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ABSTRACT. A complete description of finitely generated quadratic
modules is given in terms of their projective presentations as well
as of generators and relations. The main tool is the reduction of
this description to a sort of “matrix problem.”

1. INTRODUCTION

Polynomial functors were introduced by Whitehead [15], Eilenberg
and MacLane [13], and since then they have proved their essential role
in a lot of problems of algebraic topology. In particular, their simplest
case, quadratic functors, is widely used in homotopy theory (cf., e.g.,
(15, 2, 3]). They provide natural homotopy invariants of polyhedra [2],
and someties these invariants are even enough for a complete classifica-
tion of homotopy types [5]. Hence, a description of such functors seems
an interesting and rather important problem. Fortunately, it is indeed
quite possible, at least for the case of “right continuous” functors, de-
termined by their values on free abelian groups, or, the same, quadratic
modules in the sense of [2, 3]. Note that till now such a description
has only been given for quadratic modules of “cyclic type” [2]. It turns
out that the classification of quadratic modules is a special case of the
problem considered by the author in [11], hence, can be reduced to
the representations of the so called “bunches of chains” in the sense of
[7]. In this paper we present such a reduction and deduce from [7] a
complete description of finitely generated quadratic modules. Namely,
after general definitions given in Section 2, we prove in Section 3 that
the classification of quadratic modules should indeed be done locally,
i.e., it is enough to consider their 2-adic localizations. Section 4 is the
crucial one: it relates quadratic modules to the representations of a
certain bunch of chains, while in Section 5 a description of quadratic
modules is given via their projective presentations. In Section 6 we
rewrite it in terms of generators and relations and give some corollaries
of this description: projective resolutions of quadratic modules, their
torsion free parts, etc.

We add an Appendix devoted to the representations of bunches of
chains, where we reformulate and rearrange a trifle the results of [7]
taking into account the specific of our case (we need not but chains,
while in [7] also semi-chains are considered). The answer is given in
combinatorial frames of “strings and bands,” well-known to the ex-
perts in the representation theory of finite-dimensional algebras. One
may suppose that the relations between this theory and some prob-
lems arising from topology should be rather wide and fruitful (cf., e.g.,
[4, 5])-
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2. GENERALITIES

We remind some definitions and examples related to quadratic func-
tors and quadratic modules. For the backgrounds we refer to the book
[3]. We denote by Ab (resp., ab) the category of abelian groups (resp.,
that of finitely generated ones).

A quadratic functor is a functor F : Ab — Ab such that, for ev-
ery two objects A, B, the function F' : Hom(A, B) x Hom(A, B) —
Hom(A, B) defined as F(a,b) = F(a + b) — F(a) — F(b) is bilin-
ear. In this case, this function can be prolonged to a bilinear func-
tor F' : Ab — Ab such that, for every A, B, one has: F(A® B) ~
F(A)®F(B)®F(A,B). Let F, = F(Z), F, = F(Z,Z); H: F, — F,
be the composition F(Z) — F(Z&Z) — F(Z,7) , where the first map-
ping is induced by the diagonal embedding Z — Z®Z , while the second
one is the projection onto the direct summand; at last, P : Fy, — F)
be the composition F(Z,Z) — F(Z ® Z) — F(Z), where the first
mapping is the embedding of the direct summand, while the second
one is induced by the addition mapping Z & Z — 7Z. Then one has:
PHP =2P and HPH = 2H , whence the following definition:

Definition 2.1. A quadratic Z-module (or simply, a quadratic module)
is a quadruple M = (M;, My, H, P) , where M, M, are abelian groups
and H : My — My, P : My, — M; are homomorphisms such that
PHP =2P, HPH =2H .

Conversely, each quadratic module M defines a quadratic functor
MWX | called the quadratic tensor product: the group MXA is generated
by the symbols mXa and niX[a,b], where m € My, n € My, a,b € A,
subject to the following relations:

mNX(a+b)=mRa+mXb+ HmKX [a,b],

(m+m)XRa=mNa+m'Xa,

n X [a,b] is 3-linear,

nla,a] = P(n)Xa,

nXla,b] = [b,a] XK (HP — 1)a.
It is known [6] that the quadratic tensor product is right continuous,
i.e., commutes with cokernels and direct limits, and every right contin-
uous quadratic functor is isomorphic to MX for a quadratic module

M (determined up to isomorphism). Thus, the category of quadratic
modules is equivalent to that of right continuous quadratic functors.

Remark. Certainly, a right continuous functor is completely defined

by its values on the full subcategory fab of finitely generated free
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abelian groups. Thus, the category of quadratic modules is equivalent
to that of quadratic functors fab — Ab. Just in the same way, one can
identify the category of contravariant quadratic functors fab® — Ab
(or, equivalently, that of contravariant left continuous quadratic func-
tors Ab® — Ab) with the category dual to that of quadratic modules:
a quadratic module M corresponds to the “quadratic Hom-functor”
HOM(__, M) [3, Definition 6.13.14].

