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ABSTRACT. Motivated by the quest for a logic for PTIME and recent insights that the
descriptive complexity of problems from linear algebra is a crucial aspect of this problem,
we study the solvability of linear equation systems over finite groups and rings from the
viewpoint of logical (inter-)definability. All problems that we consider are decidable in
polynomial time, but not expressible in fixed-point logic with counting. They also provide
natural candidates for a separation of polynomial time from rank logics, which extend
fixed-point logics by operators for determining the rank of definable matrices and which
are sufficient for solvability problems over fields.

Based on the structure theory of finite rings, we establish logical reductions among
various solvability problems. Our results indicate that all solvability problems for linear
equation systems that separate fixed-point logic with counting from PTIME can be reduced
to solvability over commutative rings. Moreover, we prove closure properties for classes
of queries that reduce to solvability over rings, which provides normal forms for logics
extended with solvability operators.

We conclude by studying the extent to which fixed-point logic with counting can ex-
press problems in linear algebra over finite commutative rings, generalising known results
from [12] 20} 8] on the logical definability of linear-algebraic problems over finite fields.
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INTRODUCTION

The quest for a logic for PTIME [14} [I7] is one of the central open problems in both finite
model theory and database theory. Specifically, it asks whether there is a logic in which a
class of finite structures is expressible if, and only if, membership in the class is decidable
in deterministic polynomial time.

Much of the research in this area has focused on the logic FPC, the extension of in-
flationary fixed-point logic by counting terms. In fact, FPC has been shown to capture
PTIME on many natural classes of structures, including planar graphs and structures of
bounded tree-width [16], 17, 19]. Recently, it was shown by Grohe [I8] that FPC captures
polynomial time on all classes of graphs with excluded minors, a result that generalises
most of the previous capturing results. More recently, it has been shown that FPC can
express important algorithmic techniques, such as the ellipsoid method for solving linear
programs [1].

On the other side, already in 1992, Cai, Fiirer and Immerman [9] constructed a graph
query that can be decided in PTIME, but which is not definable in FPC. But while this
CFI query, as it is now called, is very elegant and has led to new insights in many different
areas, it can hardly be called a natural problem in polynomial time. Therefore, it was
often remarked that possibly all natural polynomial-time properties of finite structures
could be expressed in FPC. However, this hope was eventually refuted in a strong sense by
Atserias, Bulatov and Dawar [4] who proved that the important problem of solvability of
linear equation systems (over any finite Abelian group) is not definable in FPC and that,
indeed, the CFI query reduces to this problem. This motivates the study of the relationship
between finite model theory and linear algebra, and suggests that operators from linear
algebra could be a source of new extensions to fixed-point logic, in an attempt to find a
logical characterisation of PTIME. In [12], Dawar et al. pursued this direction of study by
adding operators for expressing the rank of definable matrices over finite fields to first-order
logic and fixed-point logic. They showed that fixed-point logic with rank operators (FPR)
can define not only the solvability of linear equation systems over finite fields, but also
the CFI query and essentially all other properties that were known to separate FPC from
PTIME. However, although FPR is strictly more expressive than FPC, it seems rather
unlikely that FPR suffices to capture PTIME on the class of all finite structures.

A natural class of problems that might witness such a separation arises from linear
equation systems over finite domains other than fields. Indeed, the results of Atserias,
Bulatov and Dawar [4] imply that FPC fails to express the solvability of linear equation
systems over any finite ring. On the other side, it is known that linear equation systems
over finite rings can be solved in polynomial time [2], but it is unclear whether any notion
of matrix rank is helpful for this purpose. We remark in this context that there are several
non-equivalent notions of matrix rank over rings, but both the computability in polynomial
time and the relationship to linear equation systems remains unclear. Thus, rather than
matrix rank, the solvability of linear equation systems could be used directly as a source of
operators (in the form of generalised quantifiers) for extending fixed-point logics.

Instead of introducing a host of new logics, with operators for various solvability prob-
lems, we set out here to investigate whether these problems are inter-definable. In other
words, are they reducible to each other within FPC? Clearly, if they are, then any logic
that generalises FPC and can define one, can also define the others. We thus study relations
between solvability problems over (finite) rings, fields and Abelian groups in the context of



DEFINABILITY OF LINEAR EQUATION SYSTEMS OVER GROUPS AND RINGS 3

logical many-to-one and Turing reductions, i.e., interpretations and generalised quantifiers.
In this way, we show that solvability both over Abelian groups and over arbitrary (pos-
sibly non-commutative) rings reduces to solvability over commutative rings. These results
indicate that all solvability problems for linear equation systems that separate FPC from
PTIME can be reduced to solvability over commutative rings. We also show that solvability
over commutative rings reduces to solvability over local rings, which are the basic building
blocks of finite commutative rings. Finally, in the other direction, we show that solvability
over rings with a linear order and solvability over local rings for which the maximal ideal is
generated by k elements, reduces to solvability over cyclic groups. Further, we prove closure
properties for classes of queries that reduce to solvability over rings, and establish normal
forms for first-order logic extended with operators for solvability over finite fields.

While it is known that solvability of linear equation systems over finite domains is not
expressible in fixed-point logic with counting, it has also been observed that the logic can
define many other natural problems from linear algebra. For instance, it is known that
over finite fields, the inverse to a non-singular matrix and the characteristic polynomial of a
square matrix can be defined in FPC [8],[12]. We conclude this paper by studying the extent
to which these results can be generalised to finite commutative rings. Specifically, we use
the structure theory of finite commutative rings to show that common basic problems in
linear algebra over rings reduce to the respective problems over local rings. Furthermore, we
show that over rings that split into a direct sum of k-generated local rings, matrix inverse
can be defined in FPC. Finally, we show that over the class of Galois rings, which are
finite rings that generalise finite fields and rings of the form Z,», there is a formula of FPC
which can define the coefficients of the characteristic polynomial of any square matrix. In
particular, this shows that the matrix determinant is definable in FPC over such rings.

1. BACKGROUND ON LOGIC AND ALGEBRA

Throughout this paper, all structures (and in particular, all algebraic structures such as
groups, rings and fields) are assumed to be finite. Furthermore, it is assumed that all
groups are Abelian, unless otherwise noted.

1.1. Logic and structures. The logics we consider in this paper include first-order logic
(FO) and inflationary fized-point logic (FP) as well as their extensions by counting terms,
which we denote by FOC and FPC, respectively. We also consider the extension of first-
order logic with operators for deterministic transitive closure, which we denote by DTC.
For details see [13, [14].

A wocabulary T is a sequence of relation and constant symbols (Ry,..., Rg,c1,...,¢p)
in which every R; has an arity 7; > 1. A T-structure A = (D(A), R, ... R& ¢ ... ,c?)
consists of a non-empty set D(A), called the domain of A, together with relations RZA C
D(A)" and constants cf* € D(A) for each ¢ < k and j < ¢. Given a logic L and a vocabulary
7, we write L[7] to denote the set of T-formulas of L. A 7-formula ¢(Z) with | Z| = k defines
a k-ary query that takes any 7-structure A to the set ¢(¥)* := {@ € D(A)* | A
¢ld]}. To evaluate formulas of counting logics like FOC and FPC we associate to each
7-structure A the two-sorted extension AT of A by adding as a second sort the standard
model of arithmetic N = (N, +,-). We assume that in such logics all variables (including
the fixed-point variables) are typed and we require that quantification over the second sort
is bounded by numerical terms in order to guarantee a polynomially bounded range of all
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quantifiers. To relate the original structure with the second sort we consider counting terms
of the form #z . ¢(x) which take as value the number of different elements a € D(A) such
that A1 = ¢(a). For details see [14 [12].

Interpretations and logical reductions. Consider signatures o and 7 and a logic L. An
m-ary L-interpretation of T in o is a sequence of formulas of L in vocabulary ¢ consisting
of: (i) a formula 6(Z); (ii) a formula (Z, ¥); (iii) for each relation symbol R € 7 of arity k,
a formula ¢r(Z1,...,7k); and (iv) for each constant symbol ¢ € 7, a formula 7.(Z), where
each Z, ¥ or T; is an m-tuple of free variables. We call m the width of the interpretation.
We say that an interpretation 7 associates a 7-structure Z(A) = B to a o-structure A if
there is a surjective map h from the m-tuples §(Z) = {@ € D(A)™ | A = ¢[d]} to B such
that'

h(ds) if, and only if, A | e[dy, ds];
° RB( (EL’ ), ..., h(dg)) if, and only if, A = ¢gldy,...,dx); and
B 1f and only if, A | ~.[d].

Lindstréom quantifiers and extensions. Let 0 = (Ry,..., Rx) be a vocabulary where
each relation symbol R; has arity r;, and consider a class IC of g-structures that is closed
under isomorphism.

With K and m > 1 we associate a Lindstrom quantifier Qi whose type is the tuple
(msri,...,r). For alogic L, we define the extension L(Q}*) by adding rules for constructing
formulas of the kind QxZsZ-Z1 ... 2Tk . (0,€,P1,...,0r), where 6, ¢, d1, ..., ¢ are T-formulas,
Zs has length m, Z. has length 2 - m and each &; has length m - r;. To define the semantics
of this new quantifier we associate the interpretation Z = ((Zs),e(Z:), (¢i(Zi))1<i<k) of
signature o in 7 of width m and we let A | QxZsZcZ1 ... Tk . (0,8,¢1,...,¢) if Z(A) is
defined and Z(A) € K as a o-structure (see [23],26]). Similarly we can consider the extension
of L by a collection Q of Lindstrom quantifiers. The logic L(Q) is defined by adding a rule for
constructing formulas with @, for each @) € Q, and the semantics is defined by considering
the semantics for each quantifier Q € Q, as above. Finally, we write (Qx) := {Q% | m > 1}
to denote the vectorised sequence of Lindstrom quantifiers associated with K (see [11]).

