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ABSTRACT. In this paper, we study the existence of non-torsion solutions of
a homogeneous linear system over a commutative ring. More precisely, we
determine the minimal positive integer n such that any homogeneous systems
of m equations with n variables over a given ring R gives a non-torsion solution,
i.e. a solution x = (z1,z2,...,xy) such that at least one coordinate z; is not a
zero-divisor. We proved that over Noetherian rings, a non-trivial lower bound
to the minimal number can be guaranteed via the use of primary decomposition.
We also consider the number of generators of ideals in R and the localisations
of R. For some classes of Noetherian rings, such as principal ideal rings and
reduced rings, we show that such minimal number exists.
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1. INTRODUCTION

The study of homogeneous systems of linear equations has long been established
for its rich applications. A standard problem is to consider how many variables are
needed to guarantee that any homogeneous system of m equations gives a non-trivial
solution. For instance, consider the case that the system is viewed over a field, i.e.
the coefficients and the variables all belong to a given field K. By linear algebra, any
homogeneous system of m linear equations has non-trivial solutions if the number
of variables is greater than m.

Now, instead of considering linear systems over fields, we would investigate on homo-
geneous systems of linear equations over a commutative ring R, or more generally an
R-module M (readers might refer to Section 2 for definitions needed in this paper).
Consider a homogeneous system of linear equations

a1 + appxz + - + apx, =0
a2171 + agry + -+ + agr, =0

Am1T1 + Q2T + -+ + QT =0

with coefficients a;; € R and variables x; € M. Equivalently, the above system can
be written as the matrix form

Lx =0,

where L = (a;;) is the matrix representing the system, and x = (21, x2,...,z,)7 is
the vector representing the solution. One would naturally wonder under a fixed m,
when an arbitrary system guarantees a non-trivial solution, i.e. x # 0.

In Section 1.1, we provide an answer to the above question. Indeed, following [1],
it turns out that the requirement for systems over commutative rings is the same as
fields. That is, any homogeneous system of m linear equations over a commutative
ring has non-trivial solutions if the number of variables is greater than m.

Related problems also appeared in Mathematical Olympiads. In particular, a
problem in the 36th China Mathematical Olympiad concerns on a system of two
linear equations modulo k. It asks the minimum number of variables needed to
guarantee not only a non-trivial solution, but also a solution x = (21, x2,...,2,)7
that contains a coordinate x; which is coprime to k. This new condition is equivalent
to x; + kZ not being a zero-divisor in Z/kZ. This would be covered in Section 1.2
briefly as it gives a simple example to guide our paths.
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Upon further investigation, the additional requirement appears to be a more gen-
eral notion from abstract algebra — the solution must contain a coordinate which is
not a zero-divisor (torsion element) on a ring (resp. module). This is referred in this
paper as a non-torsion solution. We would then focus on the minimum number
of variables needed such that any homogeneous system of m equations guarantees a
non-torsion solution. This is the main problem of the paper, and is elaborated in a
more detailed manner in Section 1.3.

We would focus on the case that the system is viewed over a ring. As it is
intuitively difficult to find the minimum number of variables, we divide the problem
into two parts. In Section 3, we tried to construct a system with n variables such that
only torsion solutions exist. This shows that the minimum number of variables must
be greater than n. In Section 4, we showed that for certain numbers of variables, any
homogeneous system would guarantee a non-torsion solution. This gives an upper
bound to the minimum number of variables.

In Section 5, we propose possible directions for further investigation. We also
discuss the problem over modules.

1.1. Non-trivial solutions over commutative rings. Before seeking non-torsion
solutions, we would focus on non-trivial solutions first. The following section com-
pletely answers when a homogeneous system over a commutative ring R provides
non-trivial solutions. The following content is based on [1].

We quote a well-known result on commutative rings.

Proposition 1.1. Let R # 0 be a commutative ring and f : R — R™ be a module
homomorphism.

o If f is injective, then n < m.
o If f is surjective, then n > m.

The existence of non-trivial solutions in commutative rings turns out to be similar
to fields, as given by the following theorem.

Theorem 1.2. Let R # 0 be a commutative ring and n > m be positive integers.
Then any homogeneous system of m linear equations with n variables over R has a
nontrivial solution.

Proof. Let L be the matrix representation of the system. Define the module homo-
morphism f: R® — R™ by x — Lx. By Proposition 1.1, f is not injective because
n > m. Thus we can pick non-zero xg € ker f, i.e. there is a non-trivial solution xg
to the system. O

From now on, we assume all rings to be commutative, non-zero and with
unity. This would guarantee the existence of non-trivial solutions for any homoge-
neous system of linear equations with more variables than the number of equations.

1.2. A problem from CMO. We then move on to seeking non-torsion solutions.
From the 36th China Mathematical Olympiad (CMO) 2021, problem 2 particularly
sparks our interest. It states,
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Question 1.3 (CMO 2021/2). Let k > 1 be an integer. Find the smallest positive

integer n such that for any integers ay,as,...,a,;b1,ba,..., by, there exists integers
T1,To,. .., Ty, satisfying the following two conditions:
(i) There exists i € {1,2,...,n} such that x; and k are coprime.
n n
(i1) Zaixi = Zbixi =0 (mod k).
i=1 i=1
Notice that (ii) means that (z1,z2,...,Z,) is a solution to a homogeneous system

of two linear equations modulo k. Intuitively, Question 1.3 asks the least number of
variables needed so that any homogeneous system guarantees a solution x such that
ged(z;, k) = 1 for some index i.