Quadratic modules can be considered as modules over a special ring
A | for which we need a more explicit construction than that in [3].
Namely, we define A as the subring of the direct product Z x Z x
Mat(2,Z) consisting of all triples

(a, b, (gl 2062)) such that a = ¢; (mod 2) and b=c¢; (mod 2).
3 C4
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To each A-module M one associates the quadratic module (e; M, es M,
har,pa), where hy and py denote, respectively, the multiplication
by h and by p in the module M . Conversely, each quadratic module
(M, My, H, P) gives rise to an A-module M such that M = M;® M,
as a group and

( b <a + 2¢; 2¢y )) (ml) _ (am1 + o Pmo + clPHml)
@9, C3 b + 204 mo o bmg + 03Hm1 + c4HPm2 )
Hence, the category QM of quadratic modules is equivalent to the
category A-Mod of (left) A-modules. Moreover, this correspondence
maps finitely generated A-modules to finitely generated quadratic mod-
ules (i.e., such that both M; and M, are finitely generated groups)
and vice versa. The advantage of this realization of the ring A is that
it is an order in the semi-simple algebra Q x Q x Mat(2,Q), so we can
apply the general theory of such orders to study quadratic modules.
Note that the natural involution ¢ of the category of quadratic mod-

ules that maps (M, My, H, P) to (M, My, P,H) corresponds to the
following automorphism of the ring A :

(on s 29) - (o (3 )
C3 C4 Ca
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This involution induces an involution on the category of right continu-
ous quadratic functors, which we also denote by 9.

Here are some examples of quadratic functors and the corresponding
A-modules, which play an important role in what follows:

Examples. (1) The tensor square ®*: A — A® A corresponds
to the projective A-module Ay = Aey. Its dual P? = §®? is
the so-called “quadratic construction” mapping a group A to
I(A)/I3(A), where I(A) is the augmentation ideal of the group
ring Z[A]. It corresponds to the projective module A; = Ae; .
By the way, A; and A, are the only indecomposable projective
A-modules.

(2) Denote by B; the projection of A; onto Z x 0x 0, by By the
projection of Ay onto 0 x Z x 0, by Bz and By, respectively,
the projections of A; and of Ay onto 0x 0 x Mat(2,Z). Then
B, and By correspond, respectively, to the functors of the outer
square /\2 and of the symmetric square S*, while B; and Bj
correspond to their duals, /\2 = I being the identity functor
and 0S? = I'? being the Whitehead functor, which represents
the “universal quadratic function” [15].

Consider the subring B of Z x Z x Mat(2,Z) consisting of all triples

oz ).
C3 (4

and its ideal J consisting of the triples

(za,2b, (201 202)) .
C3 264

This ideal is indeed the conductor of B in A, i.e., the biggest ideal
of B contained in A . The ring B is hereditary (i.e., of the global ho-
mological dimension 1). Hence, each finitely generated B-module is a
direct sum of factor-modules N/N’, with N being an indecomposable
projective B-module. In our case, N is isomorphic to one of the mod-
ules B, defined above. Moreover, every homomorphism ¢ : @ — P
of projective (finitely generated) B-modules is “diagonalizable,” i.e.,
there are decompositions of () and P into direct sums of indecompos-
able modules: @ = @;2, Q; and P =P]_, P, such that the matrix
of g with respect to this decomposition is diagonal [10].

3. LOCALIZATION

From now on all modules are supposed finitely generated, so we omit

these words everywhere. In terms of quadratic functors, we restrict
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ourselves by the functors fab — ab. For any abelian group (in partic-
ular, for every A-module) M denote by tM its torsion part, i.e., the
set of all elements of finite order, and by fM its torsion free part i.e.
the factor M/tM .

For any prime p € N, denote by __;,) the functor of the (complete)
localization at p. It maps every abelian group A to Ay = A® Z,,
where Z, is the ring of p-adic integers. Evidently, A, = B, = Z, x
Z, x Mat(2,Z,) if p # 2. Hence, in this case, every indecomposable
A py-module is isomorphic either to one of the modules B;j,) (i =
1,2,3) or to a factor By, /p*Byp) for some k. (Note that, for p # 2,
Bip) =~ Bag) )

Put Q = QxQxMat(2,Q). For every A-module M, Q®a M isa
module over the semi-simple algebra Q, hence, Q®a M ~ @?:1 r;Us;
where U; are simple Q-modules: U; = Q®a B; (note that Uy ~ Us ).
Denote by r(M) the vector (ry,rs,73), which we call the rank vector
of the module M . We use the same definitions and notations for A -
modules, certainly, replacing Q by the field Q, of p-adic numbers.

Theorem 3.1. (1) A-modules M, N are isomorphic if and only
if My ~ Ny for all prime p.

(2) Given any set { N, }, where N, is an A,)-module, there is
an A-module M such that Mgy ~ N, for all p if and only
if almost all (i.e., all but a finite set) of them are torsion free
(maybe, zero) and r(N,) = r(N,) for all p,q. In this case,
r(M) =r(N,) and tM =P, tN,.

Proof. The theorem is obvious if all considered modules are torsion.
Consider the case when these modules are torsion free. Then the second
claim of the theorem is well-known [14]. The first one is also obvious for
torsion free B-modules, as they are direct sums of B; and End B; = 7Z
(cf., e.g., [8]). Moreover, given any torsion free A-module M, the
isomorphism classes of modules N such that N, ~ M, for all p
and B®a N ~ B®a M are in one-to-one correspondence with the
double cosets

(1) Aut(B N M)\Aut(B QA M(Q))/AutM(Q)

(cf. ibid.). But, certainly, Homa (M, M’) O Homg(B ®a M, M'J) for
every two A-modules M, M’ and all the factors

HOIHB(BZ', B])/ HOIHB(BZ‘, JB])

are zero for ¢ # j and Fy for ¢ = j. Hence, any automorphism

of B®a M) is congruent to an automorphism of B ®, M modulo
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Aut My . Thus, the set (1) always consists of a unique element, so,
the theorem is true for torsion free A-modules.
For any A-module M , one can consider the exact sequence