Definition 1.1 (Logical reductions). Let C be a class of o-structures and D a class of
T-structures closed under isomorphism.

e C is said to be L-many-to-one reducible to D (C <p, D) if there is an L-interpretation Z
of 7 in o such that for every o-structure A it holds that A € C if, and only if, Z(A) € D.
e C is said to be L-Turing reducible to D (C <y D) if C is definable in L((@p)). |

Note that as in the case of usual many-to-one and Turing-reductions, we have that whenever
a class C is L-many-to-one reducible to a class D, C is also L-Turing reducible to D.

1.2. Rings and systems of linear equations. We recall some definitions from commut-
ative and linear algebra, assuming that the reader has knowledge of basic algebra and group
theory (for further details see Atiyah et al. [3]). For m > 2, we write Z,, to denote the ring
of integers modulo m.

Commutative rings. Let (R,-,+,1,0) be a commutative ring. An element x € R is a
unit if xy = yx = 1 for some y € R and we denote by R* the set of all units. Moreover,
we say that y divides = (written y | x) if x = yz for some z € R. An element x € R is
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nilpotent if ™ = 0 for some n € N, and we call the least such n € N the nilpotency of
x. The element x € R is idempotent if x> = x. Clearly 0,1 € R are idempotent elements,
and we say that an idempotent z is non-trivial if « ¢ {0,1}. Two elements z,y € R are
orthogonal if xy = 0.

We say that R is a principal ideal ring if every ideal of R is generated by a single
element. An ideal m C R is called mazimal if m # R and there is no ideal m’ C R with
m C m'. A commutative ring R is local if it contains a unique maximal ideal m. Rings
that are both local and principal are called chain rings. For example, all prime rings Zyn
are chain rings and so too are all finite fields. More generally, a k-generated local ring is a
local ring for which the maximal ideal is generated by k elements. See McDonald [24] for
further background.

Remark 1.2. When we speak of a “commutative ring with a linear order”, then in general
the ordering does not respect the ring operations (cp. the notion of ordered rings from
algebra).

Systems of linear equations. We consider systems of linear equations over groups and
rings whose equations and variables are indexed by arbitrary sets, not necessarily ordered.
In the following, if I, J and X are finite and non-empty sets then an I x J matriz over X is
a function A : I x J — X. An [-vector over X is defined similarly as a function b : I — X.

A system of linear equations over a group G is a pair (A,b) with A: I xJ — {0,1} and
b: I — G. By viewing G as a Z-module (i.e. by defining the natural multiplication between
integers and group elements respecting 1-g = g, (n+1)-g =n-g+g,and (n—1)-g =n-g—g),
we write (A, b) as a matrix equation A-x = b, where x is a J-vector of variables that range
over G. The system (A, Db) is said to be solvable if there exists a solution vector ¢: J — G
such that A - ¢ = b, where we define multiplication of unordered matrices and vectors in
the usual way by (A-c)(i) = >_;c; A(i, j) - ¢(j) for all i € I. We represent linear equation
systems over groups as finite structures over the vocabulary Ties.q := (G, A, b, Tgroup ), Where
Teroup ‘= (+,€) denotes the language of groups, G is a unary relation symbol (identifying
the elements of the group) and A, b are two binary relation symbols.

Similarly, a system of linear equations over a commutative ring R is a pair (A4, b) where
A is an I x J matrix with entries in R and b is an I/-vector over R. As before, we usually
write (A, b) as a matrix equation A-x = b and say that (A, b) is solvable if there is a solution
vector ¢ : J — R such that A -c = b. In the case that the ring R is not commutative, we
represent linear systems in the form A, - x + (x' - A,)! = b, where A, is an I x J-matrix
over R and A, is a J x I-matrix over R, respectively.

We consider three different ways to represent linear systems over rings as relational struc-
tures. For simplicity, we just explain the case of linear systems over commutative rings
here. The encoding of linear systems over non-commutative rings is analogous. Firstly,
we consider the case where the ring is part of the structure. Let T, := (R, A,b, Tring),
where Tying = (+,-,1,0) is the language of rings, R is a unary relation symbol (identify-
ing the ring elements), and A and b are ternary and binary relation symbols, respectively.
Then a finite Teg-structure S describes the linear equation system (AS, bs) over the ring
RS = (RS,+8,.8). Secondly, we consider a similar encoding but with the additional as-
sumption that the elements of the ring (but not the equations or variables of the equation
systems) are linearly ordered. Such systems can be seen as finite structures over the vocabu-
lary ’7’1§s_r := (Tles.r, <). Finally, we consider linear equation systems over a fixed ring encoded
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in the vocabulary: for every ring R, we define the vocabulary nes(R) := (A, b, | 7 € R),
where for each r € R the symbols A, and b, are binary and unary, respectively. A finite
Ties(R)-structure S describes the linear equation system (A, b) over R where A(7,j) = r if,
and only if, (i,j) € AS and similarly for b (assuming that the AS form a partition of I x J
and that the b2 form a partition of I).

Finally, we say that two linear equation systems S and S’ are equivalent, if either both
systems are solvable or neither system is solvable.

2. SOLVABILITY PROBLEMS OVER DIFFERENT ALGEBRAIC DOMAINS

It follows from the work of Atserias, Bulatov and Dawar [4] that fixed-point logic with
counting cannot express solvability of linear equation systems (‘solvability problems’) over
any class of (finite) groups or rings. In this section we study solvability problems over such
different algebraic domains in terms of logical reductions. Our main result here is to show
that the solvability problem over groups (SLVAG) DTC-reduces to the corresponding prob-
lem over commutative rings (SLVCR) and that the solvability problem over commutative
rings which are equipped with a linear order (SLVCR ) FP-reduces to the solvability prob-
lem over cyclic groups (SLVvCYCG). Note that over any non-Abelian group, the solvability
problem already is NP-complete [15].

Our methods can be further adapted to SIvOYeG — SIVAG
show that solvability over arbitrary (that is,
not necessarily commutative) rings (SLVR) FPI DTCJ
DTC-reduces to SLvCR. We then con- DTG
sider the solvability problem restricted to SLVCR¢ «—— SLvCR —— SLVR
special classes of commutative rings: local FP_T] \\‘
rings (SLVLR) and k-generated local rings FO-T
(SLVLRy ), which generalises solvability over SLvLRy «—— SIVF SvLR

finite fields (SLvF). The reductions that we
establish are illustrated in Figure [1l

In the remainder of this section we de-
scribe three of the outlined reductions: from
commutative rings equipped with a linear
order to cyclic groups, from groups to commutative rings, and finally from general rings to
commutative rings. To give the remaining reductions from commutative rings to local rings
and from k-generated local rings to commutative linearly ordered rings we need to delve
further into the theory of finite commutative rings, which is the subject of §3l

FIGURE 1. Logical reductions between solv-
ability problems. Curved arrows (—) denote
inclusion of one class in another.

Let us start by considering the solvability problem over commutative rings that come
with a linear order. We want to construct an FP-reduction that translates from linear
systems over such rings to equivalent linear equation systems over cyclic groups. Hence, if
the ring is linearly ordered (and in particular if the ring is fixed), this shows that, up to
FP-definability, it suffices to analyse the solvability problem over cyclic groups.

The main idea of the reduction, which is given in full detail in the proof of Theorem 2.T],
is as follows: for a ring R = (R, +,-), we consider a decomposition of the additive group
(R,+) into a direct sum of cyclic groups (g1) @ --- @ (gx) for appropriate elements g; € R.
Then every element r € R can uniquely be identified with a k-tuple (ry,...,7%) € Zg, X
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- X Zy, where ¢; denotes the order of g; in (R,+), and furthermore, the addition in R
translates to component-wise addition (modulo ¢;) in Zy, x -+ X Zg, .

Having such a group decomposition at hand, this suggests to treat linear equations
component-wise, i.e. to let variables range over the cyclic summands (g;) and to split each
equation into a set of equations accordingly. In general, however, in contrast to the ring
addition, the ring multiplication will not be compatible with such a decomposition of the
group (R, +). Moreover, an expression of the ring elements with respect to a decomposition
of (R, +) has to be definable in fixed-point logic. To guarantee this last point, we make use
of the given linear ordering.

Theorem 2.1. SLVCR< <pp SLvCYCG.

Proof. Consider a system of linear equations (A4, b) over a commutative ring R of charac-
teristic m and let < be a linear order on R. In the following we describe a mapping that
translates the system (A, b) into a system of equations (A*,b*) over the cyclic group Z,,
which is solvable if, and only if, (A, b) has a solution over R. Observe that the group Z,,
can easily be interpreted in the ring R in fixed-point logic, for instance as the subgroup
of (R,+) generated by the multiplicative identity. Indeed, for the purpose of the following
construction we could also identify Z,, with the cyclic group generated by any element
r € R which has maximal order in (R, +).

Let {g1,...,9x} € R be a (minimal) generating set for the additive group (R,+) and
let ¢; denote the order of g; in (R,+). Moreover, let us choose the set of generators such
that that ¢1 | lo | --- | £ | m. From now on, we identify the group generated by g; with the
group Zy, /4iZm and thus have (R, +) 2 (Z,)* /(01 % X - - - X £3,Zy,). In this way we obtain
a unique representation for each element r € R as r = (rq,...,7,) where r; € Zp, /Ui,
Similarly, we can identify variables x ranging over R with tuples = = (x1,...,zx) where z;
ranges over Zy, /il

To translate a linear equation over R into an equivalent set of equations over Z,,, the
crucial step is to consider the multiplication of a coefficient r € R with a variable z with
respect to the chosen representation, i.e. the formal expression r-x = (r1,...,7r)-(z1, ..., 2k).
We observe that the ring multiplication is uniquely determined by the products of all pairs
of generators g; - g;, so we let g; - g; = ZZ 163+ gy, where ¢ € Zy, [y Ly, for 1 <y < k.

Now, let us reconsider the formal expressmn r -z from above where r;,x; € Zp,/lilm
for 1 <i <k, then we have

(rigi+ - +rege) - (T1g1+ -+ TRgk) = Y mwgzc 9y = Z( > e y)gy

i,j<k y=1 i<k
Here, the coefficient of generator g, in the last expression is an element in Z,,/lyZ,,

which in turn means that we have to reduce all summands r;x; CZ modulo ¢,. To see that this
transformation is sound, we choose z € Z,, arbitrary such that ord(glgj) | z—r;x;. However,

since it holds that £, | ord(g;g;)-cy " for all 1 < y < k we conclude that ze) = riw; cy] mod £,
forall 1 <i,j,y < k. Finally, since ¢, | m for all 1 <y < k we can uniformly consider all
terms as taking values in Z,, first, and then reduce the results modulo ¢, afterwards.