A solution to Question 1.3 can be found in [9], which is included in Appen-
dix A. The solution firstly considers breaking k into its prime factorisation k =
pIips? pz(“,i’)c) where w(k) is the number of distinct prime factors of k. The rest
of the proof then relies on the main claim that considering the problem modulo p®
is equivalent to considering it in modulo p. The author proves the claim by listing
out cases based on the rank of the matrix representing the system after modulo p.
Finally, he uses rank-nullity theorem and combines the results of individual primes
using the Chinese Remainder Theorem. The answer to the problem is shown to be

2w(k)+ 11|

1.3. The main problem. If we view Question 1.3 as a starting point, then the
problem itself can be generalised in diverse aspects. It is natural to consider a system
of m equations instead of two. In addition, since modules completely inherits the
notion of scalar multiplications, we would expect a similar problem in the language
of modules.

Definition 1.4. Let R be a non-zero, commutative ring with unity, M be an R-

module and L be the matriz representation of a system of m equations with n vari-

ables. A solution x = (x1,22,...,2,) with x; € M to the system is said to be

non-torsion if there exists 1 < 1 < n such that for allr € R, rx; = 0 implies r = 0.
A solution x is said to be torsion if it is not non-torsion.

Remark 1.5. The term “torsion” comes from the notion of torsion elements in a
module.

Definition 1.6. Let R be a ring, M be an R-module and m be a positive integer.
Define a positive integer n to be a non-torsion number if any homogeneous system
of m equations with n variables guarantees a non-torsion solution. The set of non-
torsion numbers is denoted by NonTorg(M, m).

If the base ring R is of no ambiguity, we might omit the subscript and denote the
set by NonTor(M,m).
We can now rigorously state the main problem of the paper.

Question 1.7. Let R be a ring, M be an R-module and m a positive integer. Find
NonTorg(M,m).
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As illustrated below, the special case M = R already has fruitful mathematical
insights. Thus our major focus is on the special case M = R. We are confident
that some similar results might be carried over to modules, and is briefly covered in
Section 5.2.

Finally, notice that NonTorr (M, m) # N since clearly 1 ¢ NonTor g (M, m). This
can be seen by choosing a system where all coefficients are 1. The only solution to
this system is the trivial solution (0,0, ...,0), which is torsion.

The following proposition characterises how elements in NonTor g (M, m) behave.

Proposition 1.8. If ny € NonTor(M,m), then n € NonTor(M,m) for any positive
nteger n > ng.

Proof. Let L be a matrix representation of a system of m equations with n variables.
We take the truncated matrix of size m x ng formed by the first ng columns. This

gives a non-torsion solution x = (z1,...,%,,) of this system by assumption, and
by taking x = (21,...,2n,,0,...,0) with n — ng zeroes we obtain a non-torsion
solution. O

Thus if NonTor(M, m) # 0, it must take the form
NonTor(M,m) ={n € N:n > ng}

where ng is a positive integer. In this case, ng is defined to be the minimal non-
torsion number.

In particular, the original CMO problem is equivalent to determining the set
NonTorz,7(Z/kZ,2), which is

{neN:n>2w(k)+1}

Remark 1.9. It is worth mentioning that the minimal element need not exist. In-
deed, consider Z/kZ as a Z-module. Then all elements in the module is annihilated
by k, and thus all solutions must be torsion, i.e.

NonTorz(Z/kZ, m) = 0 for all positive integers m.

A simple result can be obtained as a starting point of the investigation by applying
Theorem 1.2.

Proposition 1.10. If R is an integral domain, NonTorg(R,m) = {n € N: n >
m+1}.

Proof. There are no non-zero zero-divisors in R, thus all non-trivial solutions are
non-torsion. 0

1.3.1. Failure of extension of the original proof. One might expect that the solution
from [9] for Question 1.3 can be extended easily to the case of modules. This is
unfortunately not true, based on two reasons.

e The proof uses many special properties of the ring Z. In particular, all
elements in Z have a unique prime factorisation. This also forbids the use
of rank-nullity theorem, since we cannot decompose a module into fields or
even integral domains.

e Generalising to m equations, the main claim of the solution requires splitting
into m + 1 cases, which is intuitively difficult and not systematic.
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Hence, we need more advanced algebra tools to tackle the problem. The next
section would be devoted to some preliminaries of commutative algebra.

2. NOTATIONS AND PRELIMINARIES

Throughout this paper, a field is denoted by K. Inclusion of sets is denoted by
the sign C. We reserve the sign C for strict inclusion, i.e. A C B means that A is
contained in B and is not equal to B.

We will now go through ring and module preliminaries. This is solely for the
paper to be self-contained, so the definitions and results below are not in any way
exhaustive and complete. Readers may skip this section unless needed and are
advised to refer to [2] for a more detailed discussion in commutative algebra.