0—tM — M — M —0

which defines an element &y, € Exty (fM,tM). As there are no homo-
morphisms from tM to fM , two modules N and M are isomorphic
if and only if there are isomorphisms « :tM — tN and 3 :fM — N
such that «afy = &yvfB (we mean the Yoneda multiplication). Put
F =M and T = tM. Then Exty(F,T) ~ Exta, (F),T2) (as
A is hereditary for p # 2). In particular, one only has to consider
the case, when T' is a 2-group, i.e., T' = T(). Thus, the second claim
of the theorem becomes evident. Moreover, in this case the isomor-
phism classes of the A-modules N such that N, ~ M, for all p
are in one-to-one correspondence with the double cosets

(2) Aut F \ Aut F(Q)/ Autg F(Q) ,

where Autg F(2) denotes the subgroup of all automorphism acting triv-
ially on Extj (F,T).

Now note that J;) = rad Ay, (Jacobson radical) and the ring Ay
is semi-perfect in the sense of [1]. Hence, there always is an exact
sequence

0— K — P — Fg —0,

where P is a projective A(y-module and K C JP. It induces an
exact sequence

O—>K—>JP—>JF(2)—>O.

As both JP and JF{3 are B-modules and B is hereditary, the latter
splits. It implies that af = 0 for any endomorphism « : Flo) — F{y)
whose image belongs to JF(y) and for any element § € Exty (F,T).
Hence, Autg F(2) contains the “congruence subgroup”

{a S AutF(g) | Im(a — ld) - JF(Q) } .

One can easily check that B; are the only irreducible torsion free
A-modules. As each of them is a factor-module of some A; and the
length of Q ®a A; is 2, Ay is an order of weight 2 in the sense of
[12]. Moreover, as JA; decomposes, it also follows from [12] that the
modules A; are the only indecomposable but not irreducible torsion
free A-modules. Thus, every torsion free A-module is a direct sum of

modules isomorphic to B; or A;. The next table describes the values
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of the groups Homa,, (Fy), F{5))/ Homa,, (F(y), JF), when F’ and
F"” run through indecomposable torsion free A-modules:

Bi B, Bs Bs Al A
Bi|[F, 0 0 0 Fy O
Bo| O Fo 0 0 0 I
B30 0 Fo, 0 Fy O
B4 O 0 0 Fy 0 Ty
Ail0O 0 0 0 Fy O
A, O 0 0 0 0 I,

It evidently implies that every automorphism of Fis) is congruent to
an automorphism of F' modulo Auty Fiy), i.e., the set (2) consists of
one element. Hence, the theorem is valid for all (finitely generated)

A-modules. O

4. REDUCTION

From now on, except of the last section (“Corollaries”), we con-
sider the 2-local case, hence, always write A, B, Q, etc. instead of
Aw), Be), Qp), etc.

We shall study projective presentations of A-modules M, i.e., homo-
morphisms of projective modules f : P’ — P such that M ~ Coker f.
In terms of quadratic functors, it means that we shall study exact se-
quences

' — - F—0,

where F' is a given functor, while ® and @’ are direct sums of func-
tors isomorphic to ®? and P2, Moreover, if we are studying finitely
generated modules, these sums can always be chosen finite too. The
advantage of the local case is that here A is a semi-perfect ring in the
sense of [1]; hence, every (finitely generated) A-module M has a pro-
jective cover, i.e., an epimorphism ¢ : P — M , where P is projective
and Ker¢ C JP (note that here J =rad A, the Jacobson radical of
A ). It implies that M has a projective presentation f: P’ — P with
Im f C JP and we only consider such presentations.

Each homomorphism of projective modules f : P’ — P induces the
homomorphism B® f : B®a P — B®a P. If M = Coker f, then
Coker(B ® f) ~ B ®a M. As we know all possibilities for B ® f,
we are going to classify the homomorphisms f with prescribed B ® f,
or, the same, the A-modules M with prescribed B ® 4 M. We always
identify P with the submodule 1 ® P C B®a P. If Im f C JP, then

also In(B® f) C J(B®a P) = JP. On the other hand, suppose that
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Imy C JP for some ¢ : BA P’ — B®a P. As Homg(B®a P, JP) ~
Homa (P’, JP), then ¢ is of the form B ® f for some f: P' — P.

One calls two homomorphisms f, f' : P’ — P equivalent if there
are automorphisms g € Aut P and ¢’ € Aut P’ such that gf = f'¢.
Then, of course, Coker f ~ Coker f’. The following proposition is quite
evident:

Proposition 4.1. Let P, P' be projective (finitely generated) A-modules,
Q =B®aP, Q =B®aP, ¢:Q — Q ahomomorphism with
Ime C JQ . There is a one-to-one correspondence between the equiva-
lence classes of homomorphisms f: P' — P such that B® f = ¢ and
the double cosets

(3) Autp \ Aut Q x AutQ'/ Aut P x Aut P’
where Aut ¢ denotes the subgroup { (g, h) € Aut Q x Aut Q' | gp = ph }.

Namely, the coset containing a pair (g, h) corresponds to the homo-

morphism f which coincides with g~'ph under the identification of
Homa (P, JP) and Homp(Q', JQ).

Put P = P/JP and Q = Q/JQ. Note that always JQ = JP and
Aut P contains the “congruence subgroup”

Aut(Q,J) ={ge AwtQ| Im(g —id) C JQ } .