For notational convenience, let us set b;’y = Zle riczj , then we can write rz =
(Z?Zl b;’ll’j)gl +- 4+ (Z?Zl b;’kxj)gk. Note that the remaining multiplications between
variables x; and coefficients b;’y are just multiplications in Z,, /€y Z,
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However, for our translation we face a problem, since we cannot express that z; ranges
over Zp/liZy, as a linear equation over Z,,. To overcome this obstacle, let us first drop
the requirement completely, i.e. let us consider the multiplication of R in the form given
above lifted to the group (Zm)k. Furthermore, let m denote the natural group epimorphism
which maps (Z,,)* onto (R,+). We claim that for all 7,z € (Z;,)* we have 7(rz) =
7(r)m(x). Together with the fact that 7 is also a group homomorphism from (Z,,)* to
(R, +) this justifies doing all calculations in Z,, first, and reducing the result to (R, +) via 7
afterwards. To see that w(rz) = n(r)m(x) for all r,z € (Z,,)* let us denote by 7, the
natural group epimorphism from Z,, — Zy,/lyZy,. Note that for r = r1g1 + -+ + rrg, we
have 7(r) = m1(r1)g1 + -+ + 7k(rx)gx. Then we have to show that for all 1 < y < k we
have 7, (>, i<, riTie]) = Ty (D25 i<k Mi(1)7j (z;)cy). For this it suffices to show that for all
i,j < k we have my((riz; — mi(ri)mj(z;))cy) = 0. Let i« < j (the other case is symmetric),
then ord (g;g;) | ¢; | ¢; and thus by the definition of ¢/ we conclude that ¢, | ¢;¢;j. Since
;| £; we know that ¢; | (riz; — mi(r;)m;(x;)) which yields the result.

We are prepared to give the final reduction. In a first step we substitute each variable
x by a tuple of variables (z1,...,x) where x; takes values in Z,,. We then translate all
terms rx in the equations of the original system according to the above explanations and
split each equation e = c¢ into a set of k equations e; = c¢q,...,e; = ¢ according to the
decomposition of (R, +). We finally have to address the issue that the set of new equations
is not equivalent to the original equation e = c; indeed, we really want to introduce the
set of equations m(e1) = mi(c1),...,mk(ex) = mk(cx). However, this problem can be solved
easily as for all 1 <i < k the linear equation m;(e;) = m;(¢;) over Zy, /;Zy, is equivalent to
the linear equation ¢;e; = £;¢; over Zy,.

Hence, altogether we obtain a system of linear equations (A*, b*) over Z,, which is
solvable if, and only if, the original system (A, b) has a solution over R.

We proceed to explain that the mapping (A, b) — (A*,b*) can be expressed in FP. Here,
we crucially rely on the given order on R to fix a set of generators. More specifically, as we
can compute a set of generators in time polynomial in | R|, it follows from the Immerman-
Vardi theorem [21], 28] that there is an FP-formula ¢(x) such that ¢(z)® = {g1,..., g1}
generates (R,+) and g1 < --- < gx. Having fixed a set of generators, it is obvious that
the map ¢ : R — (Zn)*/(01Zm % - X £Zy,) taking © + (r1,...,73), is FP-definable.
Furthermore, the map (r,y, j) — b;’y can easily be formalised in FP, since the coefficients are
just obtained by performing a polynomial-bounded number of ring operations. Splitting the
original system of equations component-wise into k systems of linear equations, multiplying
them with a coefficient ¢; and combining them again to a single system over Z,, is trivial.

Finally, we note that a linear system over the ring Z,, can be reduced to an equivalent
system over the group Z,,, by rewriting terms ax with a € Z,, as x+z+---+x (a-times).[]

Note that in the proof we crucially rely on the fact that we have given a linear order
on the ring R to be able to fix a set of generators of the Abelian group (R, +).
So far, we have shown that the solvability problem over linearly ordered commutative rings
can be reduced to the solvability problem over groups. This raises the question whether a
translation in the other direction is also possible; that is, whether we can reduce the solv-
ability problem over groups to the solvability problem over commutative rings. Essentially,
such a reduction requires a logical interpretation of a commutative ring in a group, which
is what we describe in the proof of the following theorem.
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Theorem 2.2. SLVAG <ptc SLvCR.

Proof. Let (A,b) be a system of linear equations over a group (G,+¢q,e), where A €
{0,13*7 and b € G!. For the reduction, we first construct a commutative ring ¢(G)
from G and then lift (A4, b) to a system of equations (A*, b*) which is solvable over ¢(G) if,
and only if, (A, b) is solvable over G.

We consider G as a Z-module in the usual way and write -z for multiplication of group
elements by integers. Let d be the least common multiple of the order of all group elements.
Then we have ordg(g) | d for all g € G, where ordg(g) denotes the order of g. This allows us
to obtain from -z a well-defined multiplication of G by elements of Zg = {[0]4, ..., [d — 1]4}
which commutes with group addition. We write +4 and -4 for addition and multiplication
in Zg4, where [0]; and [1]4 denote the additive and multiplicative identities, respectively.
We now consider the set G x Zg as a group, with component-wise addition defined by
(91,m1) + (92, m2) := (g1 +G g2, M1 +4qm2), for all (g1, m1), (g2, m2) € G X Zg, and identity
element 0 = (e, [0]4). We endow G X Zg with a multiplication e which is defined as (g1, m1)e
(g2:m2) := ((g91 -z m2 +¢ g2 -z m1), (m1 -am2)).

It is easily verified that this multiplication is associative, commutative and distributive
over +. It follows that ¢(G) := (G X Zg,+,e,1,0) is a commutative ring, with identity
1 =(e,[1]g). For g € G and z € Z we set § := (g,[0]q) € ¢(G) and Z := (e, [2]q) € ¢(G).
Let ¢ : ZUG — ¢(G) be the map defined by x — T. Extending ¢ to relations in the obvious
way, we write A* := 1(A) € 1(Zyg)"*7 and b* := 1(b) € 1(G)!.

Claim. The system (A*,b*) is solvable over ¢(G) if, and only if, (A4, b) is solvable over G.

Proof of claim. In one direction, observe that a solution s to (A, b) gives the solution ¢(s) to
(A*,b*). For the other direction, suppose that s € ¢(G)” is a vector such that A* -s = b*.
Since each element (g, [m]q) € ¢(G) can be written uniquely as (g, [m]q) = g + ™M, we write
S =84 + S, where s, € (G)7 and s,, € 1(Zg)”. Observe that we have gem € «(G) C ¢(G)
and mem € 1(Zg) C ¢(G) for all g € G and n,m € Z. Hence, it follows that A*-s, € 1(Zg)’
and A*-s, € 1(G)!. Now, since b* € 1(G)!, we have b* = A* s = A* -5, + A* -5, = A* - 5.
Hence, s, gives a solution to (A,b), as required.

All that remains is to show that our reduction can be formalised as an interpretation in
DTC. Essentially, this comes down to showing that the ring ¢(G) can be interpreted in G by
formulas of DTC. By elementary group theory, we know that for elements g € G of maximal
order we have ord (¢) = d. It is not hard to see that the set of group elements of maximal
order can be defined in DTC; for example, for any fixed g € G the set of elements of the
form n - g for n > 0 is DTC-definable as a reachability query in the deterministic directed
graph E = {(z,y) : y = x+g}. Hence, we can interpret Z; in G, and as on ordered domains,
DTC expresses all LOGSPACE-computable queries (see e.g. [14]) the multiplication of ¢(G)
is also DT C-definable, which completes the proof. ]

We conclude this section by discussing the solvability problem over general (i.e. not neces-
sarily commutative) rings R. Over such rings, linear equation systems have a representation
of the form A;-x + (x' - A,)! = b where A, and A, are two coefficient matrices over R.
This representation takes into account the difference between left and right multiplication
of variables with coefficients from the ring.

First of all, if the ring comes with a linear ordering, then it is easy to adapt the proof
of Theorem [2.] for the case of non-commutative rings. Hence, in this case we obtain
again an FP-reduction to the solvability problem over cyclic groups. Moreover, in what
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follows we are going to establish a DT C-reduction from the solvability problem over general
rings to the solvability problem over commutative rings R. These results indicate that
from the viewpoint of FP-definability the solvability problem does not become harder when
considered over arbitrary (i.e. possibly non-commutative) rings.

As a technical preparation, we first give a first-order interpretation that transforms a
linear equation systems over R into an equivalent system with the following property: the
linear equation system is solvable if, and only if, the solution space contains a numerical
solution, i.e. a solution over Z.

Lemma 2.3. There is an FO-interpretation T of Ties.y in Ties.r Such that for every linear
equation system S : Ay -x+ (x - A,)t = b over R, Z(S) describes a linear equation system
S* 1 A* -z x* = b* owver the Z-module (R,+) such that S is solvable over R if, and only if,
S* has a solution over Z.

Proof. Let Ay € R™/ A, € R’”*! and b € R!. By duplicating each variable we can assume
that for every j € J we have that Ay(i,5) = 0 for all i € I, or A,(j,i) =0 for all i € I, i.e.
we assume that each variable occurs only with either left-hand or right-hand coefficients.
For S*, we introduce for each variable z; (j € J) and each element s € R a new variable 7,
i.e. the index set for the variables of S* is J x R. Finally, we replace all terms of the form
rz; by Y oicn rsz;, and similarly, terms of the form z;r by Y scR sraj. If we let the new
variables xj take values in Z, then we obtain a new linear equation system of the desired
form S* : A* .z x* = b* over the Z-module (R, +). It is easy to see that this transformation
can be formalised by an FO-interpretation Z.