Definition 2.1. A ring R is a set with two binary operations (addition + and
multiplication -) such that
(i) (R,+) is an abelian group.

(ii) Multiplication is associative and distributive over addition.

We only consider rings which are commutative:

(iti) zy = yx for all z,y € R,

and have an identity element, denoted by 1, which is different from 0:

(iv) x-1=1-x=ux for al xz € R.

An tdeal a of a ring R is an additive subgroup of R such that ra € a for allr € R
and a € a.

The elements of the quotient ring R/a are the cosets of a in R, which has a
natural ring structure.

Some classes of elements of a ring are defined below.

Definition 2.2. An element x € R is a zero-divisor if there exists y # 0 in R such
that xy = 0. A ring with no non-zero zero-divisors is called an integral domain.

An element x € R is nilpotent if x™ = 0 for some positive integer n. The set of
all nilpotent elements is denoted by Ng, the nilradical of R.

For example, Z and K[zy,...,x,] are integral domains. Some classes of ideals
are also defined.

Definition 2.3. An ideal is principal if it is generated by a single element v € R,
denoted by (z).

An ideal p # (1) is prime if xty Ep = x € p ory € p.

An ideal m # (1) is mazimal if there is no ideal a such that m C a C (1) (strict
inclusions).

Equivalently:

p is prime < R/p is an integral domain;
m is maximal < R/m is a field.

Hence a maximal ideal is prime but not conversely, in general. The following
proposition is frequently used in this paper.
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Lemma 2.4. (Prime avoidance lemma,)

(i) Let p1,p2,...,pn be prime ideals and let a be an ideal contained in |J;—, p;-
Then a C p; for some i.

(i) Let ay,as,...,a, be ideals and let p be a prime ideal containing (), a;.
Then p 2 a; for some 1.

Definition 2.5. Let a be an ideal of a ring R.

e The annihilator of a, denoted by Ann(a), is the set of all elements x € R
such that xa =0 for all a € a.

e The radical of a, denoted by r(a), is the set of all elements x € R such that
x™ € a for some n > 0.

Proposition 2.6. Let R be a ring and a,b be ideals in R. Then
(i) if a C b, then r(a) C r(b).
(i1) if p is a prime ideal, then r(p) = p.
(iii) r(anb) =r(a)Nrb).
We now introduce concepts related to modules.

Definition 2.7. Let R be a ring. An R-module is an abelian group (M, +) on which
“scalar multiplications” from R acts linearly, i.e. for allr,s € R and x,y € M,
r(x+y)=rx+ry,
(r+s)x =rz+ sz,
(rs)x = r(sx),
lz = z.
Let M, N be R-modules. A mapping f : M — N is an R-module homomor-
phism if
fla+y)=flx)+ fy)
frz) =r- f(z)
for allr € R and x,y € M. The set of all R-module homomorphisms is denoted
Homp(M,N), or Hom(M, N) if there is no ambiguity about the ring R.
A submodule M’ of M is a subgroup of M which is closed under multiplication

by elements of R. The elements of the quotient M /M’ are the cosets of M' in M,
which has a natural R-module structure.

For example, R™ is an R-module. In particular R itself is an R-module with
ideals as its submodules. On the other hand, if R is a field, then all R-modules are
R-vector spaces.

Definition 2.8. Let R be a ring and M be an R-module. M is said to be generated
by x1,x2,...,xy € M if all elements m of M can be written as a linear combination
m = Z?:l rix; where r; € R. In this case, the elements x1,xs,...,T, are said to be
the generators of M and we write M = Rx1 + Rxo + - -+ + Rxy,. If M has a finite
set of generators, then M is said to be finitely generated.

We now state an important concept in our paper.
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Definition 2.9. An R-module M is said to be Noetherian if it satisfies one of the
following equivalent conditions:
(i) Every increasing sequence of submodules My C My C My C --- is station-
ary, i.e. there exists positive integer n such that M, = My,+1 = ---.
(i) Every submodule of M is finitely generated.

In particular, a ring R is said to be Noetherian if every increasing sequence of
ideals is stationary, or equivalently if every ideal of R is finitely generated.
There is one major fact that requires special attention.

Proposition 2.10. Let R be a Noetherian ring. If M is a finitely generated R-
module, then M is Noetherian.

This concludes the required commutative algebra preliminaries.

3. ELEMENTS NOT IN NonTor(R,m)

The main goal is to identify elements which are in and out of NonTorg(R,m).
Obviously, this task can be divided into two parts: identifying elements not in
NonTorgr(R, m) and elements in NonTorr(R, m). In this section, we focus on the
former sub-task.

Question 3.1 (Objective of this section). Let R be a ring and m be a positive
integer. Find elements which are not in NonTor(R,m).

In other words, we would try to construct a system of m equations with n variables
which gives only torsion solutions, so that n ¢ NonTor(R,m).
Our intuition comes from the solution [9] of the CMO problem.