Moreover, an endomorphism ¢ of @ is invertible if and only if it is
invertible modulo .J. Therefore, the set (3) can be identified with

(4) Autp\ Aut Q x Aut Q'/ Aut P x Aut P/,

where Aut ¢ is the image of Aut ¢ in Aut Q x Aut Q'

Every homomorphism ¢ : Q' — @Q of projective B-modules is equiv-
alent to a direct sum of homomorphisms of the forms ¢;;;, : B; — B;.
Here (ij) € {(11),(22),(33),(34), (43), (44) }, k is a non-negative inte-
ger or, if ¢« = j, maybe k = £oo. If k # £o0, the homomorphism ¢;;
is the multiplication by 2¢*! for ¢ = j, the multiplication on the right
by 2%h for (ij) = (34) and by 2%p for (ij) = (43); @i denotes the
homomorphism 0 — P; and ¢;; 4o the homomorphism P; — 0.

The rings A/J and B/J are semi-simple; A; (i = 1,2) and B; (j =
1,2,3,4) are their simple modules. Moreover, B; ~ B3 ~ A; and
B, ~ B, ~ A, as A-modules, and the isomorphisms B@a A; ~ B; & Bs,
B ®a A; ~ By @ By induce the diagonal embeddings

EndA; ~F, — EndB; x EndB; ~ Fg,
EndA; ~F, — EndB, x EndBy ~ F3,
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For p : Q' — @, ¥ : Q) — @1, one denotes:
Hom(p,¥) = { (w,v) |u: Q@ — Q1,v: Q — Q) ,up=yv},

H(p,v) and H'(p, 1)) the projections of Hom(p, 1), respectively, onto
Homg(Q,Q,) and Homg(Q’, Q). One easily calculates these groups
when ¢, 1) run through { ¢;;i }. It is convenient to present the result in
the following way. Consider the new symbols v(ijk) and v'(ijk), where
the triples (ijk) are as before except v(ii, +00) and v'(ii, —00), which
are forbidden. We define an ordering on the set of these symbols putting
v(ijk) < v(i'7'k') if H(e(ijk),p(i'j'k")) # 0 and v'(ijk) < o'(i'j'K') if
H'(p(ijk), p(i'j'k")) # 0 (then all these groups are isomorphic to [Fy).
Here is the table describing this ordering:

v(ijk) < v(igk') it K <k,

v(33k) < v(34K') if K’ < k, otherwise v(34k") < v(33k),
v(44k) < v(43K') if k' <k, otherwise v(43k") < v(44k),
V' (igk) < o' (ijk') itk <k,

v'(33k) < v'(43K") if k < k', otherwise v'(43k") < v'(33k),
V' (44k) < o'(34K") if k < k', otherwise v'(34k") < v'(44k).
Now one can easily see that we have obtained a special case of the

so called “bunch of chains” (cf. [7] or Appendix). Namely, put I =
{1,2,3,4,5,6,7,8 }, consider the following chains:

Qfl—{v(llk)} S1={1}
= {v(22k) } F2={2}
= { v(33k), v(34k) } S3=1{3}

934—{2)(4%) v(44k) } Fa=1{4}
= {v'(11k) } §={1}
= {v'(22k) } Fo=1{2"}

€7 {v'(33k),v'(43k) } S7=13"}

&y = {V/(34k),v'(44k) } Ss={4"}

(with the above defined ordering) and define an equivalence relation ~
on the union of these chains such that the only non-trivial equivalences
are: v(ijk) ~ v'(ijk) for k #00, 1 ~3,2~4, 1" ~3,2 ~4". One
gets in this way a bunch of chains X = {1, &, §;,~}. We are going to
establish relations between representations of this bunch over the field
Fy and quadratic modules. Thus, in all references to [7] or Appendix
one supposes k = Fy. We write z —y if z € &, y € §; (with the
same 1) or vice versa and denote by U the bimodule corresponding to

the bunch X (cf. Apendix).
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For every equivalence class a of the relation ~ or, the same, for an
object of the category C = C(X) (cf. Appendix), put

B; if a > v(ijk) for some 7,k
Orla) = 0(ijk) j
0  otherwise

0  otherwise

/(a) = {Bj if a3 v(ijk) for some i,k

0 otherwise

Qr(a) = {Bi@Bj if a={i,7}C{1,2,3,4}

, . [Bi@B; ifa={ij}C{1,2,3,4}
QF(G) = .
0 otherwise

If ¢ = @a, is an object of the category C* (the additive hull of
C), put Qrl(c) = B, Qulan), the same for Qp(c), Qr(c), Qplc).
Note that U(a,b) # 0 if and only if a C §F, b C & and there are
T € a, y € b such that x —y, in which case this space is 1-dimensional
and can be identified with one of the spaces Homg(Qr(a),Qg(b))
or Homgp(Q(a), (b)), namely, the non-zero one. Hence, any el-
ement u € U(c,c¢) can be considered as a pair of homomorphisms
(a(u), o’ (u)), where a(u) : Qp(c) — Qp(c) and o'(u) : Qp(c) —
Q'-(c). Call such an element u (i.e., a representation of the bunch
X) balanced if both a(u) and o'(u) are isomorphisms and there are
such projective A-modules P, P’ that Qp(c) ~ B®a P and Qx(c) ~
B ®a P’. Then the following result is immediate.

