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Abstract

This article introduces abelian multigroups, multirings, and multi-
modules over a commutative semigroup, with applications to cohomology.
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1 Introduction

This article originates in an unknown referee’s remark that the cohomology of
commutative semigroups refines André-Quillen cohomology and should therefore
be studied by the same methods.

Indeed this is the approach used by Kurdiani and Pirashvili in [7], using
modules as coefficients. Unfortunately, the cohomology of a commutative semi-
group S requires its coefficients to include one abelian group for each element of
S [6], whereas a module can only assign the same abelian group to all elements of
S. Applying André-Quillen methods ([1, 10, 11]; see also [12]) to the commuta-
tive semigroup S requires structures, such as the abelian group valued functors
in [6], whose contents are spread among elements of S.

In Sections 2 through 12 we develop the rather boring basic algebra, adjunc-
tions, and operations, of six such structures: multisets, abelian multigroups, and
multimodules, which parallel sets, abelian groups, and modules; commutative
multimonoids, multirings, and multialgebras, which parallel commutative mon-
oids, rings, and algebras. It is clear that there are multimonoids, multirings, and
multialgebras that are not necessarily commutative, but André-Quillen methods
require commutativity.

We found that André-Quillen cohomology also requires a comonad (V, e, v)
in which the elements of V(X)) can be written uniquely in more or less polyno-
mial form. For technical reasons this rules out most of the comonads in Sections
2 to 12, including commutative multi- R-algebras, and Sections 13 through 16
develop the theory for commutative multirings only (without any input from
Sections 9 to 12).



2 Multisets

In what follows, S is a given commutative semigroup or commutative mono-
id, and S! is the commutative monoid defined as follows: if S has an identity
element, then S! = S; otherwise, S' = S U {1}.

Recall that a set X over S consists of a set X and a projection mapping of
X into S, denoted regardless of X by x — zV. Projection to S decomposes X
into a disjoint union X = J,cg Xa, where X, ={z € X |z¥ =a}.

Every subset Y of X inherits a projection to S which makes it a set over S,
with a decomposition Y = J,c g Ya, where ¥, =Y N X,,.

A morphism f: X — Y of sets over S is a mapping f: X — Y such that
(fx)V =2zV for all z € X; equivalently, f (X,) CY, foralla € S.

1. Definition. A multiset over S is a set X over S together with an action
(w,t) — at of S* on X such that

(") =2V,

zl! =z forall z, and

(z")* = 2™ for all z,t,u.

For example, if S has just one element, then a multiset over S is just a set.
In general, S begets a multiset S on itself, in which S, = {a} and a’ = at.

Multisets over S have an equivalent definition as functors on the Leech cate-
gory H(S), which is the small category (originally denoted by R(.S) in [8]) whose
objects are the elements of S, with one morphism (a,t): a — at for each a € S
and t € St. Composition is by (at,u) o (a,t) = (a,tu); the identity morphism
onac€Sis (a,1).

Hence, a set-valued functor (X, x) on #(S) assigns a set X, to each a € S
and a mapping xg+: Xq — Xt toeacha € S and t € St so that Xa,1 is the
identity on X, and Xat,u © Xa,t = Xa,tu for all @ € S and t,u € S1. We regard
the sets X, as pairwise disjoint, so that X = |J (X, | a € S), together with
the projection v = a whenever x € X,, is a set over S. An action of S' on X
is then defined by

zt = Xa,t T
and makes X a multiset over S. Conversely, a multiset X over S can be regarded
as a set-valued functor on H(S), that assigns X, to a € S and x4¢: © —>
X, — Xgt,toa € SZ and t € ST,

A morphism f: X — Y of multisets is a morphism of sets over S ((fz)¥ =
zV for all z) that preserves the action of S: f(z') = (fz)! for all z and ¢.
Equivalently, the restrictions f,: X, — Y, of f constitute a natural transfor-
mation f = (f,)acs from X to Y.

2. Submultisets. A submultiset Y of a multiset X is a subset Y of X that
inherits the action of S: x € Y implies ' € Y. The action of S on X then
induces an action of S on Y, which makes Y a multiset over S. Equivalently, a
submultiset of X is a subfunctor.



For example, if f: X — Y is a morphism of multisets, then Im f = f(X)
is a submultiset of Y.

Given a multiset X and a subset Y of X, the submultiset Y of X generated
by Y is the least submultiset of X that contains Y:

Y = {y'|yey,tes'}.
For every a € S,
Ya :U(th|c€S,t€S1, ct=a).

3. Congruences. A congruence on a multiset X over S is an equivalence
relation € on the set X such that

z Cy implies z¥ =yY and

z Cy implies 2! =y' forall t € S*.

For example, if f: X — Y is a morphism of multisets over S, then the equiv-
alence relation ker f on X induced by f is a congruence on X.

Conversely, if € is a congruence on a multiset X over S, then the quotient
set X/C is a multiset over S, on which the projection to S and action of S! are
well defined by C'(z)¥ = 2V and C(z)* = C(z'), where C(z) denotes the C-class
of x, so that the projection X — X/C is a morphism of multisets over S.

If f: X — Y is a morphism of multisets over S, then X/ker f = Im f.

4. Free multisets. There is in general no adjunction of sets to sets over S.
Indeed the category of sets over S has products; the product of X and Y is
given by the pullback (of sets) on the projections to S. Hence the forgetful
functor from sets over S to sets does not preserve products (unless S has just
one element), and has no left adjoint.

Similarly, in the category of multisets over S, the product of X and Y is
given by the pullback (of sets) on p and ¢, which yields a multiset over S

P={(zy) e X xY |2V =y"}

with projection (x,y) — 2V = yV to S and action (z,y)! = (¢, y') of S, so
that the maps (z,y) — z and (z,y) — y are morphisms of multisets over S.
Hence there is no adjunction of sets to multisets over S.

If S is a commutative monoid, however, there is an adjunction of sets over S
to multisets over S. The free multiset X over S on a set X over S is

Xt = Xx§8,

with projection (z,a)Y =2V a to S and action (z,a)! = (z,at) of S. Thus, for
each a € S,
(XT)y = {(z,t)|zeX, teS, 2Vt=a}.

For example, Z7T is a multiset over S whose elements (n,a) are the integers
over S.



There is a canonical mapping n: X — X+, 2 — (x,1), which is a mor-
phism of sets over S. Moreover 7 is injective. Hence we may identify x € X
and nz = (v,a) € Xt. Then (z,t) = (z,1)! = 2' (in X+, not in X).

Every morphism f of sets over S of X into a multiset Y over S lifts uniquely
to a morphism of multisets over S from X1 to Y, meaning that there is a
unique morphism g: X+t — Y of multisets over S such that gon = f. Indeed
g is unique: g (z,1) = fz implies g (z,a) = g ((x,1)*) = (g (x,1))* = (fz)*.
Conversely, define g: Xt — Y by

g(m,a) = (fz)".

Then g is a morphism of multisets over S: (z,a) and (fz)® both project to zV a,
and g ((2.0)!) = g (v, at) = (fo)* = (g (z,0))".

In the adjunction of sets over S to multisets over S, the counit € is found
as follows. Let X be a multiset over S; let Xt be the free multiset on the
underlying set over S of X. Then € assigns to X the morphism ex: XT — X
of sets over S that lifts the identity 1x on X. By the above, ex (z,a) = 2%, as
calculated in the multiset X.

3 Monoids over S

In this section we assume that S is a commutative monoid.

1. Monoids over S. Recall that a commutative monoid M over S consists
of a commutative monoid M and a projection x — x¥ which is a monoid ho-
momorphism (1Y =1 and (zy)Y = xV yV for all z,y). In particular, a monoid
over S is a set over S.

A morphism f: M — N of commutative monoids over S is a morphism of
sets over S ((fz)Y = xV) which is also a monoid homomorphism.

For every subset X of a commutative monoid M over S there is a submonoid
X of M (such that 1 € X and 2y € X for all x,y € X) generated by X, which
is the least submonoid of M that contains X: namely

X = {maz2 2, |n>0, 21,29,..., 7, € X},

it being understood that zixo- -z, =1 € M if n =0.

2. Free commutative monoids. The free commutative monoid F = F(X)
on a set X consists of monomials in X. To avoid confusion between products
in F and products in other monoids we replace every element x of X by an
indeterminate X, (so that X = { X, | z € X } is a set with a bijection z — X,
of X to X).

Accordingly, a monomial on a set X is a formal product X™ =[], . x X;n(w)
of powers of elements of X (more rigorously, a mapping m of X into N =
{0,1,...,n,...}, written as a product of powers, in which any term X! is re-
garded as an identity element and is ignored), with exponents m(z) that are
almost all zero, meaning that the set {z € X | m(z) > 0} is finite.



The monomials on X, multiplied by X" X" = X™*"  constitute the free
commutative monoid F = F(X) on the set X. The identity element of F has
m(x) =0 for all z € X.

The canonical map n: X — F sends z € X to X, viewed as the monomial
X™ € F in which m(z) =1 and m(y) = 0 for all y # z. Every monomial is now
an actual product in F:

X" = HrEXX;n(I) = HzEX(nx)m(m)

Since 7 is injective we may identify x € X and nx € F.

The universal property of F(X) and 7 states that every mapping f of X
into a commutative monoid M extends to a unique monoid homomorphism ¢
of F into M: there is a unique monoid homomorphism ¢: F — M such that
pon = f,namely ¢ ([T,ex X&) = [T,ex (f2)"@.

In the adjunction of sets to commutative monoids, the counit € assigns to
a commutative monoid M the monoid homomorphism €p;: F(M) — M that
extends the identity on M (earon = 1ar): enr (ILuens X = [Tocn 2™,
as calculated in M.

3. Free monoids over S on sets over S. The adjunction of sets to commuta-
tive monoids lifts to an adjunction of sets over S to commutative monoids over .S.
Given a set X over S, the free commutative monoid over S on X is the free
commutative monoid F = F(X) on the set X together with the unique monoid
homomorphism that extends the projection of X to S: (X™)V =[], x(z¥)™®).

The unit of this adjunction, 7: X — F is inherited from F and sends y € X
to the monomial X,: X, = X", where m(y) =1 and m(z) = 0 if z # y. Since
X;’ = yV, 1 is a morphism of sets over S. Again 7 is injective and we may
identify z € X and nx € F.

The universal property of the commutative monoid F(X) over S is inherited
from that of the commutative monoid F: if f is a morphism of sets over S of X
into a commutative monoid M over S, then the unique monoid homomorphism
of F to M that extends f is a morphism of commutative monoids over S.

The counit € assigns to a commutative monoid M over S the morphism
er: F(M) — M of commutative monoids over S that extends the identity on

M: the evaluation map [] ., xm@ [Lea 2™ € M.

4 Multimonoids

In this section we assume that S is a commutative monoid.

1. Definition. A commutative multimonoid over S is a commutative monoid
M over S together with an action (z,t) — 2t of S on M such that M is also a
multiset over S ((z!)Y =2V t, 2! = z, and (2)* = 2%, for all x,t,u), z —> zV
is a monoid homomorphism (1Y = 1 and (zy)Y = 2V y" for all z,y), and

(xy)! = 2'y = xy' forallz,y € M andt € S.



For example, if S has just one element, then a commutative multimonoid
over S is just a commutative monoid. In general, S begets a trivial multimonoid
S on itself, in which S, = {a}, a' = at, and ab is the given product in S.

The action of S on a commutative monoid M over S is determined by its
action on 1 and the multiplication:

vt = (21)! = z1°.

In particular, 1¥1% =1 (1")t = 1" and e: t — 1% is a monoid homomorphism.
Moreover, e splits the projection to S, since (11)Y =1Vt = ¢, and

iyt = xltyl" = ayl™ = (zy)™.

Conversely, if M is a commutative monoid over S and e: S — M splits its
projection to S, then S acts on M by: z' = e(t)x, and this action makes M
a commutative multimonoid over S. Thus a commutative multimonoid over S
can be regarded as a commutative monoid over S with a split projection to S.

A morphism ¢: M — N of multimonoids over S is a morphism ¢ of mul-
tisets ((ox)Y = xV for all x and ¢ (z*) = (px)t for all z,t) which is also a
morphism of commutative monoids over S (¢ 1 =1 and ¢ (zy) = (¢ z)(py) for
all z,y).

2. Submultimonoids. A submultimonoid of a commutative multimonoid M is
a submultiset N of M (x € N implies 2' € N for all ¢) that is also a submonoid
of M (1 € N, and z,y € N implies zy € N). The multiplication on M then
induces a multiplication on N, which makes N a commutative multimonoid
over S.

For example, if f: M — N is a morphism of commutative multimonoids,
then Im f is a submultimonoid of N.

Every submultimonoid of M contains Im e, where e(t) = 1! splits the pro-
jection to S. Conversely, a submonoid N of M that contains Im e is a submul-
timonoid of M, since z € N implies z' = e(t)z € N.

Given a multimonoid M and a subset X of M, the submultimonoid X of M
generated by X is the least submultimonoid of M that contains X. Equivalently,
X is the submonoid of M generated by X UIme. Since Ime is a submonoid,

X = {mzy-2,|n>0, 29, 29,..., 2, € XUIme}
= {(zmiz2--2,) 1" [n >0, 21, 29,..., 2, €X, t€S}

(with z129 -z, =1 € M if n=0).
3. Congruences. A congruence on a commutative multimonoid M over S is
an equivalence relation C on the set X such that

z Cy implies 2V =yV,

z Cy implies z! =y’ forall te S*, and

x Cy implies zz Cyz forall ze M.



For example, if ¢: M — N is a morphism of multisets over S, then the equiv-
alence relation ker ¢ on M induced by f is a congruence on M.

Conversely, if C is a congruence on a commutative multimonoid M over S,
then the quotient set M/C is a commutative multimonoid over S, on which the
projection to S, action of S1, and multiplication are well defined by C(z)Y = 2V,
C(z)t = C(2'), and C(x) C(y) = C(xy), where C(z) denotes the C-class of z, so
that the projection M — M/C is a morphism of commutative multimonoids
over S.

If op: M — N is a morphism of commutative multimonoids over S, then
M/ker f =2 1Im f.

4. Free multimonoids on monoids over S. There is an adjunction of com-
mutative monoids over S to commutative multimonoids over S. Indeed, if M is
a commutative monoid over S, then the free multiset over S on the set M from
Section 2,

Mt = MxS

(with projection (z,a)Y = zVa to S and action (z,a)! = (x,at) of S) inherits
from M and S a multiplication, namely the componentwise multiplication

(z,0)(y,0) = (zy,ab),

which makes M T a commutative multimonoid over S, since

((z,a)(y.b))" = (wy,abt) = (x,0) (y,0)" = (z,a)" (y.,b).