Example 3.2. Let R =Z/kZ and m = 2. Write k = p'p3?-- pi“(”li’)“) and consider
the system represented by

I = <Hi¢1 bi 0 Hi;eg pi 0 T Hi;éw(k) pi 0 ) .
0 [ Lz pi 0 [Lizopi - 0 [Lizwq Pi
Suppose X = (11, T2, ..., Tau(k)) 5 a solution. Note that p; must divide v2;_1 and

Zo;. Thus all solutions are torsion and 2w(k) ¢ NonTor(Z/kZ,2).

For a general ring R, we would expect the choice of L to have a similar form. This
motivates the following proposition, which gives a sufficient condition of an element
not belonging to NonTor(R, m).

Proposition 3.3. Let R be a ring and m be an integer. Suppose there exist n
elements dy,ds,...,d, € R satisfying

n
(i) [[di =0,
=1
(ii) [[d? #0 forall 1 <j <n.
i#j
Then mn ¢ NonTor(R,m).
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Proof. The idea is to construct a system of m equations with mn variables, repre-
sented by the matrix L such that all solutions are torsion. We claim that

TT) 20 s 0 0 o Tlisn dn 0 0
0 [Tosde - 0 0 [sndr - 0
L= . : . . . . . .
0 0 o Tlesrde oo 0 0 o Tlsn dn
is such a choice. Suppose X = (x1,22,...,%mn)? is a solution to Lx = 0. Then for

each 1 <i < m, we have
(1) (T )i+ (TT i )wmsi +-+ ( TT o) mgumsys =0
k#1 k#2 k#n

Fix 1 < j < n. Note that all but the j-th term in the sum above belongs to the
principal ideal (d;). By making the j-th term as subject in (1), we see that the j-th
term also belongs to (d;), i.e.

( II dk)xm(j—l)-i-i =dj-y
k#j
for some y € R. Multiplying Hk;ﬁj dy, to both sides, we have

( 11 dk>2$m<j71)+z‘ = ( ﬁ dk) y=0.
k#j k=1

Hence @,,(j—1)+i is a zero-divisor. Since i,j are arbitrary, x1,22,...,Tm, are
zero-divisors. Thus x is torsion. O

Let us demonstrate how to utilise Proposition 3.3. The following two examples
showcase the fact that some rings might have no non-torsion numbers.

Example 3.4 (Rings with no non-torsion number). We provide two examples where
NonTor(R,m) = 0:

o Let R=Fy xFy x Fy X ---. For any positive integer k, we define
di=(1,...,1,0,1,...,1,0,0,...) for 1 <i<k.

Here, the first k coordinates are 1’s except the i-th position, which is zero.
All the other coordinates are zeroes. This produces k elements that clearly
satisfy the two conditions in Proposition 3.3. Thus mk ¢ NonTor(R, m) for
all k. Together with Proposition 1.8, NonTor(R,m) = 0.
e Let R = Klxy,29,...]/(x1, 2223, x4x52627,...). Then for each positive in-
teger k, we define

di = m?’“—‘,—(i—l) fOr 1 S ) S Qk
Using the same argument, m - 2¢ ¢ NonTor(R,m) for all k. Thus
NonTor(R, m) = 0.
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However, it is difficult to find suitable d;’s satisfying the conditions in Proposition
3.3 for a general ring R. Indeed, putting d; = p; as in Example 3.2, their product
is not zero and hence Proposition 3.3 cannot be applied. To resolve this issue, we
should choose d; = pi.

Example 3.5. Let R = Z/kZ, m = 2 and write k = p]'p3? pzz’é’;) Define
d; =p;" for 1 <i<w(k). We claim that the two conditions are satisfied:

w(k) w(k)
(i) [ di=[[ p" =k =0inZ/kzZ,
i=1 i=1
(ii) de = pro"' # 0 in Z/kZ for all 1 < j < w(k), since it is not a multiple
i) i#)
of pj.

Hence, Proposition 3.3 can be applied to show that 2w(k) & NonTor(Z/k7Z,2).

3.1. Primary decomposition. From Example 3.5, we should choose d;’s to be
prime powers instead of primes. Surprisingly, this fits perfectly with the notion of
primary ideals in abstract algebra.

The aim of this section is to provide some definitions and results related to primary
ideals.

Definition 3.6. An ideal q # (1) in a ring R is primary if
TYEQq = x€qory” €q for some positive integer n.

Notice that the radical 7(q) (Definition 2.5) of a primary ideal must be prime. In
particular, if p is a prime number, (p®) is a primary ideal in Z/kZ with r((p®)) = (p),
which fits into our motivation. We will now introduce a powerful tool to aid us with
choosing suitable elements.

Definition 3.7. A minimal primary decomposition of an ideal a in R is an

expression of a as a finite intersection of primary ideals 41,92, - .., qnN, that is,
N
a= ﬂ Qi
i=1

such that the r(q;)’s are distinct and q; 2 (;4; 95 for all1 <i < N.

In general, such a primary decomposition need not exist. Yet, this is true if we
assume the ring to be Noetherian.

Theorem 3.8. (Lasker-Noether theorem,)
Every ideal in a Noetherian ring has a minimal primary decomposition.

In particular, (0) has a minimal primary decomposition in a Noetherian ring. This
allows us to have further definitions based on a minimal primary decomposition of

0).