Finally we observe that the newly constructed linear equation system S* is equivalent
to the original system S. To see this, assume that x € R’ is a solution of the original
system. By setting z7 =1 if z; = s and by setting x3 = 0 otherwise, we obtain a solution

x* € Z"*J of the system S*. For the other direction, assume that x* € Z%#*7 is a solution
of S*. Then we set x; 1= > psx] =) ;s to get a solution x for the system S. [

By Lemma [2.3] we can restrict to linear equation systems (A4, b) over the Z-module (R, +)
where variables take values in Z. However, since Z is an infinite domain, we let d =
max{ord(r) : r € R} denote the maximal order of elements in the group (R,+). Then we
can also treat (A,b) as an equivalent linear equation system over the Zs-module (R, +).

At this point, we reuse our construction from Theorem to obtain a linear system
(A*,b*) over the commutative ring R* := ¢((R,+)), where A* := ((A) and b* := ((b). We
claim that (A*,b*) is solvable over R* if, and only if, (A, b) is solvable over R. For the
non-trivial direction, suppose s is a solution to (A*,b*) and decompose s = s; + s,, into
group elements and number elements, as explained in the proof of Theorem Recalling
that 7; ¢ 7 = 0 for all r1,ry € R, it follows that A* e (s, +s,) = A* es,, = b*. Hence,
there is a solution s,, to (A*,b*) that consists only of number elements, as claimed. Thus
we obtain:

Theorem 2.4. SLVR <pr¢ SLVvCR.

3. THE STRUCTURE OF FINITE COMMUTATIVE RINGS

In this section we study structural properties of (finite) commutative rings and present the
remaining reductions for solvability outlined in §2} from commutative rings to local rings,
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and from k-generated local rings to commutative rings with a linear order. Recall that a
commutative ring R is local if it contains a unique maximal ideal m. The importance of
the notion of local rings comes from the fact that they are the basic building blocks of finite
commutative rings. We start by summarising some of their useful properties.

Proposition 3.1 (Properties of (finite) local rings). Let R be a finite commutative ring.

e If R is local, then the unique maximal ideal is m = R\ R*.

e R is local if, and only if, all idempotent elements in R are trivial.

e Ifx € R is idempotent then R=x-R® (1 —x) - R as a direct sum of rings.

e If R is local then its cardinality (and in particular its characteristic) is a prime power.

Proof. The first claim follows directly by the uniqueness of the maximal ideal m. For
the second part, assume R is local but contains a non-trivial idempotent element x, i.e.
(1l —z) =0 but x # 0,1. In this case x and (1 — z) are two non-units distinct from 0,
hence z, (1 —z) € m. But then z + (1 — ) = 1 € m which yields the contradiction. On the
other hand, if R only contains trivial idempotents, then we claim that every non-unit in R
is nilpotent: assume that x # 0 is a non-unit which is not nilpotent, then z"+t*™ = z" for
some m,n > 1 and all £ > 1 because R is finite. In particular,

nm nm nm—-n nm n-+nm nm—n

"M =" g " =g z =" g™

— xnm.

Since ™™ # 1 we have ™ = 0 which is a contradiction to our assumption that x is not
nilpotent. Hence we have that x is a non-unit if, and only if, x is nilpotent. Knowing this,
it is easy to verify that also sums of non-units are non-units, which implies that the set of
non-units forms a unique maximal ideal in R.

For the third part, assume = € R is idempotent. Then (1—z)? = (1 -2z +22) = (1—=z)
so (1 — x) is also idempotent. Furthermore, as x(1 — z) = 0 we see that x and (1 — z) are
orthogonal, and since x4 (1—z) = 1, any element r € R can be expressed as r = rx+r(1—x),
so we conclude that R = xR & (1 — x)R.

Finally, let R be local and suppose | R| = pFn where p { n. We want to show that
n = 1. Otherwise I, = {r € R | p*r = 0} and I,, = {r € R | nr = 0} would be two
proper distinct ideals. To see this, let z,y € Z with zpF + yn = 1. We first show that
I,N I, ={0}. Assume p*r = 0 = nr for some r € R, then zp*r + ynr = 0 and hence r = 0.
Furthermore we show that R = I, + I.: for each » € R we have that nr € I, pFr e I, and
so ynr+xpfr =r e (Ip+I,). This shows that R does not contain a unique maximal ideal,
and so R was not local. ]

By this proposition we know that finite commutative rings can be decomposed into local
summands that are principal ideals generated by pairwise orthogonal idempotent elements.
Indeed, this decomposition is unique (for more details, see e.g. [6]).

Proposition 3.2 (Decomposition into local rings). Let R be a (finite) commutative ring.
Then there is a unique set B(R) C R of pairwise orthogonal idempotent elements for which it
holds that (i) e- R is local for each e € B(R); (ii) }_.cpry € = 1; and (iii)) R = @, cppy € R-

We next show that the ring decomposition R = @eeB( R)€" R is FO-definable. As a first
step, we note that B(R) (the base of R) is FO-definable over R.

Lemma 3.3. There is a formula ¢(z) € FO(Tying) such that ¢(z) = B(R) for every (finite)
commutative ring R.
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Proof. We claim that B(R) consists precisely of those non-trivial idempotent elements of R
which cannot be expressed as the sum of two orthogonal non-trivial idempotent elements.
To establish this claim, consider an element e € B(R) and suppose that e = x + y where
x and y are orthogonal non-trivial idempotents. It follows that e is different from both
x and y, since if e = z, say, then y = e — x = 0 and similarly when e = y. Now ex =
re = x(x +y) = 22 + 2y = x and, similarly, ey = y. Since both ez and ey are idempotent
elements in eR, it follows that ex, ey € {0, e}, since eR is local with identity e and contains
no non-trivial idempotents. But by the above we know that ex =z # e and ey = y # ¢, so
ex = ey = x =y = 0. This contradicts the fact that e = x + y is non-trivial, so the original
assumption must be false.

Conversely, suppose z € R is a non-trivial idempotent element that cannot be written
as the sum of two orthogonal non-trivial idempotents. Writing B(R) = {e1,...,en}, we get
that

r=z(1) =z(er+ - +en) =xe1+- - + Tey,.
Each ze; is an idempotent element of e¢; R and since e; R is local, ze; must be trivial. Hence,
there are distinct f1,..., f, € B(R), with n < m, such that z = f; + -+ + f,,. But since x
cannot be written as a sum of two (or more) non-trivial idempotents, it follows that n = 1
and z € B(R), as claimed.

Now it is straightforward to write down a first-order formula that identifies exactly all non-
trivial idempotent elements that are not expressible as the sum of two non-trivial orthogonal
idempotents. Moreover, if R was already local then trivially B(R) = {1}. To test for locality,
it suffices by Proposition Bl to check whether all idempotent elements in R are trivial and
this can be expressed easily in first-order logic. L]

The next step is to show that the canonical mapping R — @eeB( R R can be defined
in FO. To this end, recall from Proposition Bl that for every e € B(R) (indeed, for any
idempotent element e € R), we can decompose the ring R as R=e¢-R® (1 —e) - R. This
fact allows us to define for all base elements e € B(R) the projection of elements r € R onto
the summand e - R in first-order logic, without having to keep track of all local summands
simultaneously.

Lemma 3.4. There is a formula ¥(x,y, z) € FO(Tping) such that for all rings R, e € B(R)
and r,s € R, it holds that (R,e,r,s) = if, and only if, s is the projection of r onto e - R.

Proof. The formula can simply be given as
Y(x,y,2) :==3a,b((y=z-a+(1—2)-b)A(z=x-a)).
(]
It follows that any relation over R can be decomposed in first-order logic according to the
decomposition of R into local summands. In particular, a linear equation system (A | b)

over R is solvable if, and only if, each of the projected linear equation systems (A° | b€) is
solvable over eR. Hence, we obtain:

Theorem 3.5. SLVCR <pgo.T SLVLR.

We now want to exploit the algebraic structure of finite local rings further. In §2] we proved
that solvability over rings with a linear ordering can be reduced in fixed-point logic to
solvability over cyclic groups. This naturally raises the question: which classes of rings can
be linearly ordered in fixed-point logic? By Lemma B4 we know that for this question it
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suffices to focus on local rings, which have a well-studied structure. The most basic local
rings are the rings Z,», and the natural ordering of such rings can be easily defined in FP
(since the additive group of Zy» is cyclic). Moreover, the same holds for finite fields as they
have a cyclic multiplicative group [20].

In the following lemma, we are able to generalise these insights in a strong sense: for any
fixed k > 1 we can define an ordering on the class of all local rings for which the maximal
ideal is generated by at most k elements. We refer to such rings as k-generated local rings.
Note that for £ = 1 we obtain the notion of chain rings which include all finite fields and rings
of the form Zyn. For increasing values of £ the structure of k-generated local rings becomes
more and more sophisticated. For instance, the ring Ry = Zo[X1, ..., Xx]/(X?,..., X?) is
a k-generated local ring which is not (k — 1)-generated.

Lemma 3.6 (Ordering k-generated local rings). There is an FP-formula ¢(x, 21, . . . , 2x; v, w)
such that for all k-generated local rings R there are a,m1,...,m € R such that

o'/, 7/ Z0,w) = {(a,b) € R x R| (R, o, ;a,b) = ¢},
is a linear order on R.

Proof. First of all, there are FP-formulas ¢, (x), ¢m(x), ¢g(x1,...,2) that define in any
k-generated local ring R the set of units, the maximal ideal m (i.e. the set of non-units)
and the property of being a set of size < k that generates the ideal m, respectively. More
precisely, for all (7q,...,m) € (bf we have that >, m R = ¢ff = m is the maximal ideal
of R and R* = ¢! = R\ m. In particular there is a first-order interpretation of the field
F:=R/m in R.

The idea of the following proof is to represent the elements of R as polynomial expres-
sions of a certain kind. Let ¢ := | F'| and define I'(R) := {r € R : 79 = r}. It can be seen
that T'(R) \ {0} forms a multiplicative group which is known as the Teichmiiller coordinate
set [6]. Now, the map ¢ : I'(R) — F' defined by r — r 4+ m is a bijection. Indeed, for two
different units r, s € I'(R) we have r — s ¢ m. Otherwise, we would have r — s = x for some
z €mand thus r = (s + 2)? = s + >, (9)a's?". Since ¢ € m and r — s =  we obtain
that = xy for some y € m. Hence z(1 — y) = 0 and since (1 —y) € R*, as in a local ring
the sum of a unit and a non-unit is always a unit, this means x = 0.