For example, the integers over S constitute a commutative multimonoid Z+
over S.

The canonical map n:  — (z,1) is now a morphism of commutative mul-
timonoids over S of M into M7T. Since 7 is injective we may identify x € M
and nz € M+. Then (z,a) = (,1)* = 2% in M+ (but not in M).

Since M is the free multiset over S on M, every morphism f of multisets
over S from M to a commutative multimonoid N over S lifts uniquely to a
morphism g: (z,a) — (fz)® of multisets over S from Mt to N. If f is a
morphism of commutative monoids over S, then

g(zy,ab) = (flzy)® = ((f2)(fn))™ = (fo)* (fy)°

and ¢ is a morphism of commutative multimonoids over S. Hence Mt is the
free commutative multimonoid over S on M.

In the adjunction of commutative monoids over S to commutative multi-
monoids over .S, the counit assigns to a commutative multimonoid M over S
the morphism ej;: M+t — M that lifts the identity on M: ej;(z,a) = 29, as
calculated in M.

5. Free multimonoids on sets over S. Composing the adjunction of sets
over S to commutative monoids over S and the adjunction of commutative mon-
oids over S to commutative multimonoids over S yields an adjunction of sets
over S to commutative multimonoids over S.



Accordingly, the free commutative multimonoid over S on a set X over S
is the free commutative multimonoid F+ = F(X)* over S on the free commu-
tative monoid F = F(X) over S on X. We saw in Section 3 that F consists
of all monomials X" = [[,cx ™) on X, multiplied by X™ X" = X" and
projection (X™)Y = [, ey (z¥)™®.

Hence F1 consists of all ordered pairs (X, a), where a € S and X" € F,
with projection (X, a)V = (X™)Va to S, action (X", a)! = (X™, at) of S,
and multiplication (X™, a)(X", b) = (X"1", ab).

The canonical map n: X — FT sends z € X to (X,, 1) € FF, where

X, € F stands for the monomial ], X;n(y) in which m(z) =1 and m(y) =0

for all y # x. Every element (X™, a) of FT is now a product

(X", a) = (ILex(nz)™@)(1,a).

We see that 1 is a morphism of sets over S. Moreover, 1 is injective, and we
may identify 2 € X and na € F¥; then

(Xm’ a) = (HzeX(nm)m(m))(LG‘) = (Hmexxm(m))a

in F+ (not in IF).

Every morphism f of sets over S from X to a commutative multimonoid M
over S extends uniquely to a morphism g of commutative monoids over S from
F to M, which sends X™ = [T, cx X&' to [[,cx(f2)™®) and in turn lifts
uniquely to a morphism ¢ of commutative multimonoids over S from F+ to M,
namely

(p(Xm7 a) _ (gX’m)a _ (HmeX(fm)m(w))a'

In the adjunction of sets over S to commutative multimonoids over S,
the counit € assigns to a commutative multimonoid M over S the morphism
enr: F(M)+t — M of commutative monoids over S that lifts the identity on M:

€M (Ha:eMX;n(I)a a) = (HmeMxm(m))a7

as calculated in M.

6. Free multimonoids on multisets over S. There is also an adjunction of
multisets over S to commutative multimonoids over S.

Given a multiset X over S, the free commutative multimonoids over S on
X is constructed as follows. Let X = { X, | z € X } be an isomorphic copy of
X, with XY = 2V and X! = X,+. The half free commutative monoid on X is
the commutative monoid

H(X) = <Y|X£Xy:XmXé forall z,ye X, teS)

generated by X subject to all defining relations X! X, = X, X}, where 7,y € X
and t € S. Equivalently, H(X) = F(X)/ ~, where & is the smallest congruence
on F(X) such that X! X, ~ X, X| for all z,y € X and t € S.



Every element of H is the equivalince class [X1 X5 -+ X,;] of a commutative
product X7 X5 --- X, of elements of X. The action of S on H is well defined by

(X1 X2 - X,]F = [XEXy - X,
= [X1X§-~-Xn] — [X1X2~--Xfl].

Projection to S is well defined by
(X1 Xe- - XY = XY Xy - XY

With this action of S and projection to S, H is a commutative multimonoids
over S.

In F(X), the equivalence class [X,] of X, consists of only X,. The canonical
mapping 77: X — H(X) sends z € X to [X,].

Every morphism f of multisets over S from X to a commutative monoid M
over S extends uniquely to a monoid homomorphism ¢ of F(X) into M. Since
aty =z y' forall z,y € M we have ¢ (X} X,) = ¢ (X, X]) for all z,y € X and
t € S. Therefore ¢ induces a monoid homomorphism ¢ of H(X) into M such
that

VX1 Xn] = (X1 X,,)

for all X1, ..., X,, € X. Then 4 is a morphism of commutative multimonoids
over S, ¢pon = f, and ¢ is unique with these properties.

Composing the adjunction X — X7+ of sets over S to multisets over S and
the adjunction X+ — H(XT) of multisets over S to commutative multimon-
oids over S yields the adjunction X —— F(X)¥ of sets over S to commutative
multimonoids over S. Therefore there is a natural isomorphism

H(XT)=FX)T.

5 Multigroups

In this section S is any commutative semigroup.

1. Definition. An abelian multigroup over S is a multiset G over S (with a
projection to S and an action of S! on G such that (2)Y = (zV)t, 2! = x, and
(z%)% = z* for all z,t,u) together with an addition on each G, = {x € G |
zV = a}, such that

every (G, is an abelian group under addition, and

(r+y)' = z'+y" whenever 2V = yV.

For example, if S has just one element, then a abelian multigroup over S
is just an abelian group. Conversely, any abelian group G can be turned into
a constant abelian multigroup over any commutative semigroup S, in which
Gy = G and 2t = z for all a,t,z. A commutative semigroup S also begets
a trivial abelian multigroup over itself, in which every G, = {0,} is a trivial
group and 0% = 0.

10



If G is an abelian group, then

Gt = Gx8S,

with projection (z,a)¥ = a to S, action (z,a)? = (z,at) of S', and addition

(x,a) + (y,a) = (r +y, a) on each (GT),, is an abelian multigroup over S.
(The projection (z,a)Y = a differs from the projection (z,a)V = (zV)a in the
similar constructions in Sections 2 and 4, since G lacks a projection to S.) For
example,

Zt = Z xS,

is an abelian multigroup over S; the elements of Z% are the integers over S.

Abelian multigroups over S have an equivalent definition as functors on the
Leech category H(S). An abelian group valued functor (G, ) on H(S) (called
an H(S)-module in [4]) assigns an abelian group G, to each a € S and a ho-
momorphism 7, +: G, — Ggt to each a € S and t € St so that Ya,1 is the
identity on G, and Yaiu © Ya,t = Va,tu for all @ € S and t,u € S1. We regard
the groups G, as pairwise disjoint, so that G = J (G, | a € S), together with
the projection x — a whenever = € G, is a set over S. As in Section 2, an
action of S on G is then defined by

b = Ya,t T
and makes G an abelian multigroup over S. Conversely, an abelian multigroup
G over S can be regarded as an abelian group valued functor on H(S), that
assigns G, toa € S and y,: z+—— 2' toa € Sand t € St.

In general, the additions on the groups G, constitute a partial addition
on G, under which x + y is defined if and only if ¥ = gV, in which case
(z+y)Y =2V =yV. Generally, a sum x1 + - - - + z,, of elements of G (actually,
the sequence z1, ..., x,) is homogeneous if x1, ..., z, all project to the same
element of S; then the sum z; + --- + x,, is defined in G and projects to that
element.

Denote the identity element of G, by 0, (by 0, if a can be retrieved from
context). Since x — z! is a homomorphism of G, into G4; we have

ot

a

= 04 (or 0 =0),

for all a,t.

A morphism ¢ of abelian multigroups over S from G to H is a morphism of
multisets over S (a mapping of G into H such that (pz)¥ = zV and ¢ (z!) =
(px)t, for all z,t) such that ¢ (z +y) = px + py whenever x + y is defined.
Equivalently, the restrictions ¢,: G, — H, constitute a natural transforma-
tion. Hence the category of abelian multigroups over S is isomorphic to the
category of abelian group valued functors on H(S), and is an abelian category.

If G and H are abelian multigroups over S, then multigroup morphisms from
G to H can be added pointwise. If ¢ and ¢ are morphisms from G to H, then
the pointwise sum ¢ + 1 is defined, since (¢xz)Y = zV = (Y)Y for all z € G.
This makes the set Hom (G, H) of all such morphisms an abelian group. Now
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Hom (G, H) is not a multigroup; its elements, however, are basically families of
homomorphisms indexed by S, and in this sense are already spread over S.

2. Submultigroups. A submultigroup K of an abelian multigroup G over S is
a submultiset of G (a subset K of G such that € K implies z* € K) such that
K, = KNG, is a subgroup of G, for every a € S; equivalently, a subfunctor of
G. Then K, together with the projection to S, action of S', and additions that
it inherits from G, is an abelian multigroup over .S, and the inclusion mapping
K — G is a morphism of abelian multigroups over S.

For example, if ¢: G — H is a morphism of abelian multigroups, then
Imy = ¢ (G) is a submultigroup of H, and Kerp = {z € G | px = 0} is
a submultigroup of G; these are the image and kernel of ¢ in the category of
abelian multigroups over S.

In general, if K is a submultigroup of G = (G, ~), then the inclusion mor-
phism K — G has a cokernel G — G/K, which can be described as follows.
As a set, G/K is the disjoint union G/K = J (G4/K, | a € S). The action of
S' on G induces an action of S on G/K, under which (z + K,)! = 2t + K
whenever z € G,. This makes G/K an abelian multigroup over S, the quotient
multigroup of G by K, that comes with a morphism G — G/K of abelian
multigroups over S, and a short exact sequence 0 — K — G — G/K — 0
of abelian multigroups over S.

Equivalently, G/K is the quotient of G by the congruence € on G (in the
obvious sense) defined by

z Cy if and only if 2v =yY

and x—ye K.
If p: G — H is a morphism of multigroups, then G/Ker ¢ = Im ¢.
Given a multigroup G and a subset X of G, there is a submultigroup X of
G generated by X, which is the least submultigroup X of G that contains X.
For each a € S let X, = X NG, and let Y be the submultiset of G generated
by X,
Y = {z'|zeX,teS"}.

For each a € S, X, is the subgroup of G, generated by Y,; its elements are
(necessarily homogeneous) linear combinations (nyy | Yy € Ya) of elements
of Y, with integer coefficients that are almost all zero. Indeed, z € X implies
zt € X, since y € Y implies y* € Y.

3. Free abelian multigroups over multisets. Let X be a set and let C
be a set with en element 0 € C. A formal linear combination of elements of X
with coefficients in C that are almost all zero is a finite sum

c :Z(cmx|x60);

equivalently, a mapping ¢: X — C such that { ¢, | ¢, # 0} is finite, written as
a sum in which every term Oz is ignored. For example, the free abelian group
on X is the set of all linear combinations of elements of X with coefficients in
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Z, under pointwise addition

Z(mmx|x€X) +Z(nmx|xEX) :Z((mm+nm)x|x€X).

If X is a set over S, then a linear combination ¢ = ) (cx:v | T € C) is
homogeneous if all x € X such that ¢, # 0 have the same projection to S,
which is then the projection of ¢. We denote by

CcHX

the set over S of all such homogeneous linear combinations of elements of X
with coefficients in C.

The free abelian multigroup over S on a multiset X over S is Z 4 X. Ad-
dition is pointwise: if g = > (gex | 2z € X, 2¥ =gY), h =3 (hez |z €
X, ¥ =gV), and gV = hV, then

Ifg:Z(gm$|l‘€X, xV:gV)7thengt is well defined for any ¢t € S* by
9" =Y (g2 |zeX, a¥=gY);

this sum can be put in standard form 3 (hyy | y € X, y¥ = (¢")V ), where
hy=> (9o lzeX, 2V =gY, at=y).

With this partial addition and action of .S, the set Z 4 X over S becomes
an abelian multigroup over S.

Foreacha€ S, g€ (Z4X), ifandonlyifg:Z(ng|x€X, xV:a).
Thus (Z 4 X), = Z - X, is the free abelian group on X, and is isomorphic
to a subgroup of the free abelian group on the set X; but (Z 4 X), cannot be
defined as a subgroup of the latter since the pairwise disjoint groups (Z - X),
cannot have a common zero element.

The canonical map n: X — Z - X is inherited from the adjunction of sets
to abelian groups, and sends z € X to Y (nyy ‘ Yy € X)7 where n, = 1 and
ny = 0 if y # x. Since 7 is injective, we may identify x € X and nx € Z 4 X.
Then g =3 (gow | v € X, 2¥ = gV) is a linear combination within Z + X,
g=>(9s(ma) | z € X, ¥ = gV). Moreover, 7 is a morphism of multisets
over S.

Every morphism f of multisets over S from X to an abelian multigroup G
over S extends uniquely to a morphism ¢ of abelian multigroups over S from
7Z 4 X to G such that ¢ o = f, which sends

g :Z(gmx|$€X, :L'v:gv)
=Y (g(a)|zeX, a¥=g¥)eZ4X

to
pg = (g (f2) |z X, a¥=g¥)€G.
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In the adjunction of multisets over S to abelian multigroups over S, the
counit € assigns to an abelian multigroup G over S the morphism eg: Z 4 G —
G that extends the identity on G. By the above,

eG(Z(an‘xEGG)) :Z(nmx|x€GG),

where the second sum is calculated in G,.

4. Free abelian multigroups on sets over S. If S is a commutative monoid,
then composing the adjunction of sets over S to multisets over S in Section 2
with the adjunction of multisets over S to abelian multigroups over S yields
an adjunction of sets over S to abelian multigroups over S. Accordingly, the
free abelian multigroup over S on a set X = (X,p) over S is the free abelian
multigroup Z 4 X+ over S on X1, where Xt = X x S is the free multiset
over S on X in Section 2, with projection (z,a)Y = (zV)a to S and action
(z,a)t = (z,at) of S.
Thus F is the set of all homogeneous linear combinations

p :Z(pw,t(x,t) | re X, tes, (Jiv)t:pv)

of elements of Z1, with integer coefficients that are almost all zero. The action
of S is

= (pyylyeXxt vV =p")" = (o' |yeXT, yW=pY);

and addition in Z 4 Xt is pointwise

p+q :Z(pyyh/eX"‘, y ' =pY) + Z(qyy|y€X"‘, yY =q")

=> (py+a)y|yext, y¥=p),

defined if p¥ = ¢V.