Theorem 4.2. There is a one-to-one correspondence between the equiv-
alence classes of homomorphisms of projective A-modules f : P' — P
such that ITm f C JP and the isomorphism classes of balanced repre-
sentations of the bunch of chains X.

5. DESCRIPTION

Now we are able to use the results of [7] in order to describe the
projective presentations of quadratic modules (or, the same, of A-
modules). We rearrange a bit the definitions of [7] or Appendix in
order to make them more adequate to the specific structure of our con-
crete bunch of chains X as well as to the “balancedness condition” of
Theorem 4.2. One writes z € X and says that x is an element of X if
x is an element of one of the chains &; or §;. One also writes x — y if

r € €& and y € §; with the same ¢ or vice versa.
11



Definition 5.1. (1) An X-word (or simply a word) is a finite se-
quence w = x1raxol3 ... rply, where z; € X and r; € {—,~},
satisfying the following conditions:

(a) For every i = 2,...,n, ;_1r;x; in the above defined sense.
(b) Forevery i =2,...,n— 1, r; # ri1.

(2) An X-word w = zyrexers. .. Tox, is called balanced if n > 1
and both z; and x,, are of the form wv(ii, —00) or v'(ii, +00).
(Note that in this case necessarily ro = r, = — and n = 0
(mod 4).) Moreover, if n = 4, we suppose that either x; or
x4 is of the form v(ii, —00).

(3) An X-word w = x11929r3 . . . T2y, is called cyclic if o = 7, and
xprixy, where r; € {~,—} and 7 # r,. For such a word, we
put zg = x, and z,41 = x1. (Note that in this case necessarily
n=0 (mod 8).)

(4) A cyclic X-word is called aperiodic if it cannot be obtained as a
repetition of a shorter word: w # wrwr...w for r € {—,~}.

(5) A cyclic word w = xyrexers ... T, is called normalized if it
is aperiodic, 79 =1, =~ and x; € §; for some 1.

(The last notion is not but a technical one making easier the
definition of “bands” nearby.)

In [7] (cf. also Appendix) a complete description of the representa-
tions of a bunch of chains was given in terms of the so called strings and
bands. We are going to translate it to the description of A-modules
via Theorem 4.2. To this purpose, we introduce some notions and
notations.

Call an A-entry any word a of the form a = x ~ y, where x € §;
for some ¢ and = # y. For every A-entry a = x ~ y define two
projective A-modules P(a) and P’(a) putting:

A, if le{xzy}
(5) Pla)=<q Ay if 2e{z,y}
0 otherwise
(A, if Ve{zy}
(6) P'lla)=< A, if 2e€{z,y}
0  otherwise

(

\
For every word w, put P(w) = @, P(a) and P'(w) = @, P'(a),
where a runs through all subwords of w which are A-entries.

If a and o' are two subwords of w which are both A-entries, one says
that they are related in w by the triple (ijk) if they are contained in a
subword of the form a—w(a,a’)—a’, where w(a,d’) = v(ijk) ~ v'(ijk),
12



or of the form o' —w(a,a’)—a, where w(a,a’) = v'(ijk) ~ v(ijk). Note
that in both cases P(a') = P'(a) =0, while P(a) and P’(a’) are non-
zero. (In particular, this relation between a and a’ is not symmetric.)
We call w(a,a’) the relating subword for a,a’. If w is a normalized
cyclic word, we also include the case when a = x, 3 ~ z, o, d =
x1 ~ o or vice versa and w(a,ad’) =x, 1 ~ z,.

Now define the homomorphisms 6(ijk) : A; — A;, where k > 0 or
k=0 and i # j. Namely, 0(ijk) is the multiplication to the right by

the following element of the ring A :

(2“1,0, <8 8)) ifi=j5=1

(2’““ (8 8)) if i=7=2
(0,0,(21{:+1 8)) if i=45=3
(o,o,( )) i 0= j — 4
(.0.(8 9)) i

k+1
(0,0,(8 20 )) if i=4,j=23

Definition 5.2. Let w = zyrexaers...r,z, be a balanced X-word.
Then the corresponding string homomorphism c(w) : P'(w) — P(w)
is defined as one whose only non-zero components with respect to
the decompositions P(w) = @, P(a) and P'(w) = @, P'(a) are
P'(a') — P(a) if a and &' are related in w by a triple (ijk), the
corresponding component being 6(ijk) .

The string module C(w) is defined as Coker c(w) .

Note that the string homomorphism can be defined also when n = 4
and both z; and x4 are of the form v'(i7, +00) , but then it is the zero
mapping A; — 0, hence, gives rise to the zero module.

Definition 5.3. Let now w = xrx175 ... 7,2, be a normalized cyclic
word, 7(t) # t¢ be a primary polynomial over the filed Fy, i.e., a
power of an irreducible one, d = degm(t). Denote by ® the Frobe-
nius matrix with the characteristic polynomial 7(t) and by I the
unit d x d matrix. Then the band homomorphism b(w,m(t)) is de-
fined as the mapping dP'(w) — dP(w), whose only non-zero com-

ponents with respect to the decompositions dP(w) = @, dP(a) and
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dP'(w) = @,dP'(a) are dP'(a’) — dP(a) if a and o are related
in w by a triple (ijk), the corresponding component being 6(ijk)I ,
except of the case when the relating subword w(a,a’) is the subword
Tp_1 ~ T, (hence, {a,d'} = {x; ~ w9, &, 3~ 2, 2}); in the latter
case the corresponding component is 6(ijk)P .