As explained above, we can define in FP an order on F' by fixing a generator @ € F'*
of the cyclic group F*. Combining this order with :~!, we obtain an FP-definable order
on I'(R). The importance of I'(R) now lies in the fact that every ring element can be
expressed as a polynomial expression over a set of k generators of the maximal ideal m with
coefficients lying in I'(R). To be precise, let 71,..., 7 € m be a set of generators for m, i.e.
m =mR+ .-+ 7R, where each 7; has nilpotency n; for 1 <i < k. We claim that we can
express r € R as

r= Z ail...ikﬂ'il s W]ik, with iy gy, € P(R) (P)
(i158k) Stex (N1 mk)
To see this, consider the following recursive algorithm:
o If r € R*, then for a unique a € I'(R) we have that r € a+m, sor = a+ (mr1+- - - +m7k)

for some ry,...,ry € R and we continue with ry,...,rg.
e Else r € m, and r = myry + - - - + w1y for some rq, ..., € R; continue with rq,...,rg.
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Observe that for all pairs a,b € I'(R) there exist elements ¢ € I'(R),r € m such that
ary'-omE btk = entomE 4 rmyt - mFL Since mt -k = 0if 4 > ny for some
1 < /¢ <k, the process is guaranteed to stop and the claim follows.

Note that this procedure neither yields a polynomial-time algorithm nor do we obtain a
unique expression, as for instance, the choice of elements r1,...,7, € R (in both recursion
steps) need not to be unique. However, knowing only the existence of an expression of this
kind, we can proceed as follows. For any sequence of exponents ({1, ..., 0k) <jex (n1,...,7)
define the ideal R[{q,...,¢;] < R as the set of all elements having an expression of the
form (P) where a;,..;, = 0 for all (i1,... i) <iex (41, .., k).

It is clear that we can define the ideal R[{q,..., /] in FP. Having this, we can use the
following recursive procedure to define a unique expression of the form (P)) for all r € R:

e Choose the minimal (iy,...,ix) <jex (n1,...,nk) such that r = aﬂil --m¥ + s for some
(minimal) a € I'(R) and s € RJiy,...,ix|. Continue the process with s.

Finally, the lexicographical ordering induced by the ordering on n; X --- X ng and the

ordering on I'(R) yields an FP-definable order on R (where we use the parameters to fix a

generator of F* and a set of generators of m). ]

Corollary 3.7. SLVLRk <FP.T SLVCRg <gp SLvCycG.

4. SOLVABILITY PROBLEMS UNDER LOGICAL REDUCTIONS

In the previous two sections we studied reductions between solvability problems over differ-
ent algebraic domains. Here we change our perspective and investigate classes of queries
that are reducible to the solvability problem over a fixed commutative ring. Our motivation
for this work was to study extensions of first-order logic with generalised quantifiers which
express solvability problems over rings. In particular, the aim was to establish various nor-
mal forms for such logics. However, rather than defining a host of new logics in full detail,
we state our results in this section in terms of closure properties of classes of structures that
are themselves defined by reductions to solvability problems. We explain the connection
between the specific closure properties and the corresponding logical normal forms below.
To state our main results formally, let R be a fized commutative ring. We write SLv(R)
to denote the solvability problem over R, as a class of 7je5(R)-structures. Let EqFfO(R) and
Ypo(R) denote the classes of queries that are reducible to SLv(R) under quantifier-free and
first-order many-to-one reductions, respectively. Then we show that EqFfO(R) and Ypo(R)
are closed under first-order operations for any commutative ring R of prime-power charac-
teristic, i.e. char(R) = p* for a prime p and an integer k > 1. In particular, we have that
EqFfO(R) contains any FO-definable query in such a case. Furthermore, we prove that if R

has prime characteristic, i.e. char(R) = p for a prime p, then EqFfO (R) and Yy (R) are closed
under oracle queries. Thus, if we denote by X (R) the class of queries reducible to SLv(R)
by first-order Turing reductions, then for all commutative rings R of prime characteristic
the three solvability reduction classes coincide, i.e. we have EqFfO (R) = Zpo(R) = X5 (R).
To relate these results to logical normal forms, we let D = SLv(R) and write FOSg :=
FO((Qp)) to denote first-order logic extended by Lindstréom quantifiers expressing solvab-
ility over R. Then the closure of ¥, (R) under first-order operations amounts to showing
that the fragment of FOSr which consists of formulas without nested solvability quantifi-
ers has a normal form which consists of a single application of a solvability quantifier to
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a first-order formula. Moreover, for the case when R has prime characteristic, the closure
of EqFfO(R) = Ypo(R) under first-order oracle queries amounts to showing that nesting of
solvability quantifiers can be reduced to a single quantifier. It follows that FOSy has a
strong normal form: one application of a solvability quantifier to a quantifier-free formula
suffices. It remains as an interesting open question whether the closure properties we estab-
lish here can be extended to the case of general commutative rings, i.e. to rings R whose
characteristic is divisible by two different primes, e.g. to R = Zg.

Throughout this section, the reader should keep in mind that for logical reductions
to the solvability problem over a fized ring R, we can safely drop all formulas (%, %) in
interpretations Z which define the equality-congruence on the domain of the interpreted
structure: indeed, duplicating equations or variables does not affect the solvability of a
given linear equation system.

4.1. Closure under first-order operations. Let R be a fixed commutative ring of char-
acteristic m. In this section we prove the closure of EqFfO(R) and Xpo(R) under first-order
operations for the case that m is a prime power. To this end, we need to establish a couple
of technical results. Of particular importance is the following key lemma, which gives a
simple normal form for linear equation systems: up to quantifier-free reductions, we can
restrict ourselves to linear systems over rings Z,,, where the constant term b; of every linear
equation (A -x)(i) = b; is b; = 1 € Z,,, and the same holds for all the coefficients, i.e.
A(i,7) =1, for all 4, j € I. The proof of the lemma crucially relies on the fact that the ring
R is fixed. Recall that m denotes the characteristic of the ring R.

Lemma 4.1 (Normal form for linear equation systems). There is a quantifier-free inter-
pretation T of Ties(Zy) in Ties(R) such that for all Tjes(R)-structures S it holds that

e Z(S) is an equation system (A,b) over Z,,, where A is a {0,1}-matriz and b =1; and
e S € SLV(R) if, and only if, Z(S) € SWV(Zy,).

Proof. We describe 7 as the composition of three quantifier-free transformations: the first
one maps a system (A,b) over R to an equivalent system (B,c) over Z,,, where m is the
characteristic of R. Secondly, (B,c) is mapped to an equivalent system (C,1) over Z,,.
Finally, we transform (C,1) into an equivalent system (D, 1) over Z,,, where D is a {0,1}-
matrix. The first transformation is obtained by adapting the proof of Theorem 21l It can
be seen that first-order quantifiers and fixed-point operators are not needed if R is fixed.

For the second transformation, suppose that B is an I x J matrix and c¢ a vector indexed
by I. We define a new linear equation system T which has in addition to all the variables
that occur in S, a new variable v, for every e € I and a new variable w, for every r € R.
For every element r € Z,,, we include in T the equation (1 — r)w; + w, = 1. It can be
seen that this subsysem of equations has a unique solution given by w, = r for all r € Z,,.
Finally, for every equation ) ;. ; B(e,j) -x; = c(e) in S (indexed by e € I) we include in T
the two equations v, + ZjEJB(e,j) ~xj =1 and ve + we(e) = 1.

Finally, we translate the system T : Cx = 1 over Z,, into an equivalent system over Z,,
in which all coefficients are either 0 or 1. For each variable v in T, the system has the
m distinct variables vy, ..., v,—1 together with equations v; = v; for @ # j. By replacing
all terms rv by >, .,~, v; we obtain an equivalent system. However, in order to establish
our original claim we need to express the auxiliary equations of the form v; = v; as a set
of equations whose constant terms are equal to 1. To achieve this, we introduce a new
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variable v for each vj;, and the equation v; + v, +wi = 1. Finally, we rewrite v; = v; as

vi vy +w =1 The resulting system is equivalent to T and has the desired form.
Since the ring R, and hence also the ring Z,,, is fixed, it can be seen that all the
reductions we have outlined above can be formalised as quantifier-free reductions. L]

Corollary 4.2. % (R) = 2% (Z), Tpo(R) = Tpo(Zy) and 2L (R) = 216 (Z).

It is a basic fact from linear algebra that solvability of a linear equation system A-x =b
is invariant under applying elementary row and column operations to the augmented coef-
ficient matrix (A | b). Over fields, this insight forms the basis for the method of Gaussian
elimination, which transforms the augmented coefficient matrix of a linear equation system
into row echelon form. Over the integers, a generalisation of this method can be used to
transform the coefficient matrix into Hermite normal form. The following lemma shows
that a similar normal form exists over chain rings. The proof uses the fact that in a chain
ring R, divisibility is a total preorder.

Lemma 4.3 (Hermite normal form). For every k x {-matriz A over a chain ring R, there
exists an invertible k X k-matrix S and an £ x £-permutation matriz T such that

all P *
SAT = (g) with Q=1|o . |,
0 0 Al
where aiy | az | ags | -+ | arr and for all 1 <'i,j < k it holds that a;; | aij.

Proof. If R is not a field, fix an element 7 € R\ R* which generates the maximal ideal
m = wR in R. Then, every element of R can be represented in the form n"u where n > 0
and u € R*. Tt follows that for all elements r,s € R we have r | s or s | r.