Definition 3.9. Let R be a Noetherian ring. Consider a minimal primary decom-

N
position of (0) = ﬂ Qi
i=1



ON NON-TORSION SOLUTIONS OF HOMOGENEOUS LINEAR SYSTEMS OVER RINGS 13

Define Ass(R)' = {r(q;) : 1 <i < N} to be the set of associated primes of R.
An associated prime p € Ass(R) is said to be
e minimal if p' € Ass(R) and p’ C p implies p =p’.
e maximal if p’ € Ass(R) and p’ D p implies p =p’.
e embedded if it is not minimal.
Denote Ass’(R) and Ass*(R) to be the set of minimal and mazimal associated
primes respectively.

Remark 3.10. The associated primes are independent of the minimal primary de-
compositions. Thus it makes sense to define the associated primes of R. Also, we
would keep away from using the term mazimal to avoid confusion with the notation
of mazimal ideals.
Example 3.11.

(i) Let R =7/kZ. Take the minimal primary decomposition

0) = ) N @3*) NN (D)
with Ass(R) = {(p1), (p2),---, (D))} by taking radicals. As all of the
(p:)’s are maximal ideals, there are no embedded associated primes. Hence,
Ass’(R) = Ass*(R) = Ass( ).
(ii) Let R = Klz,y]/(z%y, zy?).
(0) = (x) N (y) N (2% 9°),

with Ass(R) = {(x),(y), (z,y)}. Since (x) C (x,y) and (y) C (z,y),
Ass’(R) = {(z), ()} (thus (z,y) is embedded) and Ass*(R) = {(x,)}.

Take the minimal primary decomposition

3.2. Application of primary decomposition to the problem. Recall from
Proposition 3.3 that we want to choose elements dy,ds, ..., d, satisfying

) ﬁdz‘ =0,
i—1

(i) JJd? #0forall 1 <j<n.
1#]
Example 3.5 suggests that d; should be chosen from primary ideals. In this
example, the minimal primary decomposition of (0) is given by
w(k)

= m i
i=1

with q; = (p) and p; = r(q) = (pi) for 1 < i < w(k).

To ensure that (i) is satisfied, each d; should be chosen from ¢; so that their
product belongs to the intersection of the ¢;’s, which is (0). On the other hand, each
d; should not belong to |J;, p;, ensuring that (i) is satisfied. For if J[, d=0¢
p;, then d; € p; for some 7 # j by the definition of prime ideal. This contradicts to
the choice of d;. Intuitively, it suggests that each d; should be chosen from g;\J i2i P
for general rings.

1Although this is somewhat “regrettable” [7, p.3], but yes, this is the standard notation.
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Tragically, the example below illustrates that q; \ j2i Pj may be empty in some
cases.

Example 3.12. Consider R = K[z, y|/(2*y, xy?) and the minimal primary decom-
position of (0) as in Evample 3.11(ii). Denote q1 = (z), q2 = (y) and q3 = (22,y?)
as the primary ideals and p1 = (x), p2 = (y) and ps = (x,y) as the associated
primes.

Then q1 \ (p2 Ups) = 0 because q1 C ps.

It turns out that the set q; \J j2i Pj is empty precisely when embedded primes are
present. Luckily, we can still pick d; = 22 and do = y? that satisfy the conditions.
This accounts to the fact that d; € g1 Ngs \ p2 and da € g2 N q3 \ p1. Thus the
product dids € q1 N g2 N g3 = (0) and the squares d? & po and d3 & p;.

Taking this into consideration, we have a more refined strategy to choose suitable
d;’s in Noetherian rings.

Theorem 3.13. Let R be a Noetherian ring. Then m|Ass’(R)| & NonTor(R,m).

Proof. Fix a minimal primary decomposition (0) = ﬂszl qr. Write Ass’(R) =
{p1,...,pn} where the p;’s are distinct. For each 1 < i < n, define I; = {1 <k <
N :p; Cr(qr)}. We claim that we can choose

di € ﬂ ar\ U pj
kel j#i
by showing that the set is non-empty.

Suppose on a contrary that (<, qx € U i P Apply prime avoidance lemma
(Proposition 2.4(i)) once, we have (),c; qx C p; for some j # i. Apply prime
avoidance lemma (Proposition 2.4(ii)) again, we have q C p; for some k € I;, and
thus r(qx) C r(p;) = p,; by Proposition 2.6. Since k € I;, p; C r(qx), and hence
p; C p;. Minimality of p; gives p; = p; but they have to be distinct. Contradiction
arises and the claim follows.

It remains to check that conditions (i) and (ii) in Proposition 3.3 are satisfied by
the choice of such d;’s.

For (i), we show that [[d; € qi for all 1 < k < N. Note that the associated
prime 7(q) must contain some minimal associated prime, so r(qx) 2 p; for some
1 < i < n. In particular, k € I; and hence

di€ () a5 € ar.
JEL;

For (ii), suppose on a contrary that Hi# d?=0¢ p; for some 1 < j < n. By the
definition of prime ideals we have d; € p; for some ¢ # j, which contradicts to the
choice of d;.