The band module B(w,w(t)) is defined as Coker b(w, (1)) .

The following classification is an immediate consequence of that
given in [7].

Theorem 5.4. (1) For every balanced word w, the string A-module
C(w) is indecomposable and for every pair (w,m(t)) with w a
normalized cyclic word, ©(t) # t% a primary polynomial over
Fy, the band A-module B(w,w(t)) is also indecomposable.

(2) Every finitely generated A-module decomposes uniquely into a
direct sum of modules isomorphic to string and band A-modules.
(3) The only isomorphisms between different string and band A-
modules are the following:
(a) C(w) ~ C(w*), where w* is the reversed word to w, i.e.,
wa = I172X2T3 ...TnTy then w* = TpTp ...T3T2T277.
(b) B(w,n(t)) ~ B(w®,x(t)) where s is a positive integer
divisible by 4 and w® is the s-shift of w, i.e., if w =
T1T2To ... TpTp then w(s) = X4 1T542Ls12 .. . Tnpn—TL1...TsLs.
(The condition “4 | s” is necessary in order that w(®) were
also a normalizes cyclic word.)
(¢) B(w,m(t)) ~ B(w* =2 7*(t)) for s as above and m*(t) =
tdw(1/t) where d = degm(t).

6. COROLLARIES

We present some corollaries of the description of the A (z)-modules
given above. First, note that one can also construct string and band
modules for the ring A just in the same way as it has been done in Sec-
tion 6 for its localization A (o). To be accurate, we will denote from now
on the string and band Ag)-modules by Cpo)(w) and B)(w,n(t)),
while the notations C(w) and B(w,n(t)) will be used for the string
and band A-modules. Denote also by B(i,p, k) the factor-module
Bi/p*B;, where i € {1,2,3,4},k € N and p is an odd prime. As
the “local” string and band modules are indeed the 2-localizations of
the “global” ones, Theorems 3.1 and 5.4 imply the following complete
description of finitely generated A-modules (or, the same, quadratic
modules).

14



Theorem 6.1. (1) For every balanced word w, the string A-module
C(w) is indecomposable and for every pair (w,m(t)) with w a
normalized cyclic word, w(t) # t* a primary polynomial over
Fy, the band A-module B(w,w(t)) is also indecomposable.

(2) Every finitely generated A-module decomposes uniquely into a
direct sum of modules isomorphic to string and band A-modules
and to modules B(i,p, k) .

(3) The only isomorphisms between different string and band A-
modules are the following:

(a) C(w) ~ C(w*).
(b) B(w,7(t)) ~ B(w®,n(t)) ~ B(w**~2 x*(t)) where s is
a positive integer divisible by 4.

(4) Neither two different modules B(i,p, k) are isomorphic and nei-

ther of them is isomorphic to a string or band module.

We are also able to write down generators and relations for in-
decomposable quadratic modules. Namely, we say that a balanced
word w = x179%s...T,x,, as well as the corresponding string mod-
ule, is of type —oo (resp., +oo or 4o0o0) if both ends of w are of
the form wv(ii, —00) (resp., both are v/(ii,+o00) or one is v(ii, —0c0)
and the other is v'(jj, +00)). Certainly, in the latter case (Fo0),
one can always suppose (and we shall do it) that z; = wv(i7, —00)
and x, = v'(jj,+00). Just in the same way, we shall suppose that a
normalized cyclic word w starts from z; € {1,2,3,4}. Hence, such
words are of the following forms:

e word of type +o00:
v(i181, —00) — iy ~ iy — v(igjrk1) ~ V' (iaf1k1)—
— j1 ~ jo — V' (igfaka) ~ -+ ~ U (lamJom—1kom—1)—
- jém—l ~ Jém - U/(ijj2m7 +OO)
e word of type —oo:
U(il’il, —OO) — le ~ iz — U(’inlkl) ~ Ul(igjlkl)—
- ji ~ Jé - U/<i3j2k2) ~ s~ U(iam—1 Jam—2kom—2) —
- Z-Zm—l ~ Z‘2m - U(Z-széma _OO)
e word of type +o0:
V' (j-1j-1, +00) — "1 ~ jo — V' (irjoko) ~ v(irjoko)—
— iy ~ 1y — v(iagiky) ~ -+ ~ U (lomJam—1kam—1)—
- jém—l ~ jém - /U,(jij2m7 +OO)
15



e normalized cyclic word:
i1 ~ g — v(igfiki) ~ V' (i2jik1) — ji ~ jo—
— V' (igfaka) ~ -+ ~ U (lam—1J2m—2Kk2m—2) = Jom_1 ~
~ Jom — V' (i1 J2mbom) ~ v(i1j2mbom)
Define the following operators acting on any quadratic module M :
Ry =2—- PH, Ry =2— HP,
Rys=PH, Ry=HP, R3y=H, Ry;=RP.
Here Ry, and R33 are mappings M; — M;, Ro and Ry are map-

pings MQ — MQ, while R34 : M2 — Ml and R43 : M1 — MQ .

(Indeed, R;; corresponds to the multiplication by 6(ij0).)

Corollary 6.2. (1) If an indecomposable quadratic module M cor-
responds to one of the balanced words described above, it is gen-
erated by the elements g, (v =1,2,...,m ) such that g, € M
if i, € {1,3} and g, € My if iy, € {2,4}. These elements
are subject to the following defining relations:

(7) 2k2u71Ri2uj2y71 g + 2162]/ Ri2u+1j2ugu+1 =0.