Now, consider the following procedure: In the remaining k x /-matrix A’, choose an entry
r € R which is minimal with respect to divisibility and use row and column permutations
to obtain an equivalent k& x f-matrix A’ which has r in the upper left corner, i.e. A'(1,1) =
r. Then, use the first row to eliminate all other entries in the first column. After this
transformation, the element r still divides every entry in the resulting matrix, since all
of its entries are linear combinations of entries of A’. Proceed in the same way with the
(k — 1) x (£ — 1)-submatrix that results by deleting the first row and column from A’. [J

Now we are ready to prove the closure of EqFfO(R) and Ypo(R) under first-order operations
for the case that R has prime-power characteristic, i.e. for the case that Z,, is a chain
ring. First of all, it can be seen that conjunction and universal quantification can be
handled easily by combining independent subsystems into a single system. Assume for
example, that we have given two quantifier-free interpretations Z = (67(%), ¢pa(Z, 7)) and
J = (6(Z),Ya(Z, 7)) of Tes(Za)-structures in 7-structures, where we assume the normal
form established in Lemma Il In order to obtain a quantifier-free interpretation Z N J of
Ties(Z2)-structures in T-structures such that (Z N J)(A) € Swv(Zs) if, and only if, Z(A) €
SLV(Z2) and J(A) € SLv(Z2), we just set ZN T := (6(2'2" %), 9 a(2’2"Z, y'y"y)) where

o §(2'2"%) = (' = 2" No(Z)) V (2 # 2" Ndy(F)), and

° 19,4(33’:17”3?, y/y//g») _ (:E/ — 2" A y/ _ y// A ¢A(f, Zj)) V; (33, - N y/ - y// A T,Z)A(f, g»))

To see that the resulting system is equivalent, the reader should recall that the duplication
of equations and variables does not effect the solvability of linear equation systems.



DEFINABILITY OF LINEAR EQUATION SYSTEMS OVER GROUPS AND RINGS 17

Thus, the only non-trivial part of the proof is to establish closure under complementa-
tion. To do this, we describe an appropriate reduction that translates from non-solvability
to solvability of linear systems. For this step we make use of the fact that R has prime-
power characteristic (which was not necessary for obtaining the closure under conjunction
and universal quantification).

First of all, we consider the case where R has characteristic m = p for a prime p.
In this case we know that EqFfO(R) = EqFfO(Zp) and Ypo(R) = Xpg(Zp) by Corollary 2]
where Z, is a finite field. Over fields, the method of Gaussian elimination guarantees that
a linear equation system (A, b) is not solvable if, and only if, for some vector x we have
x-(A|b)=(0,...,0,1). In other words, the vector b is not in the column span of A if, and
only if, the vector (0,...,0,1) is in the row span of (A | b). This shows that (A | b) is not
solvable if, and only if, the system ((A | b)T, (0,...,0,1)T) is solvable. In other words, over
fields this reasoning translates the question of non-solvability to the question of solvability.
In the proof of the next lemma, we generalise this approach to chain rings, which enables us
to translate from non-solvability to solvability over all rings of prime-power characteristic.

Lemma 4.4 (Non-solvability over chain rings). Let (A, b) be a linear equation system over
a chain ring R with maximal ideal 7R and let n be the nilpotency of . Then (A,b) is not
solvable over R if, and only if, there is a vector x such that x - (A | b) = (0,...,0,7"71).

Proof. Of course, if such a vector x exists, then (A, b) is not solvable. On the other hand, if
no such x exists, then we apply Lemma [£.3] to transform the augmented matrix (A | b) into
Hermite normal form (A’ | b’) with respect to A (that is, A’ = SAT as in Lemma 3] and
b’ = Sb). We claim that for every row index 4, the diagonal entry a;; in the transformed
coefficient matrix A’ divides the i-th entry of the transformed target vector b’. Towards a
contradiction, suppose that there is some a;; not dividing b}. Then a;; is a non-unit in R
and can be written as a;; = un! for some unit « and t > 1.

By Lemma [.3], it holds that a;; divides every entry in the i-th row of A’ and thus we
can multiply the i-th row of the augmented matrix (A’ | b’) by an appropriate non-unit
to obtain a vector of the form (0,...,0, 7" 1), contradicting our assumption. Hence, in
the transformed augmented coefficient matrix (A | b), diagonal entries divide all entries in
the same row, which implies solvability of (A, b), since every linear equation of the form
ar + ¢ = d with a,c,d € R and a | ¢, d is clearly solvable. ]

Along with our previous discussion, Lemma [£.4] now yields the closure of ZqFfO(R) and
Ypo(R) under complementation for all rings R which have prime-power characteristic. As
noted above, it is an interesting open question whether the reduction classes are also closed
under complementation when R does not have prime characteristic. The prototype example
for studying this question is R = Zg.

Theorem 4.5. E%fO(R), Yro(R) and SEo(R) are closed under first-order operations for
all finite commutative rings R that have prime-power characteristic.

4.2. Solvability over rings of prime characteristic. From now on we assume that
the commutative ring R is of prime characteristic p. We prove that in this case, the
three reduction classes ZqFfO(R), Yro(R) and XE,(R) coincide. By definition, we have
EqFfO(R) C Tpo(R) € X5 (R). Also, since we know that solvability over R can be reduced to
solvability over Z, (Corollary [£.2]), it suffices for our proof to show that EqFfO (Zp) 2 SE6(Zy).
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Furthermore, by Theorem [A5]it follows that EqFfO(Zp) is closed under first-order operations,
so it only remains to prove closure under oracle queries.
More specifically, it can be seen that

proving closure under oracle queries

amounts to showing that the nesting

of solvability queries can be reduced to AF x=1
the solvability of a single linear equa- C..
tion system. In order to formalise this,
let Z(#, §) be a quantifier-free interpret- — :
ation of Tes(Zp) in o with parameters 7(a@,b)(A) b4t
2,1y of length k and /¢, respectively. We

extend the signature o to = oU{X Lo .
x S8 gloox = o X} FIGURE 2. Each entry (@,b) of the coefficient
and restrict our attention to those ox-

structures A (with domain A) where matrix of the outer linear equation system O(A)

the relation symbol X is interpreted as is determined by the corresponding inner linear

XA = {(@,b) € AP | I(@,b)(A) € system C_-y = 1 described by Z(d,b)(A): this
SV (Zy)}. entry is 1 if Z(d, b)(A) is solvable and 0 otherwise.

Then it remains to show that for any quantifier-free interpretation O of nes(Z,) in ox,
there exists a quantifier-free interpretation of 7e5(Zp) in o that describes linear equation
systems equivalent to O.

Hereafter, for any ox-structure A and tuples @ and b, we will refer to O(A) as an
“outer” linear equation system and refer to Z(@, b)(A) as an “inner” linear equation system.
By applying Lemma 1] and Theorem [£5] it is sufficient to consider the case where for
ox-structures A, O(A) describes a linear system (M, 1), where M is the {0, 1}-matrix of

the relation X2. For an illustration of this setup, see Figure 2

Theorem 4.6 (Closure under oracle queries). For Z, O as above, there exists a quantifier-
free interpretation IC of Ties(Zy) in o such that for all ox-structures A it holds that O(A) €
SLV(Zy) if, and only if, IK(A) € SLV(Z,).

Proof. For a o-structure A, let M, denote the {0, 1}-coefficient matrix of the outer linear
equation system O(A). Then for (@,b) € A¥** we have M,(d,b) = 1 if, and only if, the

=,

inner linear system Z(@,b)(A) is solvable. If we explicitly denote the set of variables of the
outer linear system O(A) by {v; | b € A"}, then we can express the equations of O(A) as

S geae Mo(@,b) - vy = 1, for @ € A*.

For the new linear equation system KC(A) we take {v.; | (d, b) € AP*f} as the set of
variables, and we include the equations de AVap = 1 for 3;11 @ € A*. In what follows, our
aim is to extend KC(A) by additional equations so that for every solution to C(A), there are

-,

values vy € Z, such that for a € AF it holds that vy = M,(d,b) - vy. Assuming this to be

true, it is immediate that O(A) is solvable if, and only if, KL(A) is solvable, which is what
we want to show. .
In order to enforce the condition “v.; = M,(d,b) - v;” by linear equations, we need to

introduce a number of auxiliary linear subsystems to K(A). The reason why we cannot

-,

express this condition directly by a linear equation is because M,(d, b) is determined by the

=,

solvability of the inner system Z(@,b)(A). Therefore, if we were to treat both the elements
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—.

of M,(d,b) and the vy as individual variables, then that would require us to express the

non-linear term M,(a, b) S
To solve this problem, we introduce new linear subsystems in C(A) to ensure that for
all @,b,c € A it holds that:

if v_7# 0 then M,(d,b) = 1; and (%)
if Vab 7& Vet then {MO(_; 5)7 Mo(a g)} = {07 1} (T)
Assuming we have expressed (@) and ({f]), it can be seen that solutions of K(A) directly
translate into solutions for O(A) and vice versa. To express () we proceed as follows:
for each (@,b) € A¥** we add Z(a@,b)(A) as an independent linear subsystem in X(A) in
which we additionally extend each equation by the term (v_;+ 1). Now, if in a solution

-,

of K(A) the variable v_ > is evaluated to 0, then the subsystem corresponding to Z(d,b)(A)

has the trivial solution (recall, that the constant terms of every equations are 1). However,
if a non-zero value is assigned to v_ 7, then this value clearly is a unit in Z;, and thereby a

-,

solution for /C(A) necessarily contains a solution of the subsystem Z(a, b)(A); that is, we

have M,(@,b) = 1.

For (f)) we follow a similar approach. For fixed tuples @, b and ¢, the condition on the
right-hand side of (f]) is a simple Boolean combination of solvability queries. Hence, by
Theorem [4.5] this combination can be expressed by a single linear equation system. Again
we embed the respective linear equation system as a subsystem in K(A) where we add
to each of its equations the term (1 + Vil vag). With the same reasoning as above we
conclude that this imposes the constraint ({f]) on the variables Vi and Uz which concludes
the proof. H

Corollary 4.7. If R has prime characteristic, then E%{)(R) = Ypo(R) = XL, (R).

As explained above, our results have some important consequences. For a prime p, let
us denote by FOS, first-order logic extended by quantifiers deciding solvability over Z,.
Corresponding extensions of first-order logic by rank operators over prime fields (FOR,)
were studied by Dawar et al. [I2]. Their results imply that FOS, = FOR, over ordered
structures, and that both logics have a strong normal form over ordered structures, i.e. that
every formula is equivalent to a formula with only one application of a solvability or rank
operator, respectively [27]. Corollary .7 allows us to generalise the latter result for FOS,
to the class of all finite structures.