The canonical map n: X — F sends z € X to (z,1) =) (nyy |y € X+),
where n, = 1if y = (x,1) and n, = 0 otherwise. Then (z,t) = (nz)" and
the typical element p of Z 4 X+ is a homogeneous linear combination within
ZA4Xt:

p = Z Pz (nz)t { reX, tes, (z¥V)t=pY).

If f: X — G is a morphism of sets over S from X to an abelian multigroup
G over S, then f extends uniquely to a morphism ¢g: Xt — G of sets over S,
(z,a) — (fx)®, which in turn extends uniquely to a morphism ¢: F — G of
abelian multigroups over S such that ¢ o = f, which sends

p :Z(Pm,t(n:v)t|xeX, te s, (mv)t:pv).

to
Yp = Z (pz:,t (fx)t | reX, tels, (x\/)t :pv) .
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The counit assigns to an abelian multigroup G over S the morphism eg from
7Z 4 Gt to G that extends the identity on G-

€GP = €a (Z (pa:,t (.CL',t) ‘ T € Ga te S7 (xv)t :p\/))
= Z (o, @' ‘ red, tes, (a¥)t=pY),
where the second sum is calculated in G.

5. Presentations. Abelian multigroups over S can be presented as generated
by the elements of a set over S (if S is a commutative monoid) or the elements
of a multiset over S, subject to defining relations. A defining relation between
the elements of a set or multiset X over S is a pair (A, B) of elements of the
free abelian multigroup F' on X, normally written as an equality A = B, which
is homogeneous, meaning that A and B project to the same element AY = BY
of S.

A defining relation (A, B) between the elements of X holds in an abelian
multigroup G over S via a morphism of sets over S or multisets over S from X
to G if and only if p A = ¢ B, where ¢p: F' — G is the morphism of abelian
multigroups over S that extends f.

Let X be either a set over S or a multiset over S. The abelian multigroup
over S generated by X subject to a set R of defining relations is the quotient

(X[R) = F/K,

where I is the free abelian multigroup over S on X and K is the submulti-
group of F generated by all A— B with (A4, B) € R (which are defined since all
(A, B) € R are homogeneous).

The abelian multigroup (X | R) comes with a map 7 from X, which is the

composition
nF
X -—F—F/K.

If S is a commutative monoid and X is a set over S, then the typical element
p of F =7 - X7t is a homogeneous linear combination

p = Z (poi (M) |z € X, tes, (2¥)t=pY).
Hence the typical element ¢ of (X | R) is a homogeneous linear combination
q = Z(qut (nx)t ‘ reX, tes, (zV)t= qv).
If X is a multiset over S, then the typical element p of F = Z 4 X is a

homogeneous linear combination p = 3 (pon"z | € X, ¥ = p¥), and the
typical element ¢ of ( X | R) is a homogeneous linear combination

q :Z(qmnas|:17€X, xV:pV).

In either case, every (A, B) € R holds in ( X | R) via 7, by definition.
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The universal property of (X | R) and n is: if f is a morphism of sets
over S, or multisets over S, from X to a abelian multigroup G over S and every
(A,B) € R holds in G via f, then there is a unique morphism ¢ of abelian
multigroups over S from (X | R) to G such that pon = f.

6 Multirings.

In this section, S is a commutative monoid.

1. Definition. A commutative multiring over S is an abelian multigroup
R over S (with a projection to S, an action of S on R, and an abelian group
addition on each R,, such that (z')V = 2Vt, 2! = z, ()% = 2%, and (x+y)* =
xt + 9yt for all z,y,t,u) with a commutative monoid multiplication on R such
that R is a commutative monoid over S ((zy)Y = 2V yY and (zy)! = 2ty =zt
for all z,y,t), and such that

(x4+y)z = xz+yz whenever z+y is defined.

For example, if S has just one element, then a commutative multiring over S
is just a commutative ring with an identity element. In general, S begets a
commutative multiring R over itself, in which R, = {0,} is the trivial group,
OZ = Oat, and Oa Ob = Oab'

If R is any commutative ring with an identity element, then

Rt = Rx S,

with projection (r,a)¥ = a to S, action (r,a)’ = (r,at) of S, partial addition
(r,a) + (s,a) = (r+ s, a) (as in Section 5) and multiplication (r,a)(s,b) =
(rs,ab), is a commutative multiring over S. In particular, Z1 is a commutative
multiring over S.

In general, if R is a multiring, then we denote the (additive) identity element
of the abelian group R, by 0y, or just 0. If z € Ry, then O,z = (0, + 0,) z =
(0ox) + (0 ), which in the abelian group R, implies

0qx = 04, forall z € R,.

In particular, 0,0, = 04p. Since the projection R — S is surjective, the iden-
tity element 1 of R projects to the identity element of S: 1V = 1. In particular,
R; is a commutative ring with an identity element.

Since R is also a commutative monoid over S, the identity element provides
another monoid homomorphism that splits the projection, namely ¢ — 1%, As
in Section 2, this map and the multiplication on R completely determine the
action of S, as z¢ = z 1¢ for all ,¢.

A morphism Q — R of commutative multirings over S is a mapping
©: Q — R that preserves projection to S, action of S!, sums, products, and
identity elements; equivalently, is both a morphism of commutative multimon-
oids over S and a morphism of abelian multigroups over S.
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2. Ideals. An ideal of a commutative multiring R over S is a submultigroup
Iof R (I, =INR, is asubgroup of R, for every a € S, and x € I implies
xt € I), such that = € I implies xy € I for all y € R. A proper ideal is an ideal
I such that 1 ¢ I; equivalently, I # R.

For example, if ¢: Q — R is a morphism of commutative multirings, then
Kerp={2z€Q|px=0}is an ideal of @, which is proper if ¢(1) # 0 in R.

In general, the quotient multigroup R/I inherits a multiplication from R,
which is well defined by: (x + I,)(y + Ip) = xy + I, whenever x € R, and
y € Ry, since x —a’ € I,, y — y') € I, implies

ry—2'y = x(y—y)+@—2a)y €lu.

With this multiplication R/I becomes a commutative multiring over S, and the
projection R — R/I becomes a morphism of commutative multirings over S.

Equivalently, R/I is the quotient of R by the congruence € on R (in the
obvious sense) defined by

x Cy ifand only if z¥ =¢Y and z—y€I.

Given a commutative multiring R and a subset X of R, the ideal (X) of R
generated by X is the least ideal of R that contains X. Let Y be the submultiset
of G generated by X:

Y = {2'|x€e X, teS}.
Let Z be the monoid ideal of R generated by Y:
Z = {ry|reR, yeY}.

Then z € Z implies 2' € Z and —z = (=1)z € I. Hence (X) = Z is
the submultigroup of R generated by Z: for each a € S, Z, is the set of all

homogeneous sums 21 + - -+ + 2, (= 0 if n = 0) of elements 21, ..., z, of Z,.
Indeed any ideal of R that contains X must also contain Y, Z, and Z.
Conversely, X CZC Z lfx=21+---+2, € Z,, where 21y . ovy Zn € Z,, then

ot =2t + .+ 2l € Zy IfrERaindx:zli—---—kznEZb,thenrzieZab
forall tand re =7rz1 +---+ 12, € Zg,. Thus Z is an ideal of R.

3. Submultirings. A submultiring of a commutative multiring R over S is a
subset @ of R which is both a submultimonoid of R (2 € Q, 1 € Q, and zy € Q,
for all z,y € @ and all ¢) and a submultigroup of R (Q, = QN R, is a subgroup
of R, for every a € S, and z € Q implies z¢ € Q); in particular, Q contains
Ime, where e(t) = 1* splits the projection to S. Then Q, together with the
projection to S, action of S, additions, and multiplication that it inherits from
R, is an commutative multiring over S, and the inclusion mapping Q — G is
a morphism of commutative multirings over S.

For example, if ¢: T'— R is a morphism of commutative multirings, then
Im ¢ = ¢ (T) is a submultiring of R.

If X is a (multiplicative) submultimonoid of R, then the (additive) submul-
tigroup X of R generated by X is a submultiring of R. Indeed X is the set of
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all homogeneous sums +x; &+ - - - + x,, of elements 1, ..., x, of X. Hence X is
a submultimonoid of R: if x = +x1+-- -+, € Xandy = +y1 +---+y, € X,
where 1, ..., Tm, Y1, --., Yn € X, then zy = Ei)jixiyj € X.

Given a commutative multiring R and a subset X of R, the submultiring
X of R generated by X is the least submultiring of R that contains X. By the
above, X is the submultigroup of R generated by the submultimonoid Y of R
generated by X: the set of all homogeneous sums +y; £ --- + y, of elements

Y1, -+ Yp Of
Y = {(z1z2--2,) 1" | n >0, z1,29,...,2,€X, t€S}.

4. Free multirings on multimonoids. There is an adjunction of commuta-
tive multimonoids over S to commutative multirings over S. If M is a commu-
tative multimonoid over S, then the free abelian multigroup Z 4 M over S on
the multiset M serves as the free commutative multiring over S on M.

Indeed we saw in Section 5 that, for each a € S, an element p of Z 4 M is
uniquely a homogeneous linear combination p = 3 ( Pz T ’ xeM, zvV =pY );
that ¢t € S acts on p by p' = Y (po o’ ‘ z €M, z¥ =p¥); and p+q =
S (et @)z |zeM, a2V =pY)ifp¥ =qg".

The multiplication on M extends to a multiplication on Z -4 M, under
which the product of p =Y (pez |z € M, 2¥ =p¥) and =) (g |z €
M, z¥ =¢v)is

pg =Y (peaywy|zye M, ¥ =pY, y¥ =q"),

where the homogeneous sum Y. (pe gy 2y | #,y € M, =V =p¥, y¥ =¢" ) can

be put in standard form
pq ZZ(TZZ|ZEM, z¥ = (pq)¥'), where
re =Y (paty|myeM, ¥ =pY, y¥ =q", ay=2z).

With this multiplication, the abelian multigroup Z < M over S becomes a
commutative multiring over S; its identity element is that of M.

The canonical map n: M — Z - M in Section 5 that sends z € M to
x € Z 4 M (short for the linear combination z = 3" (nyy | y € M) where
ng =1 and n, = 0 if y # ) is now a morphism of commutative multimonoids
over S. Moreover, every p € Z 4 M now is a linear combination within Z - M:

Z(pxx|xEM, xv:pv) =Z(pl.(77x)’x6M, xvzpv).

Since 7 is injective we may identify © € M and na € Z + M. Then > (pw T | T €
M, z¥ =p") is a linear combination within Z — M.

Every morphism ¢: M — R of commutative multimonoids over S from
M to a commutative multiring R over S extends uniquely to a morphism
v:Z - M — R of abelian multigroups over S,

1/)(2(px3:|1:€M, x\/:pv) =Z(px(<px)|x6M, xvzpv),
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which preserves products and is therefore a morphism of commutative multirings
over S. Thus Z 4 M is the free commutative multiring over S on M.

In the adjunction of commutative multimonoids over S to commutative mul-
tirings over S, the counit € assigns to an commutative multiring R the morphism
€r: Z 1 R — R of commutative multirings over S that extends the identity
on R (egon = 1g). By the above, € is the evaluation map

ER(Z(PTT|T€R» Y =pY) :Z(prr]reR, Y =p¥),

where the first sum is an element of Z - R and the second sum is calculated
in R.

5. Free multirings on sets over S. The free commutative multiring over S
on a set X over S is the free commutative multiring Z[X] = Z - F(X)T over S
on the free commutative multimonoid F(X)T over S on X.

As in Section 4 we regard F(X) as the commutative multimonoid of monomi-
als X" =[], cx X on aset X = {X, |z € X} over S with an isomorphism
x — X, from X. The typical element of Z < F(X)T is a homogeneous linear
combination

P = (pms (X" 1) | X" €F(X), te S, (X")\Vt=p"),

where (X™)V = HIeX(ajv)m(“").

The canonical map 7*: X — F(X) sends € X to the monomial X" =
[Lex X;n(y) in which m(x) = 1 and m(y) = 0 if y # z, which we identify
with X,. Hence the canonical map 7n: X — Z[X] sends z € X to the linear
combination

nr = Z (e (X7, 1) ’ X" eF(X))
in which n,,; = 1 if X™ = X, and ¢t =1¢€ S, otherwise n,, + = 0. Since 7 is
injective we may identify X, € X and nz € Z[X]. Every X™ € F(X) is now a
product X™ =[], cx () of elements of F(X). Hence every element of Z[X]
is uniquely a homogeneous linear combination

P =3 (Pt [Lex X2, 1) | TLex X2 € F(X), te s, (X™)Vt=pY),

of elements of Z[X].
Every morphism f of sets over S from X to a commutative multiring R over S
then extends uniquely to a morphism of commutative multimonoids over .S from

F(X)* to R that sends ([T, cy X, t) to ([T,ex(fz)™®)*, thence extends
uniquely to a morphism ¢ of commutative multirings over S from Z[X] to R
that sends

P =3 (Pt ([Lex X2, 1) | X" € F(X), te s, (X™)\Vit=p"),

to

$Yp = Z (pm,t (erx(fff)m(m))t

X™eF(X), tes, (X")Vt=pY),

19



as calculated in R.

The counit € in this adjunction sends a commutative multiring R over S to
the morphism eg of commutative multirings over S from Z[R] to R that extends
the identity on R. By the above, er sends

P =3 (Pt ([LenXr", ) | X" €F(R), te S, (X™)Vt=p"),

to
P =) (Pm,t (IT,cprm™)! \ X" eF(R), t €S, (X™)\Vt=p¥),

as calculated in R.

6. Free multirings on multisets. The free commutative multiring over S on
a multiset X over S is the free commutative multiring Z - H(X)T over S on
the free commutative multimonoid H(X)* over S on X.

As in Section 4, H(X) = F(X)/ =, where = is the smallest congruence on
F(X) such that X} X, ~ X, X! for all z,y € X and t € S. The typical element
Y of H(X) is the equivalence class Y = [X1 X5 - - - X,;] of a commutative product
X1X3 -+ X, ofelements of X = { X,, | * € X }; equivalently, Y = [X"] for some
X" e F(X).

Accordingly, the typical element of Z - H(X)t is a homogeneous linear
combination

p =Y (pva(V,t)| Y €H(X), teS YVt=p").