(We put go = gms1 =0.)
(2) If an indecomposable quadratic module M corresponds to a nor-
malized cyclic word described above and to a primary polynomial
m(t) =t +ait™ + - +aq (a, €{0,1}), it is generated by
the elements g,, (v=1,2,...,m, p=1,2,...,d) such that
gl,u S M1 Zf igy € {1,3} and gl’ﬂ S M2 ’lf igy € {2,4}
These elements are subject to the following defining relations:
2k2u71Ri2uj2u71gvu + QkQVRi2V+1j2ugV+17,U =0if v < m,
2k2m71Ri2mJ’2m71gm# + QkZmRiljémgL/ﬁ-l =01t p<d,
(8) a
2k2m_1Ri2mj2m—1gmd - Zkathzm Z auglu =0.
pn=1
Remark. Certainly, the generators of M; as of abelian group are, for
string modules:
{g, phg, g, € Mi}U{pg, |g € Ma},

while for band modules:

{gulm phguu | guu € Ml } U {pguu | guu S MQ}

and those of M, are, for string modules:

{gw hpgulgVEMQ}U{th|gV€Ml}a
16



while for band modules:

{gu,uv hpguu|gz/u € M2}U {hguu’gl/u € Ml} .

One can easily deduce the defining relations for these elements from
the relations (7),(8): one only has to multiply each of them by h and
ph or by p and hp.

Evidently, the projective indecomposable A-modules A; and A,
correspond to the words, respectively, v(11, —00) —1 ~ 3 —v(33, —00)
and v(22, —00)—2 ~ 4—v(44, —o0) (the only balanced words of length
4). The description given by Theorem 6.1 allows easily to calculate pro-
jective resolutions of quadratic modules. First, it implies immediately
the following result.

Proposition 6.3. The kernels of string and band morphisms are the
following:
e Kerb(w,n(t))=0;
o Kerc(w) = 0 if both ends of the word w are of the form
v(1i, —00) ;
o Kerc(w) =~ By if one end of the word w is v'(ii,+00) and
the other is v(jj, —o0) ;
o Kerc(w) ~ By, ® By if both ends of w are v'(ii, +00) and
V'(jd, +00)
where A(1) =1, A\(2) =2, A\(3) =4, \(4) =3.

Now note that each module B; has a periodic projective resolution
of period 4. Here they are:

.%AQ&Alﬂ)Al&AQ&AQLAIHBI
.—>A1&A2&A2&A1&A1&A2%BQ
AR A TS A, A A S A B
Ay A TR A TS A S A A, — By
where oy = 60(341), as = 60(221), as =0(431), ay = 6(111).

Corollary 6.4. (1) A quadratic module M is of finite projective

dimension if and only if it contains no string summands of type

+o00 or +oo. In this case either M is projective (hence, a

direct sum of modules isomorphic to A;) or pr.dimM = 1.

Otherwise, pr.dim M = oco.
(2) Any quadratic module M has a periodic projective resolution

PP M—0

of period 4, namely, such that v, 4 = v, for every n > 2.
17
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In particular, we obtain the value of the finitistic dimension [1] of
the ring A or, the same, of the category of quadratic modules.

Corollary 6.5. fin.dimA =1.

We are also able to calculate the torsion free part fM of every
indecomposable quadratic A-module M .

Corollary 6.6. The torsion free parts of non-projective string and band
modules are the following:
o fB(w,n(t)) =0;
o fC(w) =0 if both ends of w are of the form v'(ii,+00) ;
o fC(w) ~ B; if one of the ends of w is v(it,—00) and the other
is V'(jj, +00) ;
o fC(w) ~ B;®B; if both ends of w are v(ii, —00) and v(jj, —o0)
and w is not of length 4.

APPENDIX: BUNCHES OF CHAINS

Here we recall some definitions and results related to the bunches of
chains considered by Bondarenko in [7]. We rearrange the definitions
to make them more convenient for our purpose and consider only the
case of chains (not semi-chains) as we need only this one and it is
technically much easier. In what follows k denotes an arbitrary field.

Definition A.7. A bunch of chains X = {1, &;,F;,~} is defined by
the following data:

(1) A set I of indexes.

(2) Two chains (i.e., linear ordered sets) &; and §; given for each
1el.
Put € := ;4 ¢, §:= U8 and |X]:=€CUF.

(3) An equivalence relation ~ on |X| such that each equivalence
class consists of at most 2 elements.

We also write z —y if z € €, y € §; or vice versa (with the same
index 7). Moreover, we consider the ordering on |X| which is just
the union of all orderings on &; and §; (i.e., * < y means that x,y
belong to the same chain &; or §; and x < y in this chain).

If a bunch of chains X = {I, &;,§,;,~} is given, define the corre-
sponding k-category C = C(X) and the corresponding C-bimodule
U= U(X) as follows:

e The objects of C are the equivalence classes of |X| with respect

to ~.
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e If a,b are two such equivalence classes, a basis of the morphism
space C(a,b) consists of elements p,, with y € a, x € b, y <
x and, if a = b, the identity morphism 1, .

e The multiplication is given by the rule: pyp,. = p,. if 2z <
y < x, while all other possible products are zeros.

e A basis of U(a,b) consists of elements u,, with z € bN €&,
yc€ang and z —y.

e The action of C on U is given by the rule: p.,ug, = u,, if
T < 2} UgyPyr = Uy if £ <y, while all other possible products
are Zeros.