Hence mn ¢ NonTor(R,m) by Proposition 3.3. O

This implies that for a large class of rings we might find elements out of
NonTor(R,m). More precisely, if we know the number of minimal associated primes
of a ring, we immediately obtain a lower bound of the minimal non-torsion number.
We illustrate the application of Theorem 3.13 with the following two examples.
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Example 3.14. Consider the same rings as in Example 3.11.
(i) If R = ZJKZ, then | Ass’(R)| = w(k). Thus mw(k) & NonTor(R,m) for all
positive integers m.
(i) If R = Klz,y]/(22y, 2y?), then |Ass’(R)| = 2. Thus 2m ¢ NonTor(R,m)
for all positive integers m.

4. ELEMENTS IN NonTor(R,m)

The results in Section 3 is not enough to identify all numbers which are in
NonTor(R,m); they only implies that some numbers are not in the set. In this
section, we try to find elements that belong to NonTor(R, m). However, as we will
see in the following section, showing the non-emptiness of NonTor(R,m) is already
a very difficult task. Let us restate the problem with the focus in this section:

Question 4.1 (Objective of this section). Let R be a ring and m be a positive
integer. Find elements which are in NonTor(R, m).

In other words, we need to show that every homogeneous system of m equations
with n variables guarantees a non-torsion solution x = (z1,...,,) so that n €
NonTor(R,m). Notice that a solution x is non-torsion if and only if z; is not a
zero-divisor of R for some 1 < i < n.

As mentioned in Section 1.3.1, the solution from [9] of the CMO problem cannot be
easily generalised. We cannot obtain any intuition from the solution. Consequently,
alternative approaches applicable to general rings are developed in the following
subsections.

4.1. Reducing the problem. In this subsection, a sufficient condition for n €
NonTor(R,m) is given. To achieve this, we deduce equivalent formulations of the
problem. Observe that homogeneous systems of m equations with n variables have
a one-to-one correspondence to R-module homomorphisms from R™ to R™. This
gives the following result.

Proposition 4.2. Let R be a ring with D as the set of zero-divisors and m,n
be positive integers. Then n € NonTor(R,m) if and only if ker¢p € D™ for all
¢ € Homg(R"™, R™).

Proof. (=) Let ¢ € Hom(R™, R™) be given. For 1 < i <mn, let
e; =(0,...,0,1,0,...,0) € R"

with 1 at the i-th position. Consider the system of m equations with n variables
represented by
| | |

L= ¢(|€1) ¢(|€2) d’(l@n)

Since n € NonTor(R,m), there is a non-torsion solution x = (x1,22,...,%,).
Notice that x € ker ¢ because

0="ILx= Z$i¢(ei) =¢ (Z sz’&‘) = d(x).

=1
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Yet x € D™ as x; € D for some 1 <i <n.

(<) Let L be the matrix representing a system of m equations with n variables.
Consider the module homomorphism ¢ € Hom(R™, R™) defined by x + Lx. By
assumption, there is an element in x = (21,9, ...,x,) € ker ¢ which is not in D",
i.e. there is a coordinate x; € D. This implies x is non-torsion. O

The set of zero-divisors D may not be an ideal. Its lack of structure forbids us to
discuss whether the solution set is a subset of D™. However, in light of the use of
primary decomposition in the previous section, we recall a result from commutative
algebra:

Proposition 4.3. Let R be a Noetherian ring with D as the set of zero-divisors.

Then
D= J »
pEAsst(R)

We introduce the following notation for simplicity.
Definition 4.4. Let R be a ring and a1, as,...,a, be ideals in R. Denote
a; Xag X - xa, ={(ar,a2,...,a,) € R" : a; € a;,1 <i<n}
as a submodule of R™. In particular, a X a X --- x a with n a’s is denoted by a(™.

With the aid of Proposition 4.3, the formulation in Proposition 4.2 can be further
simplified.

Theorem 4.5. Let R be a Noetherian ring and m,n be positive integers. Then n €
NonTor(R,m) if and only if for all ¢ € Hom(R"™, R™) and py1,ps,...,pn € Ass*(R),
ker¢ & p1 X pa X -+ X pp.

Remark 4.6. Note that the p;’s need not be distinct.

Proof. Denote D as the set of zero-divisior of R.

(=) Let ¢ € Hom(R™, R™). By Proposition 4.2, ker¢ € D™. Proposition 4.3
implies that p; x pa X --- X p, € D". Hence ker ¢ Z p1 X pa X -+ X pp.

(<) In view of Proposition 4.2, it suffices to show that ker ¢ ¢ D™ for all ¢ €
Hom(R™, R™). Suppose on a contrary that ker ¢ C D™ for some ¢ € Hom(R"™, R™).