If X only has one element, or if ' = x for all ¢, then H(X) = F(X);
otherwise /2 is not the equality on F(X), hence an element Y of H(X) cannot
be written in the form ¥ = [X™] for some unique monomial X™.

7 Multimodules

In this section, S is a commutative monoid and R is a given commutative mul-
tiring over S with an identity element.

1. Multimodules. A multi-R-module over S is an abelian multigroup M over
S on which R acts so that

(rz)¥ =rVzY forall rx,
lx = x for all =z,
(re)t =rtx=ra’ forall ra,t,
(r+s)x =rx+ sx whenever r+ s is defined,
r(z+y) =rz+ry whenever x+y is defined, and
r(sz) = (rs)x for all r s, x.
For example, if S has just one element, then R is just a commutative ring
and a multi- R-module over S is just an R-module. In general, the trivial abelian
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multigroup over S (in which M, = {0,} for all a € S) is a trivial multi- R-mod-
ule over S for any multiring R over S. Every commutative multiring R on S is
also a multi- R-module over S, in which R acts on itself by multiplication in R.

Every abelian multigroup G over S is a multi-Z*t-module over S, where
7t =7 x S is the multiring of integers over S (with projection (n,t) — ¢ to
S and (n,t)" = (n,tu), (n,t) + (m,t) = (n+m, t), (n,t)(m,u) = (nt, mu), as
in Section 6). Indeed Z already acts on G since every abelian group G, is a
Z-module; then Z1 acts on G by

(n,t)x = na' = (nx)

for all z,n,t.

If R is a commutative ring with an identity element and M is an R-module,
then M7 is a multi-Rt-module, in which RT acts on M T by (r,a)(z,b) =
(ra,ab).

In general, if M is a multi-R-module, where R is a commutative multiring
over S, then we denote the identity element of the abelian group M, by 0, or
just 0 (like the identity element of R,). If x € My, then 0,z = (0, + 0,) x =
(0q z) + (0, z), which in the abelian group M, implies

0qx = 04, whenever x € M.

Similarly,
70, = 04, whenever r € R, .

A morphism ¢: M — N of multi- R-modules is a morphism of multigroups
((px)V = 2V, p(2') = (p2)t, and ¢ (z +y) = pz + py whenever x + y is
defined) that preserves the action of R:

p(rz) = r(px) forall re R and z € M.

Under pointwise addition the morphisms from M to N constitute an abe-
lian group Homp (M, N). If R = Z%t, then a morphism of multi-R-modules
over S is just a morphism of abelian multigroups over S, and Hompg (M, N) =
Hom (M, N).

2. Submultimodules. A submultimodule N of a multi- R-module M is a sub-
multigroup of M that admits the action of R: if r € R and x € N, then rz € N.
Then N inherits the action of R and is a multi- R-module.

For example, if p: M — N is a morphism of multi- R-modules, then Im ¢
is a submultimodule of N and Ker ¢ is a submultimodule of M.

In general, if N is a submultimodule of M, then the action M, — M, of
r € R, induces an action My/Ny, — Mgy, /Nap, which makes the quotient mul-
tigroup M /N a multi-R-module and the projection M — M/N a morphism
of multi- R-modules. This results in a short exact sequence 0 — N — M —
M/N — 0 of multi-R-modules.

If p: M — N is a morphism of multi-R-modules, then M /Ker ¢ = Im ¢.
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Given a multi-R-module M and a subset X of M, there is a least submul-
timodule X of M that contains X, the submultimodule of M generated by X,
which is constructed as follows.

Let Y ={a' |z € X, t € S} be the submultiset of M generated by X, as
in Section 2. Then y € Y implies y* € Y for all t € S.

Let Z=RY ={ry|r € R, y €Y}, sothat z € Z implies 2* € Z for all
te S and rz € Z for all r € R, in particular —z = (—1)z € Z.

Then X is the submultigroup of M generated by Z: for each a € S, the
elements of X, are all (possibly empty, but necessarily homogeneous) sums
z1 + -+ z, of elements 2z, ..., z, of Z,.

Indeed any submultimodule of M that contains X must also contain Y, Z,
and X. Conversely, X is a submultimodule of M. Indeed, X is a submulti-
group of M, since z € Z, implies —z € Z,. If risasum z = z; +--- + z, of
elements z1, ..., 2z, of Z,, then ' = 2} +--- + 2! is a sum of elements of Z,,
and rz =rz; +-- -+ rz, is a sum of elements of Z,v,.

8 Modules

In this section R is a commutative multiring over a commutative monoid S.

1. Definition. Commutative multirings also act on ordinary abelian groups.
In detail, an R-module M is an abelian group on which R acts so that

lx=x forall x € M,

r(x+y)=rz+ry forall re R and z,y € M,
(r+ s)x =rx + sz whenever r+ s is defined, and
r(sx) = (rs)xz forall r,se€ R and z € M.

An action of S on every R-module M is then defined by
xt = 1'z forall €M and t€ S

and satisfies
= (1"1N 2 =1"" 2 = 2™, and
r

(re)t = (I'r)z = (1rh)
= (r1Y)z

This makes M an S-module (and a Z[S]-module, where Z[S] is the ordinary
semigroup ring), but not a multimodule.
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A homomorphism ¢: M — N of R-modules is homomorphism of abelian
groups (¢ (z +vy) = ¢ (x) + ¢ (y) for all x,y € M) that preserves the action
of R:

p(rz) = ro(z)
for all r € R and « € M. The homomorphisms of M into N then constitute an
R-module Hompg (M, N), in which addition and action of R are pointwise.

2. Hom sets. If G and H are abelian multigroups over S, then we saw
in Section 5 that the morphisms from G to H constitute an abelian group
Hom (G, H) under pointwise addition.

More generally, the set or multiset morphisms of a set or multiset X over S
into an abelian multigroup G over S constitute an abelian group Map (X, G)
under pointwise addition. The universal property of the free multigroup F on X
yields a natural isomorphism Map (X, G) = Hom (F, G), part of the adjunction
in Section 5.

R-modules are even more similar to ordinary modules than multi- R-modules
over S, which makes them of little interest as far as this paper is concerned,
except that Hom sets of multi- R-modules over S are R-modules.

Indeed let M and N be multi-R-modules over S. If ¢ and 1 are mor-
phisms from M to N, then the pointwise sum @ +1: © — px + ¢ x is defined,
since (pz)Y = zvV = (¢z)V for all z € M. Moreover, (¢ + ¥)(z +y) =
(p+1)() + (¢ + 1)(y) whenever @ +y is defined; ( +v)(a") = ((¢p + ) (x)"
for all ,t; and (p+v)(ra) =7 (p+v)(x) for all 7, . Thus ¢ +1) is a morphism
from M to N. This addition makes Homp (M, N) an abelian group.

Furthermore, R acts pointwise on Hompg (M, N): if r € Rand ¢: M — N
is a morphism, then ry is defined by

(re)(@) = re(z)
for all z € M. Then

(ro)(x+y) = (re)(x)+ (re)(y) whenever x+1y is defined,
(ro)(@) =ro @) =r(px) = ((Tgo)(x))t for all z,¢, and
(re)(sz) =re(sz) =rsp(z) =s((re)(z)) forall sz,

so that r¢ is a morphism from M to N. With this action of R, Hompg (M, N)

becomes an R-module.
There is also an action of S on Hompg (M, N), defined by ¢! = 1t ; then

pla) = Q') = 1'(p(2)) = (p(2))

for all z,t.

More generally, the morphisms or multiset morphisms of a set or multiset X
over S into a multi-R-module M over S constitute an R-module Map (X, M)
under pointwise addition and action of R, which also has an action of S. The
universal property of the free multi- R-module F on M yields a natural isomor-
phism Map (X, M) = Hompg (F, M) of R-modules, part of the adjunction in
Section 12.
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9 Multialgebras.

In this section S is a commutative monoid and R is a commutative multiring
over S.

1. Definition. A commutative multi-R-algebra over S is a multi-R-module A
over S: a multigroup A over S on which R acts so that

(rz)¥ =rVzY forall r€ R and z € A,

lx=a forall z€ A,

(re)f=r'z=ra’ forall r€ R and v € A,

(r+ s)x =rxz + sz whenever r + s is defined in R and z € A,
r(z+y) =rz+ry whenever r € R and x + y is defined in A, and
r(sx)=(rs)xz forall r,s€ R and x € A,

together with a commutative and associative monoid multiplication on A such
that

(vy)Y =2¥yY whenever z € A, and y € 4,,

—~
8
<
~—
~+
I

2ty = zy' forall z,y€ A and t€ S,
r+y)z = xz+yz whenever x + y is defined in A, and
) = (ra)y = z(ry) forall € R and z,y € A.

In particular, a commutative multi- R-algebra over S is both a multi-R-module
over S and a commutative multiring over S.

If S has only one element, then R is an ordinary ring and a commutative
multi- R-algebra over S is an ordinary commutative R-algebra. Any commuta-
tive multiring R over S is a commutative multi- R-algebra over S, in which R
acts on itself by multiplication in R. Any commutative multiring R over S is
also a commutative multi-ZT-algebra, in which the action of Z* on R is the
action that makes the abelian multigroup R a multi-Zt-module, (n,t)r = nrt.

In general, the multiplication on a commutative multi-R-algebra A over S
and the actions e: t — 1% and r — r1 of S and R on the identity element 1
of A determine their actions on all of A: for all x,t,r,

' =(lz)! =1'z and re=r(lz) = (rl)z.

If A is a commutative multi- R-algebra over S, then every multi- A-module
M over S is also a multi-R-module, in which r € R acts on M by rz = (rl)x
for all x € M, where 1 € A (so that rl € A).

A morphism p: A — B of commutative multi- R-algebras over S is a map-
ping that preserves the actions of S and R, existing sums, and products; equiv-
alently, a morphism of multi-R-modules over S which is also a morphism of
commutative multirings over S.

2. Ideals. An ideal of a commutative multi- R-algebra A over S is a submul-
timodule I of A (closed under existing additions and the actions of S and R)

24



which is also an ideal of the commutative multiring A (z € I implies zy € I for
all y € A). A proper ideal is an ideal I such that 1 ¢ I; equivalently, T # A.

For example, if ¢: A — B is a morphism of commutative multi- R-algebras,
then Kero ={x € A|px =0} is an ideal of A, which is proper if p(1) # 0.

In general, the quotient multigroup A/I is both a quotient multimodule and
a quotient multiring and is therefore a commutative multi-R-algebra over S;
the map A — A/I is a morphism of commutative multi-R-algebras over S.
If p: A — B is a morphism of commutative multi-R-algebras over S, then
Im p = A/Ker .

Given a commutative multi-R-algebra A and a subset X of A, the ideal (X)
of A generated by X is the least ideal of A that contains X. Let

Y = AX = {zz|z€ A, z€X}.

Ify=zzxeY, then —y=(—z2)zeY,yt=2tyeY andry=(rz)z €Y.

Then (X) is the set of all possibly empty homogeneous sum y; + - - - + y,, of
elements y1, ..., y, of Y (that all project to the same element of S). Indeed
if x =y + - + y, is a homogeneous sum of elements of Y, then so are x! =
Yot oty re =ry1+ -+ ryn, and zx = zy; +- -+ 2y,, forallt € S, r € R,
and z € A.

3. Submultialgebras. A submultialgebra of a commutative multi- R-algebra
A over S is a subset of A which is closed under the actions of S and R, existing
sums, and products; equivalently, a subset of A which is both a submultimodule
and a submultiring of A.

For example, if ¢: A — B is a morphism of commutative multi- R-algebras
over S, then Im ¢ is a submultialgebra of B.

If X is a subset of A, the submultialgebra X of A generated by X is the least
submultialgebra of A that contains X. It can be described as follows.

Let Y be the submonoid of A generated by X:

Y = {zyze-xp | 21, 2,..., 2p € X },
with z129---x, = 1if n = 0. Let
V. =RY ={ry|reR, yeY}.

Ifv=ryeV, then vt =rty eV and sv = (sr)y € V, in particular —v € V. If
v=ryand w= sz € V, where y,z € Y, then

vw = (ry)(sz) = r(y(sz)) = r((s2)y) = r(s(zy)) = (rs)(yz) €V.

Then X is the submultigroup of A generated by V: the set of all possibly
empty homogeneous sums of elements of V. Indeed if 2 = v; +--- 4+ v, € X
is a homogeneous sum of elements of V, then so are ' = v} + -+ + v, and
re=rvi+--+ropife=v+ -4+v, € Xandy=wi +--- +w, € X are

homogeneous sums of elements of V', then so is 2y =), ;Ui Wy
;
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10 The box product

This section defines a basic construction for multistructures with no additivity.

1. Definition. The cartesian product X x Y of two multisets over S is a set
over S, with projection (z,y)Y = zV ¢V, but it lacks an adequate action of S.
That honor is reserved for the box product X [JY, which is basically a tensor
product of S-sets.

Let X and Y be multisets over S. Let ~ be the smallest equivalence relation
on X x Y such that (2!, y) ~ (x, y!) forallz € X, y € Y, and t € St. The box
product of X and Y is the set

XOY = (X xY)/~.

The box map B: X x Y — X OY is the surjection that sends (z,y) € X x Y
to its equivalence class x []y.

The universal property of X JY and S is as follows. A mapping f of X xY
into a set Z is balanced if and only if

fty) = flz,yh)

forallz € X,y €Y, and t € S'; equivalently, the equivalence relation induced
by f on X x Y contains ~. The box map [ is balanced, by definition of =.
Conversely, every balanced mapping f: X x Y — Z factors uniquely through
B (there exists a unique mapping g: X Y — Z such that go 8 = f), since
the equivalence relation induced by f contains =.

We use this universal property to make X (1Y a multiset over S. The pro-
jection X x Y — S of X x Y is balanced, since

(xt)vy\/ — x\/ ty\/ — x\/ (yt)\/
for all x,y,t, and induces a projection of X Y to .S, which is the unique
mapping such that

(z0y)Y = 2Vy"

for all z,y. Next, for any ¢t € S!, the mapping (z,y) — 2!y is balanced,
since

(@")'0y = (2")"0y = 2'0Oy"
for all z,y,u. Hence there is a unique mapping z Jy — (x Jy)* such that

(z0y)" = 2'0y (= «z0y")

for all z,y. Uniqueness implies (z(Jy)' = 20y and ((z0y)")* = (zOy)™ for
all z,y. With this projection to S and action of S', X Y is now an multiset
over S.