Corollary 4.8. Every formula ¢ € FOS,, is equivalent to a formula with a single application
of a solvability quantifier to a quantifier-free formula.

5. LINEAR ALGEBRA IN FIXED-POINT LOGIC WITH COUNTING

In this section we present further applications of the techniques we developed during our
study of the solvability problem that we pursued so far. Specifically, we turn our interest
to the elements of linear algebra over finite commutative rings that can be expressed in
fixed-point logic with counting. While the solvability problem over commutative rings is
not definable in fixed-point logic with counting, we show here that various other natural
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matrix problems and properties, such as matrix inverse and matrix determinant, can be
formalised in FPC over certain classes of rings.

To this end, we first apply the definable structure theory that we established in §3] to
show that many linear-algebraic problems over commutative rings can be reduced to the
respective problems over local rings. Next, we consider basic linear-algebraic queries over
local rings, such as multiplication and matrix inversion, for the case where the local ring
comes with a built-in linear ordering (that is, where the matrix is encoded as a finite 7.5,
structure). By Lemma it follows that all of these definability results hold for matrices
over k-generated local rings (for a fixed k) as well, since we can define in FPC a linear
order in such rings. In particular, all of our results on Trflat—structures apply to matrices
over chain rings (that is 1-generated, or principal ideal, local rings), which include the class
of so called Galois rings. In the final part of this section we study matrices over unordered
Galois rings specifically. Here our main result is that there are FPC-formulas that define
the characteristic polynomial and the determinant of square matrices over Galois rings,
which extends the results of Dawar et al. [12] concerning definability of the determinant of
matrices over finite fields.

5.1. Basic linear-algebraic operations over commutative rings. To begin with, we
need to fix our encoding of matrices over a commutative ring R in terms of a finite relational
structure. For this we proceed as we did for linear equation systems in Il As before, for non-
empty sets I and J, an I x J-matrix A over a commutative ring R is a mapping A : I xJ — R.
We set Tmat := (R, M, Tring), where R is a unary, and M is a ternary relation symbol, and
we understand each Tp,¢-structure A as encoding a matrix over a commutative ring (given
that A satisfies some basic properties which make this identification well-defined, e.g. that
RA forms a commutative ring and that the projection of M onto the third component is
a subset of RA). If we want to encode pairs of matrices over the same commutative ring
R as a finite structure, we use the extended vocabulary Typair := (IV, Tmat ), Where N is an
additional ternary relation symbol. Moreover, we consider a representation of matrices as
structures in vocabulary Triat := (Tmat, <) where it is assumed that <A is a linear ordering
on the set of ring elements R®. Similarly, structures of vocabulary Tflpair = (Tmpair, <) are

used to encode pairs of matrices over the ring R® on which <* is a linear ordering.

We first recall from §3] that every (finite) commutative ring R can be expressed as a
direct sum of local rings, i.e. R = EBeGB( R € R where all principal ideals eR are local
rings. It follows that every I x J-matrix A over R can be uniquely decomposed into a set
of matrices {A. : e € B(R)}, where A = EB@GB(R) A and where A, is an I x J-matrix over
the local ring e - R. Moreover, following Lemma [3.4] this set of matrices can be defined in
first-order logic. Stated more precisely, Lemma [3.4limplies the existence of a parameterised
first-order interpretation ©(xz) of Typat In Tiat such that for any 7a¢-structure A, which
encodes an I x J-matrix A over the commutative ring R, and all e € B(R), it holds that
Ole](A) encodes the projection of A onto the local ring e - R, i.e. the I x J-matrix A,
over the local ring e - R. Since the ring base B(R) of R is also definable in first-order
logic (Lemma B.3]), this allows us to reduce most natural problems in linear algebra from
arbitrary commutative rings to local rings. In particular, we are interested in the following
linear-algebraic queries.

Proposition 5.1 (Local ring reductions). For each of the following problems over commut-
ative rTings, there is a first-order Turing reduction to the respective query over local rings:
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(1) Deciding solvability of linear equation systems (cf. 43).

(2) Defining basic matriz arithmetic, i.e. matriz addition and matriz multiplication.

(3) Deciding whether a square matriz is invertible (and defining its inverse in this case).
(4) Defining the characteristic polynomial and the determinant of a square matriz.

It was shown in [8] that over finite fields, the class of invertible matrices can be defined
in FPC and that there is an FPC-definable interpretation that associates each invertible
matrix with its inverse. In what follows we show that the same holds when we consider
matrices over ordered local rings. Our proof follows the approach taken by Blass et al. in [g].
As a first step, we show that exponentiation of matrices can be defined in FPC, even if the
exponent is given as a binary string of polynomial length. We then show that for each set
I, there is a formula of FPC that defines the number of invertible I x I matrices over a
local ring R. Finally, combining the two results with the fact that the set of all invertible
I x I matrices over R forms a group under multiplication, we conclude that the inverse to
any invertible I x I matrix over R can be defined in FPC.

For the first step, to show that powers of matrices over ordered local rings can be interpreted
in FPC, we need the following lemma on matrix multiplication. Recall that addition and
multiplication of unordered matrices is defined in exactly the same way as for ordered
matrices, except that we now have to ensure that the index sets of the two matrices, and
not just their dimension, are matching.

Lemma 5.2 (Matrix multiplication). There is an FPC-interpretation © of Tryy, in T

m pair
such that for all Tipair-structures P, which encode an I x K-matriz A and a K x J-matriz

B over a commutative ring R with a linear order, ©(P) encodes the I x J-matriz A - B.

Proof. We reuse an idea of Blass et al. [§]. For ¢ € I and j € J we have

(A-B)(i,j) = Y AGi, k) - B(k,j) =Y - [#k € K(A(i, k) - B(k,j) =r)].
keK reR
In other words, instead of individually summing up all products A(i, k) - B(k, j) for indices
k € K, which would require a linear order on K, we use the counting mechanism of FPC
to obtain the multiplicities of how often a specific ring element r € R appears in this sum.
The entries of A - B can then easily be obtained by taking the sum over all ring elements
r € R weighted by the respective multiplicities (the right-hand expression). Since the ring
R is ordered, this expression can easily be defined in FPC. ]

In [8], Blass et al. showed that exponentiation of square matrices over a finite field can
be expressed in FPC (using the fact that matrix multiplication is in FPC). Moreover, by
using the method of repeated squaring, they show that exponentiation can be expressed
even when the value of the exponent is given as a binary string of length polynomial in the
size of the input structure.

Definition 5.3. Let n(v) be an FPC-formula with a free number variable v and let ¢ be a
number term of FPC with no free variables. For a structure B we let

(n(v),t)B := {i]0 <i <tB and B k= 7[i]}.
We identify the set (n(v),t)B with the integer m = D ic(nn)B 2¢ i.e. the tuple (n(v),t) defines
in the structure B the tB-bit binary representation of m. |
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Given that the product of two matrices can be defined in FPC (Lemmal[5.2]), it is not hard to
see that the repeated squaring approach outlined in [8] for describing matrix exponentiation
over finite fields also works for matrices over commutative rings with a linear order. We
state this more formally as follows.

Lemma 5.4 (Matrix exponentiation). For each pair (n(v),t), where n(v) is an FPC-
formula with a free number variable v and t is a number term, there is an FPC-interpretation
O (n(v),1) of TS ot 1 Toop such that for all T x I matrices A over a local ring R with a linear

order, the structure @&(v) ) encodes the I x I matriz A", where n = (n(v),t)*. (]

it
Recall that the set of invertible I x I-matrices over a commutative ring R forms a group
under matrix multiplication, which is known as the general linear group (written GL;(R)).
Hence, if we let £ := | GL;(R) | then an I x I-matrix A over R is invertible if, and only if,
A = 1. The following lemma shows that the cardinality of the general linear group for
local rings R can be defined in FPC.

Lemma 5.5 (Cardinality of GL;(R)). There is an FPC[ryq]-formula n(v), with a free
number variable v, and a number term t (without free variables) in FPClryq, such that
for any I x I-matriz A over a local ring R, it holds that (n(v),t)* = | GL;(R)|.

Proof. Let R be a local ring with maximal ideal m and let I be a finite set of size n > 0.
We denote the field R/m by F and its cardinality by ¢ := | F'|. Then we have

n—1 n—1
|GLI(F)|:q”2‘H(1—qi—n) and |GL[(R)|:|R|n2H(1_qZ—n)
=0 i=0

Indeed, the first equation is easy to verify: an I x I matrix over F' is invertible if, and only if,
its columns are linearly independent. Each set of ¢ linearly independent columns generate
q" different vectors in ' I, Thus, if we have already fixed i linearly independent columns,
there remain (¢" — ¢*) vectors in F! which can be used extend to this set to a set of i + 1
linearly independent columns. This counting argument shows that

n—1

|GLI(F) | =(¢"=1)-(¢" =) (¢" =) (" =" ) = [[(¢" = &).

i=0
For the second equation, we let 7 denote the canonical group epimorphism 7 : GL;(R) —
GL[(F). Tt is casy to see that |ker(m)| = | m |**. The homomorphism theorem thus implies
that | GL;(R)| =|m |"2| GL;(F) | which yields the claim since ¢ - |m|=|R]|.

By the above claim we have an exact expression for the cardinality of | GL;(R)| for
any non-empty set I and any finite local ring R. It is straightforward to verify that the
binary encoding of this expression can be formalised by a formula and a number term of
fixed-point logic with counting. L]

Theorem 5.6 (Matrix inverse).

(1) There is an FPC-interpretation © of TS, in Tay such that for any 75 ,-structure A
encoding an I x I-matriz A over a commutative ring R with linear order, ©(A) encodes
an I x I-matriz B such that AB = 1, if A is invertible.