For each 1 < ¢ < n, consider the projection map m; : R™ — R defined by
(z1,22,...,2n) — x;. Note that m;(ker ¢) is an ideal in R. Since ker ¢ C D", we
have m;(ker ) C D. By Proposition 4.3 and prime avoidance lemma (Proposition
2.4(i)), we have 7;(ker ¢) C p; for some p; € Ass*(R). Hence

ker ¢ C 7 (ker ¢) x ma(ker @) X -+ X m,(ker @) C pyp X pa X -+ X P
This contradicts to the assumption. (|

Theorem 4.5 tells us that if n ¢ NonTor(R,m), then there exist a module homo-
morphism ¢ € Hom(R"™, R™) and p1,...,p, € Assu(R) such that ker ¢ C p1X---Xp,.
We wonder when would such a homomorphism ¢ exists if the p;’s are fixed. The fol-

lowing theorem characterises the existence of ¢ by a condition related to submodules
of R™.
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Theorem 4.7. Let pq, pa2,...,pn be ideals in a ring R and m be a positive integer.
The followings are equivalent:

(i) There exists ¢ € Hom(R™, R™) such that ker ¢ C py X pa X -+ X pp,.
(ii) There exists a surjective module homomorphism from a submodule M of R™
to (R/p1) x -+ X (R/pn).
Proof. ((i) = (ii)) Let M be the image of ¢. We claim that ¢p : M — (R/py) X - - X
(R/pn) given by
w(¢($1,$2, e ,Zn)) = (1'1 +Pp1,T2 +P2,..., Ty -I-)Jn)

is the required surjective module homomorphism. Notice that surjectivity of v is
immediate. To see that it is well-defined, let x = (21,22, ..., 2Zn), ¥ = (Y1,Y2,- - -, Yn)
and ¢(x) = ¢(y). Then x—y € ker ¢ C p1 X pa X -+ X p,,. It follows that x; —y; € p;
forall1 <i<n.

((ii) = (i)) Let ¢p : M — (R/p1) X - -- X (R/py) be the surjective homomorphism.
For each 1 < i < n, surjectivity implies that there exist m; € R™ such that ¢(m;) =

(pla ces Pi-1, 1+ PisPit1,--- 7pTL)
Define the module homomorphism ¢ : R — R™ by

n
d(r1,22,...,2T0) = me@Z
i=1

If x = (21, 22,...,2,) € ker ¢, then > x;m; = 0. Taking ) on both sides,

0=1(0) =17 (Zl‘imi) = wmip(mi) = (21 4 P1, @2 + P2, T+ Pn).-
i=1 i=1

Hence x; € p; forall 1 <i<mandsoXx €p; X Py X -+ X Py a

It would be nice if we can consider the associated primes in Ass*(R) individually.
By letting p; = po = --- = p,, = p in Theorem 4.7, we introduce the following
definition.

Definition 4.8. Let p be an ideal in R and m be a positive integer. Define
NonTor? (R, m) to be the set of positive integers m such that one of the following
equivalent conditions is satisfied:
(i) ker ¢ Z p™) for all $ € Hom(R™, R™).
(ii) for any submodule M of R™, there are no surjective homomorphism from
M to (R/p)".

Remark 4.9. Similar to Proposition 1.8, if ng € NonTor?(R,m), then
n € NonTor? (R, m) for any integer n > ny.

The following theorem is the main theorem of this subsection. It gives a sufficient
condition for the existence of a non-torsion number.

Theorem 4.10. Let R be a Noetherian ring. For each p € Assﬁ(R), suppose
ny € NonTor? (R, m). Then

n:=1+ Z (np — 1) € NonTor(R, m).
pEAsst(R)
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Proof. We prove the theorem by contradiction. Suppose not, then by Theorem 4.5
and Theorem 4.7, there exist p1,...,p, € Assﬁ(R), a submodule M of R™, and a
sujective module homomorphism

Y M — (R/p1) x - x (R/pn).

For each p € Ass*(R), define I, = {1 <i <n:p, = p}. Notice that a surjective
homomorphism

(R/pl) X X (R/pn) —» (R/p)|1p|

can be constructed by projecting the i-th component if i € I,. Composing with 1,
we have

M — (R/p1) % === % (R/pa) — (R/p)!"v.
Since n, € NonTor? (R, m), we must have |I,| < n, — 1. Notice that I, partitions
{1,2,...,n}. Tt follows that

n=1+ > (p-1)=1+ > |L|=1+n

pEAsst(R) peAsst(R)
This is absurd. O

4.2. Elements in NonTor? (R, m). Theorem 4.10 tells us that NonTor(R, m) is non-
empty if NonTor? (R, m) is non-empty for all p € Assﬁ(R). The problem becomes
finding elements in NonTor? (R, m) for each p € Ass*(R).

In this subsection, we adopt two approaches to show the existence of elements
in NonTor?(R,m) for classes of Noetherian rings R. One concerns the number of
generators (Definition 2.8) of submodules in R™ and one concerns localisation of
rings.

4.2.1. Number of generators. Notice that if an R-module M is generated by k el-
ements 1,...,z, € M, a surjective module homomorphism from RF to M via
(r1,...,7%) ¥ r121++ - - +7RT)K can be constructed. Together with Definition 4.8(ii),
we come up with the following observation:

Theorem 4.11. Let R be a ring and m be a positive integer. If any submodule of
R™ can be generated by k elements, then k + 1 € NonTor? (R, m) for any ideal p.

Proof. We prove the theorem by contradiction. Suppose there exists an ideal p in
R, a submodule M of R™ and a surjective module homomorphism

M — (R/p)*+.