If f: X — X' and ¢g: Y — Y’ are morphisms of multisets over S, then
(z,y) — fxOgy is balanced, and there is a unique mapping fOg: XOV —
X'0Y" such that

(fOg9)(z0y) = fxOgy forall x€ X and yeY.
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Moreover, f[g is a morphism of multisets over .S, since

(fOg)(z0y)Y = (f)Y(gy)" = =¥y’ = (x0Oy)Y

and

(fO9)(=0y)" = (f»)'Ogy = f&")Ogy = (fO9)((zOy)"),

for all x,y,t. This makes the box product a bifunctor to multisets over S.

Finally, if S is a commutative monoid, then there is for each multiset X
over S a natural isomorphism S [1X = X, where S is the trivial multiset over S,
with projection ¢ = a and action a® = at of S. Indeed (a,z) — 2% is a
balanced mapping of S x X into X, and induces a mapping of SO X into X
that sends a Jz to 2% and is in fact a morphism of multisets over S. The inverse
isomorphism sends z € X to 10z € SO X.

2. Associativity. More generally, the box product X;OX,O---0OX, of a
sequence X1, Xo,..., X,, of multisets over S is the quotient set

X1|:|X2|:|E|Xn = (Xl XXQX"-XX”)/%,

where ~ is the smallest equivalence relation on the cartesian product X x - -- X
X, such that

(2h, wo, . mp) & (wy, b, ) & e & (2, @9, ..., 2h)

for all x; € X; and t € S'.
The box map

B: Xy x Xogx - x X, — X10Xo0---0X,

is the surjection that sends (x1, ..., z,) € X1 X -+ x X, to its equivalence class
1O -Oxp.

The universal property of X; 0 X2 [J--- 00X, and 3 is as follows. A mapping
fof X10Xo0---0X, into a set Y is balanced if and only if

f(xiax%“-vxn) = f(l'lal'é,u.,iﬂn) = = f(l.17x2)"'7xfl)

for all x; € X; and t € S'; equivalently, the equivalence relation induced by f
on X1 X --- X X, contains ~. The box map 3 is balanced, by definition of =.
Conversely, every balanced mapping f: X; x .-+ x X,, — Y factors uniquely
through S (there exists a unique mapping g: X, 0---0X,, — Y such that
go 8= f), since the equivalence relation induced by f contains .

We use this universal property to make X; 0 X2 [0 - - 0 X, a multiset over S.

The projection X7 x Xo x -+ x X, — S that sends (z1, z2,..., T,) to
zY xy -z is balanced, since (z')V = zVt for every x € X;. Therefore it

induces a projection of X; 0 Xo[J---00X, to S, which is the unique mapping
such that
(xIDx2D...D$n)V — x;/a:‘%/ P x:{
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for all z; € X;. Next, for any t € S, the mapping (v1, Zo,..., Tn) —
i Oz 0 - -0z, is balanced. Hence there is a unique mapping

100 Oxy v (e1 022 0--- Oy’
such that
(z10220- - Oan)t = 2t Oze0--- Oy (= 210250 Oay = ---)
for all z,y. Uniqueness implies (zq -+ - Ox,)! =21 0---Ox, and
((@10--020))" = (2210---Oa)"

for all x;,t,u. With this projection to S and action of S', X; O0---0X,, is now
an multiset over S.

Now let X, Y, and Z be multisets over S. Foreach z € Z, (z,y) — Oy Oz
is a balanced map of X x Y into X OY (0 Z and induces a mapping of XY
into XOY OZ that sends Oy to x JyOz; then (x0y, 2) — xzOyOz is
a balanced map of (XOY) x Z into XOY OZ and induces a mapping of
(XOY)OZ into XOY OZ that sends (xJy) Oz to x Dy z, and is in fact a
morphism of multisets over S. Conversely, (z,y, z) — (xdy) Oz is a balanced
map of X XY x Z into (X OY)OZ and induces the inverse isomorphism.

Thus there are natural isomorphisms

(XO0Y)OZ ¢ XO0vYyo~Zz ¢ XxXgivyog2).

There are also natural isomorphisms Y OX = X OY. In fact, multisets over S
constitute a symmetric monoidal category (as defined in [9]); the identity object
is the trivial multiset S over S.

3. Multimonoids. If S is a commutative monoid and X, Y are commuta-
tive multimonoids over S, then X OY inherits a multiplication from X and
Y. The multiplication on X is a balanced mapping of X x X into X, since
xty = (zy)t = zy! for all x,y,t. Hence the multiplications on X and Y induce
a map

(XOgvY)oxogy) — (Xox)oyagy) — xgy
and a multiplication on X (1Y such that
(z0y)(2'0y) = z2'Oyy’

for all z,2’,y,1y’, which makes X 1Y a commutative multimonoid over S.
The commutative multimonoid X OY comes with canonical morphisms of
commutative multimonoids over S

M X — X0V, zr—zx=201 and p: Y — XOY, y—y=10y.

Then
20y = (@01)(10y) = 77,
sothat X(OY = XY, where X =Im\ and Y = Im p.
Unfortunately there is no evidence that A and p are injective.
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11 The mixed product

The mixed product is similar to the box product but allows an addition in its
first variable.

1. Definition. Let G be an abelian multigroup over S and X be a multiset
over S. The mized product G 4 X of G and X is the abelian multigroup over S
generated by G x X, subject to all homogeneous defining relations

(¢', x) = (g, 2") forall g,x,t, and
(g+h,x) = (g9,2) + (h,x) whenever g+ h is defined,

in the statement of which each (g, ) € G x X has been identified with its image
7 (g, z) in the free abelian multigroup Z - (G x X) over S on the multiset G x X.

Equivalently, G 4 X is the abelian multigroup over S generated by the
multiset GO X over S, subject to all homogeneous defining relations

(g+h)0Oz = (¢g0Ox)+ (hOxz) whenever g+ h is defined,

in the statement of which each g 0z € G[OJ X has been identified with its image
7 (¢ Ox) in the free abelian multigroup F = Z 4 (GO X) over S on the multiset
GOX. Thus

GOX = F/K,

where K is the submultigroup of F' generated by all
k(g,h,z) = (g+h)Ox — (90z) — (hOx)

such that g,h € G, v € X, and ¢g + h is defined. The maps GO X e
G 4 X are morphisms of multisets over S.
The abelian multigroup G ¥ X comes with a canonical mized map

p:GxXﬂGDXLF—)GZX, (9,2) — gl x.

The universal property of G 4 X and p is as follows. Recall that G x X is a
set over S with projection (g,z)Y = ¢g¥ xV to S. A morphism f of sets over S
from G x X to an abelian multigroup K over S is balanced and left additive if
and only if

flg',x) = flg,2") forall g,a,t, and
flg+h,z) = f(g,2)+ f(h,x) whenever g+ h is defined;

equivalently, the defining relations of G 4 X hold in K via f. The mixed map
i is balanced and left additive by definition of G 4 X:

¢ Dx = gQx" forall g,z,t, and
(g+h)dx = (¢gB@x)+ (hdx) whenever g+ h is defined.
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In fact,
¢ 0x = ghz' = (g@x)" forall g,x,t,

since ¢! Ox = g0z = (¢g0z)  in GO X and GO X — G W X is a morphism
of multisets over S. Conversely, every balanced and left additive morphism f
of sets over S from G x X to an abelian multigroup H over S factors uniquely
through p (there exists a unique morphism ¢: G ¥4 X — H of abelian multi-
groups over S such that g o u = f).

Since F' is the free abelian multigroup over S on the multiset GO X, every
p € F is uniquely a homogeneous linear combination with integer coefficients

p=> (pyyly=9g0x g¥z¥ =a)

for some a = p¥ € S. Hence every element of G 4 X is a homogeneous linear
combination with integer coefficients

P =) (pgal9gBa)|geG, zeX, g¥a¥ =a)

for some a = p¥ € S. Since 1 is left additive we also have n (g U z) =ng Dz
for all n € Z, with (ng)V = g¥. Therefore every element z of G I X is a
homogeneous sum

2= (@da) 4+ (g Ban),
where n > 0 and ¢;” ) = a =z for all i. Then
2= (@ Ba) -t (9, Ban) = (90 Bah)+-+ (g0 Bay)

for all t € S*.

If p: G — H is a morphism of abelian multigroups over S and ¥: X — Y
is a morphism of multisets over S, then (g, z) — ¢ g J ¢ x is balanced and left
additive and there is a unique morphism ¢ A ¢: GO X — H LAY of abelian
multigroups over S such that

(@) (gWz) = pgQyx forall g€ G and z € X .

This makes the mixed product a bifunctor.

2. Associativity. For any abelian multigroup G and multisets X, Y over S,
there is a natural isomorphism

(GUX)DY = G@(XOY).

Indeed for each g € G, (z,y) — (g ¥ ) Oy is a balanced mapping of X x Y
into (G @ X)OY and induces a morphism ¢,: XOV — (G @ X)OY of
abelian multigroups over S such that

pg(z0y) = (B x)Oy
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for all z,y. In turn, (g,2) — @4 z is a balanced and left additive mapping of
G x (XOY) into (G ¥ X)OY and induces a morphism §: G 1 (XOY) —
(G X)BY of abelian multigroups over S such that

09 (x0y) = (9Bx)0y

for all g, x,y.

Conversely, for each y € Y, (g,z) — ¢ @ (xz0Oy) is a balanced and
left additive mapping of G x X into G 4 (X OY) and induces a morphism
Yy: GBX — G (XOY) of abelian multigroups over S such that

Yy (gBlx) = gl (xz0y)

for all g,z. In turn, (z,y) —> 9y, z is a balanced and left additive mapping of
(GUX)xY into G (XOY) and induces a morphism (: (G X)AY —
G (XOY) of abelian multigroups over S such that

(((g@2)Dy) = g (x0y)
for all g,z,y. Then 8 and ¢ are mutually inverse isomorphisms.

3. Multimonoid rings. If S is a commutative monoid, then there is an
adjunction of commutative multimonoids over S to commutative multi- R-alge-
bras over S, for any R over S. The free multi-R-algebra over S on a commu-
tative multimonoid M over S is constructed as follows.

Since both R and M are commutative multimonoids over S, their box prod-
uct ROM as multisets over S is also a commutative multimonoid over S,
in which (rOJz)(sdy) = rsOzy. Then the free abelian multigroup F' =
Z 4 (ROM) over S on the multiset RO M is also the free commutative mul-
tiring over S on the commutative multimonoid R[J M, as in Section 6. The
identity element of RO M and F is 1[J1.

As an abelian multigroup over S, RA M = F/K, where K is the submulti-
group of F' generated by all

k(r,s,z) = (r+s)0dz — rOx — sOx

such that r,s € R, 2 € M, and r + s is defined (so that k(r,s,x) is defined). If
tOy € ROM, then

k(r,s,z)(t0Oy) = k(rt,st,zy).

Therefore K is an ideal of F; R ¥ M = F/K is a commutative multiring
over S; and the projection FF — R 4 M is a morphism of commutative multi-
ring over S, in particular

(rdz)(sdy) = rsBay

for all 7, s, x,y. The identity element of R M is 1 4 1.
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Every r € Rnow actson RU M by: rp=(rd1)pforallpe RO M, in
particular
r(sz) = (r@1)(slx) = rsBx.

With this action, R 1 M becomes a commutative multi- R-algebra over S. In
fact, R 4 M is the free commutative multi- R-algebra over S on the commutative
multimonoid M over S.

Indeed R4 M comes with a canonical map n: M — RU M, z+— 11z,
which is a morphism of commutative multimonoids over S.

The universal property of R 1 M and n is proved as follows. Let ¢ be
a morphism of commutative multimonoids over S from M to a commutative
multi- R-algebra A over S. If ¢v: R4 M — A is a morphism of commutative
multi- R-algebras over S and 1) on = ¢, then ¢ (r D z) = rpx for all r and x.
Conversely,

(r,2) — 1 (p2)

is a balanced and left additive morphism of multisets over S from R x M to A
and induces a unique morphism 1 of abelian multigroups over S from R 4 M
to A such that

Y(rdaz) = r(ex)

for all » and x. Then

U ((rda)(sBy)) = rsp(ay) = (V(rBa))(v(sBy)) and
U (r(s@y) = rspy = r(sDy),

for all 7, s, , y; hence v is a morphism of commutative multi- R-algebras over S.
In this adjunction of commutative multimonoids to commutative multi- R-

algebras, the counit e assigns to a commutative multi- R-algebra A over S the

morphism e4: RIJ A — A induced by the identity on A. By the above,

ea(ra) = ra

as calculated in A, for all r € R and a € A.

Since a commutative multi-ZT-algebra over S is the same as a commutative
multiring over S, the above yields an adjunction of commutative multimonoids
over S to commutative multirings over S, in which the free commutative multi-
ring over S on a commutative multimonoid M over S is Z1t 3 M. From Section
6 it follows that Zt M = Z 4 M.

A natural isomorphism Z1 4 M = Z 4 M is found as follows. The mapping
((n,a), x) — nx® of Zt x M into Z 4 M is balanced and left additive and
induces a morphism of commutative multirings over S from Z+ A M to Z - M
such that

(n,a) @z +— na

for all n,a,x. Since every p € Z 4 M is uniquely a homogeneous linear combi-
nation p =y (pzx f zeM, ), where a = pV, the map that sends

p =3 (pez|eeM,) =3 (poa|eecM, p,#0) €Z-4M
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to Z((pm, x|z e My, p. # O) € ZT A M, where a = pV, is well defined,
and provides the inverse isomorphism.

4. Free multialgebras over sets over S. If S is a commutative monoid
and R is a commutative multiring over S, then composing the adjunction of
sets over S to commutative multimonoids over S with the adjunction of com-
mutative multimonoids over S to commutative multi- R-algebras over S yields
an adjunction of sets over S to commutative multi- R-algebras over S.

If R is a commutative multiring over S and X is a set over S, then the free
commutative multimonoid over S on X is F(X)t = F x S, where F = F(X)
is the free commutative monoid on the set X. When every element x of X
is replaced by an indeterminate X, the elements of F(X) are all monomials

X" = [Lex X0™). mF(X)* =F x S,
(X", a)Y = (ILex(@V)"@)a and (X™, )" = (X", at).

Accordingly, the free commutative multi-R-algebra over S on the set X
over S is the free commutative multi-R-algebra R 1 F(X)* over S on the
free commutative multimonoid F(X)T over S.