(2) For every k > 1, there is an FPC-interpretation © of Tyt in Tmar Such that for any
Tmat-Structure A which encodes an I X I-matriz A over a commutative ring R that splits
into a direct sum of k-generated local rings, it holds that ©(A) encodes an I x I-matrix
B over R such that B = A™Y, if A is invertible, and B = 0, otherwise.
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Proof. For the first claim, we combine the arguments outlined above. For the second claim,
we additionally apply Lemma to obtain a linear order on the local summands of R. []

5.2. Characteristic polynomial over Galois rings. In [§], Blass et al. established that
the problem of deciding singularity of a square matrix over GF(2) can be expressed in FPC,
as we already explained above. Recall that a matrix A is singular over a field if, and only
if, its determinant det(A) is zero. The result of Blass et al. therefore implies that the
determinant of a matrix over GF(2) can be expressed in FPC by testing for singularity.
This result was generalised by Dawar et al. [12], who showed that over any finite field (as
well as over Z and Q) the characteristic polynomial (and thereby, the determinant) of a
matrix can be defined in FPC (for full details, see [20]). Pakusa [27] observed that the
same approach works for the definability of the determinant and characteristic polynomial
of matrices over prime rings Z,». Recall that for an I x I-matrix A over a commutative
ring R, the characteristic polynomial x4 € R[X] of A is defined as y4 = det(XE; — A),
where Ej denotes the I x I-identity matrix over R.

Here we show that the characteristic polynomial of matrices over any Galois ring can
also be defined in FPC. A finite commutative ring R is called a Galois ring if it is a Galois
(ring) extension of the ring Z,» for a prime p and n > 1. As we will only work with the
following equivalent characterisation of Galois rings we omit the definition of Galois ring
extensions (for details, we refer to [6l 25]).

Definition 5.7. A Galois ring is a finite commutative ring R which is isomorphic to a
quotient ring Z,n[X]/(f(X)), where f(X) is a monic irreducible polynomial of degree r in
Zpn [ X] whose image under the reduction map p : Zpn — Zyn /(p-Zypn) = GF(p) is irreducible.
Such a polynomial is called a Galois polynomial of degree r over Zyn. |

We summarise some useful facts about Galois rings. For every ring Z,» and every r > 1,
there is a unique Galois extension of degree r over Zy,», which we denote by GR(p",r).
Moreover, any Galois ring is a chain ring, and thus we can use Lemma to obtain an
FPC-definable linear order on such rings. As Galois rings include all finite fields and all
prime rings, the following theorem gives a generalisation of all known results concerning the
logical complexity of the characteristic polynomial and determinant from [20, 12, [§].

Theorem 5.8 (Characteristic polynomial). There are FPC-formulas 0 4.1(z) and 0 cpor(z,v),
where z is an element variable and v is a number variable, such that for any Tmq-structure
A which encodes an I x I-matriz A over a Galois ring R we have:

o A | 04.4]d] if, and only if, the determinant of A over R is d € R;
o A = 0u0,]d, K] if, and only if, the coefficient of x* in the characteristic polynomial x a(x)
of A over R isd € R.

Before we prove this theorem, we need some technical results. First of all, we fix an encoding
of polynomials by number terms of FPC, as follows.

Definition 5.9 (Encoding polynomials). Let 7(v) be a number term (of FPC) in signature
7, where v is a number variable. Given a 7-structure A and an integer m, we write
poly x (m, A, m) to denote the integer polynomial a,, X™ + - - - + a1 X + ag, where a; = 7[i|*
for each i € [m]. |
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By the definition of Galois rings, we know that each GR(p™,r) is isomorphic to a quotient
ring Z,»[X]/(f(X)), where f(X) is a Galois polynomial of degree r over Zy». The following
lemma shows that we can define this isomorphism explicitly in FPC over each Galois ring.

Lemma 5.10 (Representation of Galois rings). Let v be a number variable and x,y,z be
element variables. There is an FPC-formula ¢(x,y) and FPC-number terms n(v;x,y, z)
and m(v;z,y) in vocabulary Trng such that for any Galois ring R = GR(p",r) and all pairs
(o, B) € ¢(z,y)T, it holds that the map v: R — Zyn[X| given by

L g polyx(n(v;a/z, B/y,9/z), R,r) mod p",
is a ring isomorphism v: R = Zyn[X]/(f(X)), where f(X) is the Galois polynomial of
degree r over Zyn given by f(X) := poly x(w(v;o/z, 5/y), R,r) mod p™.

Proof. We recall the construction of GR(p™,r) described by Bini and Flamini [6]. Recall
that the residue field GF(p") of GR(p",r) is isomorphic to Z,[X]/(g(X)) where g(X) is a
monic polynomial of degree r over Z,. More specifically, g(X) is the least monic polynomial
in Zpy[X] such that g(a) = 0, where a € GF(p") is a primitive element of GF(p"); that is,
a generator of the cyclic group GF(p")*. Let one such g(X) be fixed. Then GR(p",r) =
Zpn [ X]/(f(X)) where f(X) is a polynomial of degree r in Z,»[X] such that f(X) = g(X)
(mod p). Moreover, it is easy to construct the polynomial f(X) from ¢(X), as follows.
Writing ¢(X) = X"+ a, 1 X" '+ +a1 X +ag and f(X) = X" +b, 1 X" 14+ 45 X + by,
it is shown in [6] that b; = p™ — p + a; for i € [0, — 1].

As shown by Holm [20, Chapter 3|, we can define both the set of primitive elements
and their associated minimal polynomials in FPC over finite fields. Assume we have fixed
a primitive element o and its minimal polynomial g(X). Then, by the above, it is straight-
forward to formalise f(X) in FPC, with the element « as a parameter. Finally, if we let
B € GR(p",r) be aroot of f(X) then the isomorphism ¢ : GR(p", 1) = Zy»[X]/(f(X)) can be
realised explicitly as a — hq(X) where hy(X) is the unique polynomial such that h,(5) = a,
for each a € R [25]; that is to say, the map ¢ is given by

L:a— h(X):= h(B) =a,
and this mapping can be formalised in FPC given « and S as parameters. L]

To prove Theorem (.8 we follow the approachﬁ described in [12] and formalise a well-
known polynomial-time algorithm by Csanky [10] in FPC. This algorithm computes the
coefficients of the characteristic polynomial (and thereby, the determinant) of a matrix
over any commutative ring of characteristic zero. The technical details of how to express
Csanky’s algorithm in FPC have been outlined in [12] 20, 22] and we omit the details here.

Since Csanky’s algorithm only works in characteristic zero, it cannot be applied directly
to matrices over Galois rings. Instead, given a matrix A over a Galois ring R = GR(p", 1),
we take the following steps to ensure that A is suitable for the algorithm.

Firstly, using Lemma [5.10] we define a polynomial f(X) € Zp»[X] such that R =
Zyn [ X]/(f(X)) (and this isomorphism can be defined explicitly). Let F'(X) be a polynomial
over Z whose reduction modulo p™ is f(X). This can be done trivially, for the coefficients
of f(X) are already given by integers in the range [0,p" — 1]. Next we lift the matrix A
to a matrix A* over the quotient ring S = Z[X]/(F(X)): first by translating A — ¢(A)
according to the FPC-definable isomorphism ¢ : R = Z,»[X]/(f(X)) given by Lemma [5.10I

IThis approach was originally suggested by Rossman and documented in a note by Blass and Gurevich[T7].
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and then map ¢(A) — A* by lifting each h(X) in Zy»[X]/(f(X)) to the polynomial H(X)
in S whose reduction modulo p™ is A(X). Finally, we apply Csanky’s algorithm over S to
the matrix A* and then reduce the output modulo p™ to get the correct result. This last
reduction is sound as we have R = S/(p™). As explained in [20, §3.4.3], Csanky’s algorithm
can be formalised in FPC even when the ring elements are given explicitly as polynomials in
this way. Putting everything together, we conclude that each coefficient of the characteristic
polynomial x 4(X) of A can be defined in FPC. Since the determinant of A is precisely the
constant term of x 4(X), Theorem 5.8 now follows.

6. DISCUSSION

Motivated by the question of finding extensions of FPC to capture larger fragments of
PTIME, we have analysed the (inter-)definability of solvability problems over various classes
of algebraic domains. Similar to the notion of rank logic [12] one can consider solvability
logic, which is the extension of FPC by Lindstrom quantifiers that decide solvability of linear
equation systems. In this context, our results from §2land §3lcan be seen to relate fragments
of solvability logic obtained by restricting quantifiers to different algebraic domains, such
as Abelian groups or commutative rings. We have also identified many classes of algebraic
structures over which the solvability problem reduces to the very basic problem of solvability
over cyclic groups of prime-power order. This raises the question, whether a reduction even
to groups of prime order is possible. In this case, solvability logic would turn out to be a
fragment of rank logic. On the other hand, it also remains open whether or not the matrix
rank over finite fields can be expressed in fixed-point logic extended by solvability operators.

With respect to specific algebraic domains, we prove that FPC can define a linear
order on the class of all k-generated local rings, i.e. on classes of local rings for which
every maximal ideal can be generated by k elements, where k is a fixed constant. Together
with our results from §3| this can be used to show that all natural problems from linear
algebra over (not necessarily local) k-generated rings reduce to problems over ordered rings
under FP-reductions. An interesting direction of future research is to explore how far our
techniques can be used to show (non-)definability in fixed-point logic of other problems
from linear algebra over rings.

Finally, we mention an interesting topic of related research, which is the logical study
of permutation group membership problems (GM for short). An instance of GM consists of
a set €2, a set of generating permutations mq,..., 7, on 2 and a target permutation m, and
the problem is to decide whether 7 is generated by m1,...,m,. This problem is known to be
decidable in polynomial time (indeed it is in NC [5]). We can show that all the solvability
problems we studied in this paper reduce to GM under first-order reductions (basically,
an application of Cayley’s theorem). In particular this shows that GM is not definable in
FPC. By extending fixed-point logic by a suitable operator for GM we therefore obtain a
logic which extends rank logics and in which all studied solvability problems are definable.
This logic is worthy of further study as it can uniformly express all problems from (linear)
algebra that have been considered so far in the context of understanding the descriptive
complexity gap between FPC and PTIME.
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