We also consider the additive hull C* of the category C and the nat-
ural prolongation of the bimodule U onto C*° | which we also denote
by U.

The category of representations of the bunch X is then defined as the
category EI(U) of the elements of this bimodule [9]. In other words,
the objects of El(U) are the elements of |J, EI(A, A) where A runs
through the objects of C*. A morphism u — u’, where u € El(A, A),
u € El(A", A’), is a morphism « : A — A" such that au = v'a. One
can easily verify that this definition gives just the same representations
as the definition from [7]. Note that in [7] a more general situation was
investigated, but we only need this case, which is essentially simpler
than the general one. The following result is the specialization of the
description of the representations given in [7] to our case, though it can
be obtained directly using the same recursive procedure. First define
some combinatorial objects called “strings” and “bands.”

Definition A.8. Let X = {I, &;,§;,~} be a bunch of chains.

(1) An X-word is a sequence w = x171Tor3L3 . . . "Ly, , Where xy €

|X| and each ry is either ~ or —, such that:
(a) zp_irpry in |X|;
(b) if r, =~ then ryp,; = — and vice versa.

Possibly m =1, i.e., w=x for some z € |X|.

(2) Call an X-word w as above an X-cycle if ry = r,, =~ and
Ty — o1 . (Note that in this case m is always even.)

(3) Call an X-word full if, whenever x; is not a unique element in
its equivalence class, then ry =~ and, whenever z,, is not a
unique element in its equivalence class, then r,, =~.

(4) Call an X-cycle w = z17r9xs ... 1Ty aperiodic if it cannot be
written as a repetition of a shorter cycle v: w # vror...v for
any r € {—,~}.

(5) We say that an equivalence class a occurs in a word w if w

contains a subword z in case a = {x } is a singleton, or either
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a subword x ~ y or a subword y ~ x in case a = {z,y}
with « # y. In the former case we say that this occurrence
corresponds to the occurrence of x, while in the latter case we
say that it corresponds to both the occurrence of x and to the
occurrence of y. Denote by v(a,w) the number of occurrences
of a in w.

Definition A.9. For an X-word w = xiraxy...7rmT, call its ~-
subword any subword of the form v = x ~ y as well as that of the form
v = if x € X is unique in its equivalence class. In the latter case
put |v| = {2}, while in the former case put |v| ={z,y}. Denote by
[w] the collection of all ~-subwords of w.

Note that if w is a cycle, it contains no entries x € |¥| such that
x is unique in its equivalence class.

Definition A.10. For any full X-word w = zirexs...7 0T, , define
the corresponding string representation u = ug(w) of the bunch X as
follows:
(1) uweU(A A) where A=@D, ¢, [v]-
(2) Suppose there is a subword v; — vy in w with v; € [w]. Let
x be the right end of the word v; and y be the left end of the
word vy. Then U(A, A) has a direct summand U(|vy], [ve]) &
U(Jval, |v1]) and we define the corresponding components of u
to be (0,uy,) if x € € and (uy,,0) if z€ 5.
(3) All other components of u are defined to be zero.

Definition A.11. For any pair (w,n(t)) where w is an aperiodic X-
cycle and w(t) # t¢ is a primary polynomial over k (i.e., a power
of an irreducible one), define the corresponding band representation
u = up(w, 7(t)) of the bunch X as follows:

(1) uweU(A A) where A=EP, ., dlv|] and d = degm(t).

(2) Suppose there is a subword v; — vy in w with v; € [w]. Let

x be the right end of the word v; and y be the left end of the
word vy . Then U(A, A) has a direct summand

U(d|v1], dfva]) ® U(d|va|, dfv]) =
Mat(d x d, U([v ], [v2]) @ Mat(d x d, U(Jua], [v1])))

and we define the corresponding components of u to be (0, g, /)
if z € € and (uy,!,0) if € §, where I denotes the unit dxd
matrix.

(3) Let now v; be the last and vy be the first ~-subword in w

(they may coincide), = be the right end of the word v; and
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y be the left end of the word vy. Then U(A, A) has a direct
summand
U(dluvsl, dfvs|) & U(d]vs|, dlvy|) ~
Mat(d x d, U(|vy], |ve]) & Mat(d x d, U(|ve], |v1])))
and we define the corresponding components of u to be (0, uyy,J)
if € & and (uy,®,0) if 2 € §, where ¢ denotes the Frobe-

nius matrix with the characteristic polynomial (¢).
(4) All other components of u are defined to be zero.

Theorem A.12. (1) All representations ugs(w) and uy(w,7(t)) de-

fined above are indecomposable and each indecomposable repre-
sentation of X is isomorphic to one of these representations.

(2) The only possible isomorphisms between these representations
are the following:

(a) us(w) >~ ug(w*) if w=x 11922 ..TpTy and W = Tpry,
Tm_1...T12q , the reversed word.

(b) wp(w, m(t)) =~ up(w', 7' (1)) if w= x1romy. . . THTp, W =
Tokt+1 Tok+2Tokto - - - TokTog 1S @ cyclic permutation of w and
7'(t) = w(t) for k even, while for k odd «'(t) = tir(1/t) .

() wp(w,m(t)) ~ up(w', 7' (t)) if w= x17r9ms.. . T0Tp,, W =
TopTokTok_1 - - - TokroTokr1 S a cyclic permutation of the re-
versed word and ©'(t) = n(t) for k odd, while for k even
7' (t) = tir(1/t).

(d always denotes degm.)
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