It comes with a canonical map

n: X — ROFX)Y, 2+ 170 (z,1),

which is a morphism of sets over S. There is no general evidence that 7 is
injective. However, there is a simpler canonical map that is injective, which
sends z € X to (z,1) € F(X)™T, where z is short for the monomial X™ in which
m(z) =1 and m(y) = 0 for all y # x. Hence we can identify 2 and (z,1). Then

nz =10z, (X" 1) = [[ex Xo'™ in FF, and

18(X™ 1) = 10[Lex X" = [Lex(m2)™® = (nx)™

in RAF(X)T, for every X" € F(X), where (nx)™ = HweX(nx)M(r).
The typical element of R A F(X)™ is a homogeneous sum

P=rX™, a)+ - + 1B X™, ay)

wheren > 0,7, ...,7, € R, X™ ..., X" € F(X), a1, ..., a, €5, and
rY (X™)Y ay = PV for all i. This simplifies to a polynomial-like form. Indeed

r (X", a)

rt (X" 1) = (F3(1,1)(18 (X7, 1)
=r(18(1,1)18 X" 1) = rH)",

since 1 4 (1,1) is the identity element of R 1 F(X)1; hence the typical element
P of RAF(X)T is now a homogeneous polynomial with coefficients in R and
variables in Im #n:

P=nrn HleX(TII)ml(I) + -+ 1y, ]‘—[le)c(,’7:'9)7774”(:5)7
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where n >0, 71, ..., 1, € R, X™, ..., X" € F(X), and rY (x™)Y = PV for
all 5. However, there is no evidence that P can be written uniquely in this form,
or that 7 is injective.

The universal property of R 4 F(X)T and 7 is: every morphism f of sets
over S from X to a commutative multi-R-algebra A over S induces a unique
morphism ¢: R F(X)T — A of commutative multi- R-algebras over S such
that pon = f. If

P =nr HzEX(nx)ml(w) + o+ oy, I—[%ex(771.)77%(90)7

then
P = r Ha:ex(fx)ml(x) + o T H;ceX(fx)m"(m) )
as calculated in A.

In the adjunction of sets over S to commutative multi- R-algebras over S,
the counit € assigns to a commutative multi- R-algebra A over S the morphism
€a: RAF(A)T — A of commutative multi- R-algebras over S induced by the
identity on A: if

P =mn HaeA(Ua)ml(a) + o+ TnHaeA(na)m"(a) € R[4],

then
eaP = 7 HaeAarm(a) + -+, HaeAamn(a)’

as calculated in A.

12 The tensor product

The tensor product is similar to the mixed product but allows an addition in
both variables.

1. Definition. Let G and H be abelian multigroups over S. The tensor product
G ® H of G and H is the abelian multigroup over S generated by the set G x H
over S, subject to all homogeneous defining relations

(x+y, z) = (z,2)+ (y,2) whenever z+y is defined, and
)

(x,y+2) = (x,y) + (z,2) whenever y+ z is defined,

in the statement of which each (x,y) € G x H has been identified with its image
n (z,y) in the free abelian multigroup Z - (G x H) over S on the set G x H
over S.

Equivalently, G ® H is the abelian multigroup over S generated by the mul-
tiset GO H over S, subject to all homogeneous defining relations

(r+y)0z = (x02)+ (yOz) whenever x+y is defined, and
20y +2) = (x0Oy)+ (xOz) whenever y+ z is defined,
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in the statement of which each x Jy € G [0 H has been identified with its image
n (zdy) in the free abelian multigroup F = Z 4 (GO H) over S on the multiset
GO H. Thus

GoX = F/K,

where K is the submultigroup of F' generated by all
k(r,y,2) = (z+y)0z — (z02) - (yOz)
such that x,y € G, z € H, and = + y is defined, and all
lz,y,2) = z0(y+2) — (=0y) — (z0%)

such that = € G, y,z € H, and y + z is defined. The maps GO H /Ny NN
G ® H are morphisms of multisets over S.
The abelian multigroup G ® H comes with a canonical tensor map

7':G’><H£>GDH1>F—>G®H7 (z,y) — QY.

The universal property of G ® H and 7 is as follows. Recall that G x H is a
set over S with projection (z,y)Y = 2V 4" to S. A morphism f of sets over S
from G x H to an abelian multigroup K over S is balanced and biadditive if and
only if

fla'y) = fla,y') forall z,y,t,
fx+vy, 2) = f(z,2)+ f(y,z) whenever x+y is defined and
flx,y+2) = f(z,y) + f(z,z) whenever y+ z is defined;

equivalently, the defining relations of G ® H hold in K via f. The tensor map
7 is balanced and biadditive by definition of G ® H:

ey = zyt foral z,v,t,
(z+9y)®z = (r®2)+ (y®2) whenever z+y is defined and
x®@Wy+2) = (x®2)+ (y®2z) whenever y+ z is defined.

In fact,
ey = rey = (zy)! forall z,y,t,

sincez! Oy =20y’ = (xOy)  in GOH and GO H — G®H is a morphism of
multisets over S. Conversely, every balanced and biadditive morphism f of sets
over S from G x H to an abelian multigroup K over S factors uniquely through
7 (there exists a unique morphism ¢: G ® H — K of abelian multigroups
over S such that g o7 = f).

For example, if R is a commutative multiring over S, then the multiplication
on R is a balanced and biadditive mapping of R x R into R and induces (in fact,
can be replaced by) a morphism R ® R — R of abelian multigroups over S.
Similarly, if M is a multi-R-module over S, then the action of R on M induces
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(and can be replaced by) a morphism R ® M — M of abelian multigroups
over S.
For every abelian multigroup G over S there is a natural isomorphism

ZteG = G,

where Zt = 7Z x S with projection (n,a)¥ = a, addition (m,a) + (n,a) =
(m + na), and action (n,a)! = (n,at) of S. Indeed ((n,a), ) — nz® is a
balanced and biadditive mapping of Z1 x G into G, and induces a morphism
of abelian multigroups over S from Zt ® G to G that sends (n,a) ® x to nxz®
(namely, the action of ZT on G as a multi-Z*-module). The inverse isomor-
phism sends = € X to (0,1)®@z € ZT ® G.

Since F'=7Z 4 (GO H) is the free abelian multigroup over S on the multiset
GOH, every p € F is uniquely a homogeneous linear combination with integer
coefficients

p =Y (pyy|y=20y, a¥y¥ =pY).

Hence every element of G® H is a homogeneous linear combination with integer
coefficients

P =) (poy@ay)|zeG yeH, ¥y =p").

Since ® is left additive we also have n(z @ y) = nx ® y for all n € Z, with
(nz)V = xV. Therefore every element z of G ® H is a homogeneous sum

2= (z1®y)+ -+ (2 ®yn),
where n > 0 and z) y' = a = zV for all . Then
Z = @ ep) ot (@0 = @Y+t (@ O )

for all t € S'.

If o: G — H and ¥: G’ — H' are morphisms of multisets over S, then
(z,y) — px ® 1y is balanced and biadditive and there is a unique morphism
pRY: GADH — G'® H' of abelian multigroups over S such that

(pRY)(zRY) = pryy forall € G and ye H.

This makes the mixed product a bifunctor.

2. Associativity. For any abelian multigroups G, H, K and multiset X, there
are natural isomorphisms

(GeH)UDX ¥ GGeHUX) and (GH) 9K 2 Ge(H®K).

This is proved like the previous associativity properties. There are also natural
isomorphisms H ® G = G ® H. Thus abelian multigroups over S constitute a
symmetric monoidal category (as defined in [9]); the identity object is Zt.

3. Multirings. The tensor product of commutative multirings over S is a
commutative multiring over S. Indeed, any two commutative multirings R and
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T have a tensor product R ® T as abelian multigroups over S, which is also an
abelian multigroup over S. Let

w:RRR— R and v:TQRT — T

be the morphisms of abelian multigroups over S induced by the multiplications
on Rand T, u(r®s) =rs and v (t ® u) = tu. Then p ® v induces a morphism
of abelian multigroups over S

(RoT)® (ReT) — (RoR) @ (ToT) "2 ReT
and a multiplication on R ® T', under which
(ret)(s®@u) = rs®tu
forall ;s € Rand t,u € T. If v € S, then
(rehseuw)’ = et (sou) = ret)(su)’,

which implies (pg)* = p'q = pq® for all p,g € R®T. Hence R® T is a
commutative multiring over S.

4. Multimodules. Now let S be a commutative monoid and let R be a
commutative multiring over S.

If M is a multi-R-module over S and G is an abelian multigroup over S,
then M ® G is a multi-R-module over S; the action « of R on M induces an
action of Ron M ® G:

= a®l
RoM®G) — (ROM)®G — MG
such that r (zr ® y) = re @ y for all r, z,y.

In particular, R®G is a multi- R-module over S. In fact it is the free multi-R-
module over S on the abelian multigroup G. The canonical map n: G — R®G
sends x € G to 1 ® . If f is a morphism of abelian multigroups over S from
G to a multi-R-module M over S, then (r,z) — r (fz) is a balanced and bi-
additive mapping of R X G into M and induces a morphism ¢: R@ G — M
of abelian multigroups over S such that ¢ (r ® ) = r(fz) for all r,x. Then
¢ (r(s®@z)) =rs f(z) =r¢ (r@z) forallr, s, z, so that ¢ is a morphism of multi-
R-modules over S, and pon = f. Conversely, if v: R®G — M is a morphism
of multi- R-modules over S, and Yon = f, then ¢ (r@z) = ¢ (r (1®m)) =r(fx)
for all r,z, and ¢ = .

For two multi-R-modules M and N over S, however, one needs a tensor
product of M and N such that rx ® y = z ® ry for all r, z,y. This is the tensor
product M ®r N over R: the abelian multigroup over S generated by M O N
subject to all defining relations

(z+y)0z = (z02)+ (yOz) whenever z +y is defined,
x0(y+2) = (x0y) + (xOz) whenever y+ z is defined, and
reJy = x0Ory,
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which comes with a canonical tensor map

o Mx NS moN L Men N, (z,y) — z®y.

Every element z of M ®r N is a homogeneous sum
2= (T1Quy)+- -+ (20 @Yn),

where n >0, x1, ..., T, € M, Y1, ..., yp € N, and z) y = 2V for all i.

If R = Z*, then multi- R-modules over S are just abelian multigroups over S
and ®p is the tensor product ® of abelian multigroups over S.

A mapping f of M x N into an abelian multigroup G over S is fully balanced
and biadditive if it is balanced and biadditive and

flre,y) = flz,ry)

for all 7,2,y. The tensor map 7 to M ®r N is fully balanced and biadditive.
Conversely, if f: M x N — G is fully balanced and biadditive, then f induces
a unique morphism ¢: M ® g N — G of abelian multigroups over S such that
pot = f (such that f(z,y) = ¢ (z ®y) for all z,y).

In particular, for every r € R, the mapping (z,y) — re @ y of M X N
into M ®g N is fully balanced and biadditive and induces an endomorphism of
abelian multigroups over S that sends x ® y to re®y. Hence R acts on M @ N
so that

rzey) = rz@y (= zry)

for all r, z,y, whereby M ®pr N becomes a multi- R-module over S.

There are natural isomorphisms R@r M = M, M @r N =2 N ®r M, and
(M®rN)®rQ =M ®g (N ®r Q). Thus, multi-R-modules over S constitute
a symmetric monoidal category.

5. Free multimodules. By the above, the free multi-R-module F' over S on
a set X over S is the free multi- R-module over S on the free abelian multigroup
Z 4 Xt over S on X, that is F = R® (Z 4 XT). The canonical mapping
n: X — Fsendsz € X to1® (x,1).

The typical element z of F' is a finite sum

z = (rMmep)+: -+ (r,@p,),

where n >0, 71, ..., 1, € R, rY py =2V for all 4, and py, ..., p, € Z 4 XT,

so that each p; is a homogeneous linear combination

p=> (pyy|lyeXxt yv¥=p")

— Z (pz,c (z,c) | (x,c) € XT, (x,¢) :pv),

where a = yV, of elements of (X1), with integer coefficients. Now

r@p =Y (pee(r®(z,0) | (z,0) € XF, (z,¢)Y =pY).
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Since
n(re(z,c) = nr‘e(l) = nr'e (z,1)

for all n € Z, it follows that every element of F' is a homogeneous sum
z2=(rmex)+ 4+ Tn®zy) = ri(nz)+- -+ (nay),

where n > 0,71, ..., 7 € R, 21, ...,z € X, Y x) =2Y forall i, each z € X
has been identified with (z,1) € XT, and nz = 1 ® X. Unfortunately there is
no evidence that z can be written in this form uniquely.

Multi- R-modules can now have presentations as generated by the elements
of a set over S subject to defining relations. A defining relation between the
elements of a set X over S is a pair (4, B) of elements of the free multi- R-mod-
ule F' on X, normally written as an equality A = B, which is homogeneous,
meaning that A and B project to the same element AY = BY of S.

A defining relation (A, B) between the elements of Y holds in a multi-R-
module M wia a morphism f of Y into M if and only if ¢ A = ¢ B, where
p: F'— M is the morphism that extends f.

The multi- R-module generated by a set X over S subject to a set R of defining
relations is the quotient

(X|R) 2 F/K,

where F' is the free multi-R-module on X and K is the submultimodule of F
generated by all A— B with (A4, B) € R (where A— B is defined since (4, B) € R
is homogeneous).

The multi-R-module (X | R) comes with a canonical map 7 from X, which
is the composition

n: X L F— F/K.

By definition, every (A4, B) € R holds in (X | R) via n. The universal property
of (X | R) and n is: if f is a morphism of sets over S from X to a multi-
R-module M and every (A, B) € R holds in M via f, then there is a unique
multi- R-module morphism ¢ from (X | R) to M such that ¢ o = f.

13 Derivations

In this section, S is a commutative monoid and R is a commutative multiring
over S (with an identity element).

1. Derivations. If A is a commutative multi-R-algebra over S and M is a
multi- A-module over S, then the action of A on M induces an action of R on
M, namely

re=(rl)x, forallr € Rand z € M,

which makes M a multi-R-module over S. Similarly, A-modules are, in partic-
ular, R-modules.
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A derivation of a commutative multi-R-algebra A over S into a multi-A-
module M over S is a mapping D: A — M such that

D(z)Y =2V forall z,

D(z') = D(x)" for all z,t,

D(rz) =rD(x) for all rz,

D(z+vy) = D(x) 4+ D(y) whenever x4y is defined, and
D(zy) = xD(y)+yD(x) forall z,y € A.

