is an internal monoid. Then in
particular the following diagram commutes

ud1
0p M Me M
\ Jm
0pM
b2 M

We have

MeM _ 0eM _  0&M 06M _
me; =m(u® 1)ey™™ = pMe™ =1y

Similarly we get that me’®" = 1, Thus (M, 1y;: M — M, m: M@®M — M) is a cocone
of Caranr(1ar, 1ar). Since it is a cocone with least possible kernel, by Proposition 3.9 it is
a colimit, and thus [M, M] = [Im 157, Im 1] < Kerly, = 0. So M is commutative. Notice
that we were forced to have m = [1, 1], so if an object is an internal monoid, it is uniquely
SO.

Conversely, take any commutative object M. By Lemma 4.14 there is a unique mor-
phism m = [1,1]: M & M — M such that me; = 1 = me,. There is also a unique
morphism u: 0 — M. The following diagram commutes:

1 1
oM T vem —2" pao
Py i py'®

m(u® 1) = [L1(we 1) = [u, 1] = po.
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and similarly the other triangle commutes. Further, the following diagram also commutes:

|
MaeMeM -~ MeMmaeM "% yveu
1dm m

Mo M dL M

Recalling from Section 3.23, a = [ejeq, [e1€2, €2]]. We have

m(m @ 1)«
=m(m @ 1)[e1eq, [e1€2, €3]]
=m[(m @ 1)ereq, [(m D 1)ejes, (m d 1)ey]]
=mleymey, [eymes, €3]]
=mleq, [e1, €2]]
=mleq, 1]
= [mey, m]

= [mey, meam]
=mley, eam]
=m(l S m).
For the morphism part: take any f: A — B between two commutative objects A and
B. As demonstrated before (A, [14,14],u4) and (B, [1p, 15|, up) are the unique internal

monoid structures on A and B respectively. Trivially fus = wup, since 0 is an initial
object. Also

(s, 1](f @ f) = [f, /] = f[1a, 1a].

Thus f is an internal monoid morphism from A to B. [

4.23. REMARK. Commutative objects defined above are precisely the indiscrete objects in
the sense of Definition 2.8.1 of [9]. Although we have included the proof of Theorem /.22, it
is actually a simple corollary of Theorem 2.8.2 of [9]. Furthermore, it is easy to show that
biproducts give a symmetric monoidal structure and hence, by Theorem 2.8.3 of [9], the
unique internal monoid structure on each commutative object is an internal commutative
monoid structure, which answers the question posed to the author by Tim Van der Linden.

The result below generalizes the fact that split extensions of abelian groups is the
product.

4.24. PROPOSITION. For any commutative objects A, X, and B, if

g f

A

satisfies Kerf = Img, g is an embedding and fs = 1p, then X 2 AP B.
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PRrROOF. The image of s is normal, since the image of s is conormal and X is commutative.
Further, the kernel of f is conormal, since it is the image of g. Thus, by Corollary 3.18,
we have

X = (Kerflo@(Ims)o = A B.
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