In particular, D is a morphism of multi-R-modules over S. Also, D(1) =
D(11) = D(1) + D(1), so that D(1) = 0. Hence D(rl) = rD(1) = 0 and
D(1')=D(1)* =0, forall 7 € Rand t € S.

The set Der (A, M) of all derivations of A into M is an A-module under
pointwise addition and action of A ((yD)(z) = yD(z) for all z,y € A). In
particular, Der (A, M) is an R-module.

If p: M — N is a morphism of multi-A-modules over S and D: A — M
is a derivation, then ¢ o D: A — N is a derivation. This yields an A-module
homomorphism (in particular, an R-module homomorphism)

Der (A, ¢): Der (A, M) — Der (A,N), D+— poD.

If v: A — B is a morphism of commutative multi-R-algebras over S and
D: B — M is a derivation, then D oy: A — N is a derivation. This yields
an A-module homomorphism

Der (), M): Der (B, M) — Der (A, M), D+ Do1.

With these maps, Der (—, —) is now a bifunctor to A-modules.

2. The universal derivation. Let Y be a set over S with an isomorphism
d: A — Y of sets over S, and let Q be the multi-A-module over S generated
by Y subject to

d(r+s) = dr+ds whenever r + s is defined in A, and
d(rs) = rds+sdr forall r,se€A.

These defining relations are homogeneous. The elements of 2 are the Kdhler
differentials of A.

The multi-A-module Q comes with a derivation d: A — €. The universal
property of € yields a universal property of d: if D: A — M is any derivation,
then the elements D(x) of M satisfy the defining relations of Q2 and there is a
unique multi-A-module morphism ¢: Q@ — M that sends dz to D(z) for every
x € A; equivalently, D = ¢ od. Hence D —— ¢ is a natural isomorphism

Der (A, M) = Homy (Q, M) .

In particular, Der (A, —) is a left exact functor.
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3. Redefinition. Next, we want for each set X over S a commutative multi-
R-algebra A over S such that, for every multi-A-module M over S, there is a
natural isomorphism of A-modules

Der (A, M) = Map (X, M)

which is natural in X and M. This is where things go wrong with commuta-
tive multi- R-algebras. The free commutative multi-R-algebra over S on X in
Section 11 has a canonical map 1 which shows no inclination to be injective,
nor do its elements show any inclination to be put in polynomial form uniquely.

The free commutative multiring over S on X in Section 6 suffers none of
these defects. From here on therefore we deal with commutative multirings
over S rather than commutative multi-R-algebras over S. This amounts to
setting R = Z1 throughout.

Accordingly, let R be a commutative multiring over S. A derivation of R
into a multi-R-module M over S is a mapping D: R — M such that

D(z)Y =2V forall z,

D(z") = D(x)" for all x,t,

D(z+vy) = D(x) 4+ D(y) whenever x+y is defined, and
D(zy) = xD(y) +yD(x) forall z,y € A.

In particular, D is a morphism of abelian multigroups over S. As before, D(1) =
D(11) = D(1) + D(1), so that D(1) = 0, D(r1) = r D(1) = 0, and D(1!) =
D) =0, forallr € Rand t € S.

The set Der (R, M) of all derivations of R into M is an R-module under
pointwise addition and action of R ((rD)(z) = r D(z) for all z,y € R).

If ¢: M — N is a morphism of multi- R-modules over S and D: A — M
is a derivation, then ¢ o D: R — N is a derivation. This yields an R-module
homomorphism

Der (R, p): Der (R,M) — Der (R,N), D+—¢@oD.

If ¢: @ — R is a morphism of commutative multirings over S and D: R — M
is a derivation, then M is a multi-Q-module, on which @ acts by gz = (¢ ¢) «,
and Dov: Q — M is a derivation. This yields an R-module homomorphism

¥* = Der (v, M): Der (R, M) — Der (Q, M), D+ Do1.

With these maps, Der (—, —) becomes a bifunctor to R-modules. Moreover,
Der (R, —) is left exact.

4. Polynomials. In Section 6 we saw that the free commutative multiring
over S on a set X over S is Z[X] = Z 4 F(X)T, where F(X) is the free commu-
tative monoid on the set X and F(X)* =F x S. An element y of F(X)T is an
ordered pair

y = X" 0 = ([T, n),

zeX
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in which ¢t € S and X™ =[], .« X2 ¢ F(X) is a monomial on an isomor-

phic copy X = {X, | z € X} of X. Every element p of Z[X] is a unique
homogeneous linear combination of elements of F(X )1 with integer coefficients

p =Y (pyylyeFX)T, ¢ =pY).

For every set X over S and multi-Z[X]-module M over S there is a natural
isomorphism
©: Der (Z[X], M) = Map (X, M)

that sends a derivationD of Z[X] into M to

d= 0D = Don: X Lzix] 2 M,

so that
dx = D(X,,1).

Then d is a morphism of sets over S, since D is a derivation. Moreover, ©
preserves pointwise sums and every action of r € R on M, and is a homomor-
phism of R-modules.

We show that © is injective. For every D € Der (Z[X], M), induction yields

D (X1 X2 Xp, 1) = D((Y1, (Y, 1)+ (Y, 1))
=3, (Y1, 1)+ (Yie1, 1) (Yin, 1) -+ (Yo, 1) D(Yi, 1))

for all n > 0 and Y3, Y,..., Y, € X (with V1Y5---Y,, = 1 if n = 0 so that
D(Y1Ys---Y,, 1) = 0 since (1,1) is the identity element of Z[X]). If d =
©(D) =0, then D (Y1Y3---Y,, 1)=0foralln >0 and Y3, Y>,..., ¥, € X,

D((X™ t) = D((X™ 1)) = (D(X™, 1)) =0
for all y = (X™, t) € F(X)T, and D(p) = 0 for all p € Z[X].
Conversely, every morphism d: x —— dz of sets over S of X into M extends,

more or less willingly, to a derivation d of Z[X] into M, so that © is surjective.
For every n > 0 and x € X, define

C/Z\(Y") = nY" ldz,

where Y = (X,, 1), so that (X", 1) = Y™, and d(Y") = 0, if n = 0. In
particular, d (V) = dzx.
If n > 0, then

C’[(yn)\/ _ (Yn—l)\/ (dx)v _ (YV)n _ (Yn)v’

since (dz)¥ = ¥ = Y. The equality (d(Y"))¥ = (Y™)V also holds if n = 0,
since (1,1)¥V =1 =0Y.
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In addition,
dY™Y™) = (m+n) Y™ g
= nY"Y" ldz + mY" Y™ dx
= Y™md(Y") + Yrd(y™),
for all m,n > 0. The equality
dY™Y") = Y"d(Y") + Y"d(Y™)

also holds if m = 0 or n = 0, since (1, 1) is the identity element of Z[X].
For each p = (X™, 1) = erX(Xm(x) 1) define

dp) = (([Toex, apyYa)d(Yy) |y € X, m(y) > 0),

where Y, = (X2'™ 1), so that (X, 1) = [1,cxYz: this sum is homogeneous
since (dY,)V YV xV. Then

AP = (ex, z¢y<xV>m<m>)<yV>m<y> = [Lex(@)™® = p¥.

Ifp= (X" 1) = [Lex Yo and g = (X", 1) = [[,ex Za, where Z, = (X3, 1),
then

dp) = (Moex, azy¥a)d(Yy) | y € X, m(y) +n(y) > 0),

since m(y) = 0 implies [[,cx .2, Yz) J(Yy) = 0; similarly,

d(q) = (oex, axyZe)d(Zy) | y € X, m(y) +n(y) > 0).

d(pg) = d(X™", 1)
Y ((eex, apyYe Ze)d (Y, Zy) |y € X, m(y) +n(y) > 0)
S ((Tacx, ozyYe Zo) Yy d(Zy) |y € X, m(y) +n(y) > 0)
+ Y ((Leex, apy¥e Ze) Zyd (V) |y € X, m(y) +n(y) > 0)
= ([Lex¥s) X ((Hwex, viyZa) d(Zy) |y € X, mly) +nly) > 0)
+ (MoexZ) X (([aex, wry¥e)d(Yy) | y € X, m(y) +n(y) > 0)
= pd(q) + qd(p).
For each 7 = (X", a) € F(X)T, 7 = p® where p = (X", 1), define



Then

d(r) = d(p®) = d(p)® = (d(p*)* = d(r)".

If also s € F(X)t, s = ¢® where ¢ = (x", 1), then 7s = (x™*", ab) = (pq)*® and

= (pd(q) + qd(p)”
¢@dp)?* = rc?(s) + sd(r).

Finally, if
pTr|r€IF x)T, rvzpv),

=2
then define
> (pr

|7’€IFX) Y =pY).

Then d (p)¥ = p¥. If u € S, then

= (per* | r e FX)T, Y =pV)

and
A0 =Y (prd () | r € FX)*, ¥ =pY)
=S (ped(r) | r e BT, Y =pY)

If p + ¢ is defined (if p¥ = ¢V), then

d(p+q) = d(p) + d(q).

Finally, if also
g =) (g:s|seFX)T, s¥=¢Y),
then

rq ZZ(prqsrs | reF(X)T, se FX)T, v =pY, sV =¢Y)
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and
d (pq) ZZ(prqscf(rs) |reF(X)T, seF(X)T, vV =pY, sV =¢q")
Z(prqsrc?( +sd(r) |
TGF(X) , seF(X )+,7’ pY, SV:qV)
[Z(prr|r€IF‘X)+, Y =pY)]
[> - (gsd(s) [ s e F(X)F, sV =¢")]
+ [Z(qbsISEIFX) sV =qY)]
[Z(pr |r€IFX) rV:pV)]
= pd(q) + qd(r).

Thus d is a derivation.

14 Cohomology of multirings

In this section, S is a commutative monoid and R is a commutative multiring
over S.

1. The comonad. The adjunction of sets over S to commutative multirings
over S begets a comonad (V, ¢,v) in which V' sends a commutative multiring R
over S to the free commutative multiring Z[R] over S on the set R over S.

As before we replace every element r of R with an indeterminate X,., so that
X ={ X, |r € R} is isomorphic to R as a set over S. Then the typical element
of F(R) is a monomial

XM = HTERXTM(T)
and every element of Z[R] is uniquely a homogeneous linear combination with
integer coefficients

p =Y (p-2|zeFR)T, 2¥=p)
- Z (Pt (X7, 8) | X" €F(R), te S, (X™)Vt=p").

Every morphism ¢: R — T of sets over S extends uniquely to a morphism
¥ = Z[p] of commutative multirings over S from Z[R] to Z[T] that sends

p=> (pms(X™ t) | X" €F(R), teS, (X™")Vt=p")

to
Z[pl(p) = (pms (Zp] (X™), 1) | X" € F(R), t € 5, (X™)Vi=p"),

where Z[T] is written with one indeterminate Y; for each s € T and

Zlp] (X™) = Z[g] (HreRXT ) HreR w(r) )
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as calculated in Z[T].

If now ¢p: R — T is a morphism of commutative multirings over S, and
we write VT with one indeterminate Ys for each s € T, then Vo = Z[y] is
the morphism of commutative multirings over S from VR to VT such that
(Ve)(X,) =Y, forall r € R.

In particular, eg: VR — R is the evaluation morphism of commutative
multirings over S that sends X, to r and sends

p = Z (pmvt (HreRX:’n(r)’ t) ’
Hecn X2 €F(R), 1€ S, ([1,epX0)Y t=pY)
to

«® =3 (s [eenr™®)"
[enX?® €B(R), te S, (Xl V)V t=p").

as calculated in R.

The comultiplication v assigns to R the morphism vg =Vn: VR — VVR
induced by the adjunction unit n: R — VR, viewed as a morphism of sets
over S.

We note that every multi-R-module M over S is also a multi-V R-module.
The action of R on M extends to an action of VR on M in which

for every p € VR and z € M. This makes M a multi-V R-module since € is a
morphism of commutative multirings over S.

2. The resolution. For every commutative multiring R over S there is now
an augmented simplicial commutative multi- R-algebra R* with objects R® = R
and R" = V"R (wheren >0and V" =V oV o---0V), face maps

€ni = VeV 'R:R"™ — R" (i=0,1,...,n),
augmentation € (R) =€y o: VR — R, and degeneracy maps
Uni = VivV* IR R 5 R™ (i=0,1,...,n—1),

that satisfy the simplicial identities.

Let M be a multi-R-module over S, hence also a multi-V R-module over S
and a multi- R"-module over S for every n > 0. Applying to R* the contravariant
functor Der (—, M) yields an augmented cosimplicial R-module Der (R*, M)
with objects Der (R, M) = Der (R, M) and Der (R", M) = Der (V"R, M) if
n > 0, face maps

dni = €, = Der(e,;, M): Der (R", M) — Der (R"*, M)

n,t
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fori=0,1,...,n, augmentation
doo = € = Der(e,M): Der (R,M) — Der (VR, M),

and degeneracy maps Der (v, ;, M) (i =0,1,...,n—1), that satisfy the cosim-
plicial identities.
A coboundary homomorphism

8, : Der (R", M) — Der (R"™!, M)
is then defined by
5n = dn,O - dn,l + dn,2 — et (_1)n dn,n .

In particular, dg = do. The simplicial identities imply 6,41 0 d,, = 0 for all
n > 0. This yields an augmented cochain complex of R-modules

0 —Der (R, M) < Der (VR, M) LIRS
— Der (V"R, M) ﬂ) Der (V*"™'R, M) ...

The André-Quillen cohomology of the commutative multiring R over S with
coefficients in the multi- R-module M over S assigns to R and M the R-modules
HO(R,M) = Kerdy /Ime and H"(R, M) = Ker 6, / Im §,,_1, where n > 0.

The natural isomorphisms Der (R[X], M) = Map (X, M) yield an isomorphic
complex of R-modules

0 —Der (R, M) i>Map(R,M) ﬁ)
— Map (V" "'R, M) n, Map (V"R, M) ...

whose homology modules are natural isomorphic to the André-Quillen cohomo-
logy modules of R with coefficients in the multi-R-module M. In particular,
HY(R,M) = Kerd; /Ime. Without the augmentation, H'(R, M) would be
simply Ker d;.

3. Three maps. The augmentation e: Der (R, M) — Map (R, M) is the
composite
e: Der (R, M) <= Der (VR, M) — Map (R, M)

of € = Der (¢, M), which sends D € Der (R, M) to D o€, and the isomor-

phism Der (VR, M) — Map (R, M), which sends D o € to the mapping r —

(Doe€)(X,)=D(r). Thus e (D) is D viewed as simply a mapping of R into M.
Next, d1,0: Map (R, M) — Map (VR, M) is the composite

~ € ~
d10: Map (R, M) — Der (VR, M) —3 Der (V2R, M) —s Map (V R, M)

and sends a map f from R to M to the derivation fof V R such that f(Xa) = fa

for all a € S, thence to the derivation €7 , (f)= fo €1,0 = fo €V R, thence to the
corresponding map from VR to M.
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Let V2R = Z[Y] with one indeterminate Y, for every p € VR. Then foevn
sends Y, € V2R to f(eY,) = f(p). Hence dy o f is the map from VR to M that
sends p € VR to f(p); in other words,

diof = f.
Similarly, dq,1: Map (R, M) — Map (VR, M) is the composite

*

o € o~
di1: Map (R, M) — Der (VR, M) 4 Der (V2R,M) — Map (VR, M)

and sends a map f from R to M to the derivation fsuch that f(Xa) = fa for
all a € S, thence to the derivation €] ; (f) = foe1,1 = f o Veg, thence to the

corresponding map from VR to M.
With V2R = Z[Y] as above, Ver: V2R — V R is the morphism of commu-

tative multirings over S that sends Y}, to X, for every p € VR. Hence fo Ver

~

sends Y, to f(X.,) for every p € VR. Therefore d; 1 f is the map from VR to
M that sends p € VR to f (ep); equivalently,

digf = foer.

15 Cohomology of Z*

In this section, S is a commutative monoid and R = Z¥, so that every abelian
multigroup G over S is a multi-R-module over S. The cohomology groups of
Z71 are the homology groups of the complex
0 —Der (Z+, &) -5 Map (Z+, @) D Map (VZF,G) - -
— Map (V" 'ZT, @) % Map (V"Z*1, G) ---
First, Der (Z1,G) = 0. Indeed, if D € Der (ZT,G), then D(1,1) = 0, since

(1,1) is the identity element of ZT, and

D(n,a) = D(n(1,1)*) = nD(1,1)* = 0

for every (n,a) € Z*t. This does not help crime scene investigations.

A l-cochain v € Map (ZT, Q) assigns u(n,a) € G, to each (n,a) € ZT.
From Section 14 we know that d; gu = @ is the derivation of VZ1 = Z[Z™T] that
extends u, constructed in Section 13, whereas dj ju = uoe.

With every (n,a) € Z%t replaced by an indeterminate X, ,, the typical
element p of Z[ZT] is a homogeneous linear combination

p =Y (pms (X7 8)| X" €F(ZT), teS X™)WVt=pY),

where X" = H(n,a)GZ‘FngL((Inﬂ)’ and (X™)Y = [, ayez+ @™ Then @ is the
derivation of Z[Z*] such that

U(Xna, 1) = u(n,a)
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for all (n,a) € ZT. On the other hand, € is the morphism of commutative
multirings over S such that
€(Xna, 1) = (n,a)

for all (n,a) € Zt. Every multi-ZT-module G is a multi-Z[Zt]-module, in
which

pr = (ep)x
for every p € Z|Z*] and z € G; in particular,

(Xna )z = (n,a)z = na®

for every (n,a) € Z71.

We show that Z3(Z+,G) = 0. (So Hy(Z*,G) = 0; maybe Hy (ZT,G) = 07?)
By the above, u is a 1-cocycle if and only if (d1o — dy,1)u = dyu = 0, if and
only if uoe=1.

If w is a 1-cocycle, then u o € is a derivation. Hence

u(l,1) = uw((1,1)(1,1) = u(e(Xy1, 1) (X1, 1)

= u(e((X11, 1) (X11), 1)) = @((X11,1) (X1, 1))
= (X1, ) (@ (X1, 1) + (Xp, 1) (@ (X, 1))
= (X1, Du(l,1) + (X1, Du(L1) = w(l,1) + u(l1),

and u (1,1) = 0. Hence

u(la) = w((1,1)) = u((e(X11, 1)) = u(e((Xi1, 1))
= u((X11,1)") = (u(X1, 1)
=u(l,)* =0

for all a € S. Finally,

u(m—|— TL,CL) = (5( m,a» )+ E(Xn,av 1))
(6 myas 1) + (Xn,a; 1)))
(Xmyas 1)+ (Xna, 1))

(Xm,aa 1) + U(Xn,aa 1) = u(m,a)+u(n,a)

g 8 & £

for all m,n € Z and a € S. Hence
u(n,a) = nu(l,a) = 0

for all n, a.

16 Cohomology of Z[S5]

In this section, S is a commutative monoid and R = Z[S], where S is the set over
itself with projection @V = a. With every a € S replaced by an indeterminate
X, the typical element of Z[S] is a homogeneous linear combination

P = (pms (X", t) | X" €F(S), teS, (XM)Wt=pY),
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where X" = HGGSX(T(G) and (X™)V = Haesam(a).

1. Coefficients. Every abelian multigroup over S can serve as coefficients in
the cohomology of Z[S]. Indeed every abelian multigroup G over S is canonically
a multi-Z[S]-module over S, in which

p.x = 2

for every z € G and p = (X", t) € F(S)T. In particular, (X,, 1) - * = 2% and
(1,1) - x = z. Then

(p-2)V = @)V = pVaV,
(p-2)t = (@) =2t = p.at,
fx o= 2P = 2Pt = gt

whenever = 4y is defined, and

pe(g-2) = (z0)P) = gl

)\/

= Ppqg-,

for all p,q € F(S)* and z,y € G.
If now p € Z[S] is a homogeneous linear combination

p=> (pyy|yeF©S)T, y¥=pY),

then p . x is well defined by
per =Y (py(y-a)|yecFS)T, y¥=pY),

since this is a homogeneous sum. Then (p+¢q) - * = (p - ) + (¢ - ) whenever
pY = ¢V, and the five properties above also hold for all p,q € Z[S] and z,y € S.

2. Cochains. Since Der (Z[S],G) = Map (S, G), the André-Quillen cohomo-
logy groups of S are the homology groups of the complex
0 —Map (S, @) -5 Map (Z[S], @) T Map (VZ[S], @) —> ...
— Map (V" *Z[S], G) n, Map (V"Z[S], G) — ...

Thus a 0-cochain u € Map (5, G) assigns u(a) € G, to each a € S (thus,
Map (S, G) = CA(S,G)); a 1-cochain u € Map (Z[S], G) assigns u(p) € G,v to
each p € Z[S]; and so forth.

From Section 14 we know that

e: Map (S, G) —» Der (Z[S], @) -5 Map (Z[S], G)

sends a 0-cochain v € Map (S, G) to the derivation u of Z[S] that extends u, then
to u viewed as a morphism of sets over S from Z[S] to G. Hence a 1-coboundary
is a derivation: B3(S,G) = Der (Z[S], G).
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Also, for each 1-cochain u € Map (Z[S], G), diou = u, whereas dj 1 u =
u o €z[5]. Hence
ou = u — (uoe).

We write VZ[S] = Z[Z[S]] with one indeterminate Y, for each p € Z[S], so that
the typical element of VZ[S] is
¢ = (ame (Y™ 1) [ Y™ €F(Z[S]), te S, (Y")t=4q"),

where Y™ = HPEZ[S]YPm(p) and (Y™)Y = [ezs (p¥)™®). Then

¢q =Y (@ma (Tpegsp™®)' | Y™ €F(Z[S]), te S, (Y")Vt=qY),
in particular
€(Ypa 1) =D
The multi-Z[S]-module G is also a multi-VZ[S]-module, on which

g = () -z = 2@

for all ¢ € VZ[S] and = € G.
3. 1-cocycles. We prove that Z}(S5,G) = CA(S,G).
First, let u € ¢Z2(S,G) be a 1-cocycle, so that
uoe = U.
Recall that
u(Yp, 1) = u(p)

for all p € Z[5].
Since € and U preserve existing sums and the action of S, then so does u. In
detail, for all p,q € Z[S] and t € S we have

u(pt) = u((e(Yp, 1)t) = ue((Yp) 1)t)
= (¥, 1)) = (a (¥, 1)’
= (u(p))*
and, if p¥ = ¢V,
U(p—i—q) = U(E(Ypa 1)""6(1/;17 1)) = ue((Y;N 1)+(Yq7 1))
= a((YZB? 1) +(Yqv 1)) = a(lfpv 1) + a(Yqv 1)
= u(p) + u(q)
Hence, if

P =Y (pms (X7 t)| X" EF(S), teS, (XM)t=pY),
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then
uw(P) =D (pmau(X", t) [ X" €F(S), tes, (X™)t=pY).
For all p, q € Z[S] we also have
u(pg) = u(e(Yp, 1) e(Yy, 1)) = ue(e(Yy 1) (Yy, 1))
= u((Yy, )Yy, ) = (Yo, Du(Yy, 1) + (Yo, DU (Yp, 1)
= (Y Du) + (% Dulg) = u@)) + u(g)®”

)
Since (1,1)V =1 € S this implies u (1,1) =« ((1,1)(1,1)) = u(1,1) + u(1,1)
and

w(1,1) = 0.
Hence
u(lt) = u((1,1)") = (u(1,1)" =0
for all ¢ € S. Moreover, for every pi, pa,..., pn € Z[S], induction on n > 0
yields

w(pipa- Pn) =21, nu(pi), where
(pl o PDi—1Pid1 'pn)v .

Ci

In particular,

w(X", 1) = nu(X, 1)@ ),
and
u(va 1) = u (HaES, m(a)>0X‘;n(a)’ 1) = ZaES, m(a)>0 m(a)u(Xa’ 1)(:“,
where
m(a)— m(b m(a)— m
Ca = (a (@1 Hbes, b#£a (X, ( )v 1))v = o™ 1Hbes, brta 0 ®.

Then u (X™, ) = (u(X™))".
Thus w is completely determined by the 1-cochain @: a — u (X,, 1). This
yields an injective homomorphism ©: u — @ of Z3(S,G) into CA(S,G).
We show that © is surjective. Let v € CA(S,G). For each X™ € F(S) let
w(X™, 1) =3 4es, m@som(a)v(a)®™, where
Ca = am(@=1 Hbes, b#a o).
Then
u(X™, 1) = ZaES, n(a)>0 n(a)v (a)d“ , where
dg = a™@7? [les, va ") and
uw(X™ 1) = 2aes, m(a)+n(a)>0 (M(a) +n(a))v(a)®™, where
am(a)+n(a)—1 HbeS, bota bm(b)+n(b)

€q =

= ¢(a) Hbesb"(b) = d(a) Hbesbm(b)
= c(a) (X")Y = d(a) (X™)V.
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and
w (X7, 1)(X", 1)) = w (X" 1)
= (Xues, m(ays0m(@)v(a)) XD
+ (Zaes’ n(a)>0n(a)v(a)da)((xm)v)
= u (X", DD g (xm, 1) D7)
Thus, if p = (X, 1) and ¢ = (X", 1), then
w(pg) = (@)@ + (u(g)®).
Next, define
w(X™ t) = (U(Xm, 1))1‘/ = Zaes, m(a)>0 m(a)v(a)t

for all X™ € F(S) and ¢ € S, where ¢, = a™(®)~1 [Thes, v2a b™(®) as above.
If y= (X", s) € F(S)T and t € S, then

u(y') = uw(X™, st) = u(X™, 1)%
= () = (u )
If y = (X™, s) and 2z = (X", t) € F(9)T, then
u(yz) = u(uw X", 1))%
= w(X™, 1)EXHDTH Lo (X, )X DY)
= u(X™, 8)(X0Y) oy (X, X))
= u()®) + ().
Finally, for each p =" (pyy |y € F(S)T, y¥ =pY) € Z[S5], define
u(p) =X (pyuly) |y eF(S)T, y"
Then (u(p))Y = pY, so that u € Map (z]S],
u(p+q) = u(p) + u(q)
for all p,q € Z[S] such that p¥ = ¢V;
u(ph) =X (pyuly’) | yeF(S)*, y¥ =pY)
=2 (py (w@®)' |y €FS)T, 4V =p") = (u(p))'
for all p € Z[S] and ¢t € S; and
u(pg) =3 (pyq(2)ulyz) |y,z€F(S) ,yY =pY, 2V =¢qY)
=S (pa@u@ + ()|
y.z €F(S)*T, y :pv, 2V =q")
[ (pyuly) |y € (ST, y¥ =p¥)] @)
+ [Z(qzu (z ’ zeF(S)T, 2¥ = qv)](pv)
=u (@) + (u(g)"”

(2
(
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for all p, q € Z[S].
These properties imply that u o € is a derivation of VZ[S]. Indeed

(ue ()’ = (e()” = p”
for every p € VZIS];
ue(p')) = u(((ep)’) = (uep)’
for all p € VZ[S] and t € S;
ue(p+q) = ulepteq) = uep + ueq
for all p, q € VZ[S] such that p¥ = ¢¥; and

u ((ep)(eq))
- u(ep)((eq)v) + (u(eq))((ep)v) — u(€p>(qv) + (u(eq))(pv)

ue(pq)

for all p, q € VZ[S].

Since ue (Yy, 1) =u(p) = u(Y,, 1) for all p € Z[S], it follows that u o e = u;
and u is a 1-cocycle. Moreover, & = v by definition. Thus ©: Z}(S,G) —
CA(S, G) is surjective; and Z3(S,G) = CA(S, G).
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Notation:
xV: the projection of z to S
F(X): free commutative monoid on X
H(X): half free commutative monoid on X
Xt X xS
Map (X,Y): the set of all morphisms of sets over S from X to Y

A 4 B: set of all homogeneous linear combinations of elements of B with
coefficients in A

A B: box product of A and B

A 2 B: mixed product of A and B

A ® B: tensor product of A and B

Co, Zg, By, Hy: André-Quillen cohomology

Ce, Zo, Bo, Hp: symmetric (commutative semigroup) cohomology

Adjunctions of commutative objects over S:
sets to multisets: X+
sets to multimonoids: F(X)+
sets to multigroups: Z 4 X+
sets to multirings: Z[X] = Z A F(X)*
sets to multi-R-modules: R® (Z 4 XT)
sets to multi- R-algebras: R A F(X)*
multisets to multimonoids: H(X)
multisets to multigroups: Z 4 X
multisets to multirings: Z 4 H(X)
multisets to multi-R-modules: R ® (Z 4 X)
multisets to multi- R-algebras: R A H(X)™
multimonoids to multirings: Z 4 M
multimonoids to multi- R-algebras: R 4 M
multigroups to multi- R-modules: R® G
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