Let z1,...,x; generate M and consider the surjective module homomorphism
(r1,...,76) = > r;x;. Composing the two homomorphisms give the surjective mod-
ule homomorphism ¢ : R¥ — (R/p)k+1.

We claim that p(®) C ker ¢. To see this, suppose (p1,p2y---,Dk) € p®*) and write
e; = (0,...,0,1,0,...,0) € RF where the 1 is in the i-th position for 1 < i < k.

Then
k k
@(p1,p2,- .-, Pk) = ¢ (Zpiez) = pip(e:) =0.
=1 =1
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The claim follows. By first isomorphism theorem, we have a surjection
(R/p)* = R*/p™ — R¥/kerp = im ¢ = (R/p)"*".

Since p C Ann((R/p)*), we can regard ([2, p.19]) the above R-module homomor-
phism as an R/p-module homomorphism. Applying Proposition 1.1 to the commu-
tative ring R/p implies that k& > k + 1, which is absurd. O

Conditions on the ring R should be imposed so that the assumption of Theorem
4.11 is satisfied. The following lemma is inspired by [3].

Lemma 4.12. Let R be a ring and M be an R-module. Suppose all ideals in R can
be generated by g elements. Then if M is generated by m elements, any submodule
of M can be generated by mg elements.

Proof (Altered from [3]). We prove by induction on m. For m = 1, M = Rz for
some x € M. Let N be a submodule of M and note that N = ax where a = {a €
R :ax € N} is an ideal of R. By assumption, a is generated by g element and so is
N.

For the inductive step, let M = Rz; + Rxo + .-+ + Rx,y1 for some
1,22, ..., Tme1 € M. Consider the submodule M; = Rxo + -+ + R4 of
M. Suppose N is a submodule of M and define the submodule Ny = N N M,
of M;. By the inductive hypothesis, N7 can be generated by mg elements. Write
Y1,Y2,- -+, Ymg € N1 be the generators of N;.

By second isomorphism theorem, N/Nj is isomorphic to (N + M;) /My, which is a
submodule of M /M. Note that M /M, is generated the element x; + M;. From the
result for m = 1, N/N; can be generated by g elements, say 21+ N1, 22+ N1, ..., 24+
Ny where 2z, 22,...,24 € N. We claim that y1,¥y2,...,Ymg, 21,...,29 € N generate
N. Indeed, if x € N, then x € x + Ny = Y r;z; + Ny for some choice of r;’s since
zi + N1 generates N/N;. Thus x = > riz; + ) s;y; since y; generates N;. Hence,
N is generated by mg + g = (m + 1)g elements. a

Combining Theorem 4.11 and Lemma 4.12, a simplified condition on Noetherian
rings R with non-empty NonTor(R, m) is found.

Corollary 4.13. Let R be a Noetherian ring and m be a positive integer. Suppose all
ideals in R can be generated by g elements. Then mg| Ass*(R)|+ 1 € NonTor(R,m).

Proof. Notice that R™ can be generated by m elements. Applying Lemma 4.12 with
M = R™, all submodules of R™ can be generated by mg elements. By Theorem
4.11, mg + 1 € NonTor? (R, m) for any p € Ass*(R). Theorem 4.10 then implies the
desired result. |

Note that if R is a principal ideal ring (i.e. a ring where all ideals are principal),
then g = 1 in Corollary 4.13. This gives the following special case:

Example 4.14. Let R be a principal ideal ring and m be an integer. By Corollary
4.13, m| Ass*(R)| + 1 € NonTor(R,m). In other words, combining the result with
Theorem 3.13,

m| Ass’(R)| < min NonTor(R, m) < m| Ass*(R)| + 1.
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In particular, this completely solves the CMO problem, generalised to m equations.
Since R = Z/kZ is a principal ideal ring, we have mw(k) + 1 € NonTor(R, m). On
the other hand, we have mw(k) ¢ NonTor(R,m) by Example 3.14(i). Thus

NonTor(Z/kZ,m) = {n € N:n > mw(k) + 1}.

Remark 4.15. We note here that Corollary 4.13 actually implies a non-trivial result
as a by-product. Namely, it implies that if ideals in R can be generated by g elements,
then
| Ass’(R)|
T A )

4.2.2. Localisation. From Definition 4.8(i), n € NonTor”(R,m) if and only if any
system of m equations with n variables has a solution x such that one of the coor-
dinates is out of p. As a naive guess, one might be tempted to consider projecting
the system to the integral domain R/p.

This is unfortunately not applicable since we cannot guarantee a solution after
lifting back to R. The issue is explained by the following example.

Example 4.16. Let R = Z/9Z and m = 2. Consider the associated prime p = (3)
2 6 3
4 1 2
ring R/p = 7/37Z, we obtain a new system represented by

, (2 00
v=(1139)

It has a non-trivial solution x’ = (0,1,1). Yet by directly pulling X' back to x in

R, we see that
0
2 6 3 0
(i) () - () 70

As a result, X is no longer a solution to the original system.

and the system represented by L = < > By projecting the entries onto the

In fact, any pull back of a solution x’ from R/p to x in R can only guarantee that
Lx € p™), Tt turns out that we have to consider the localisation of R at p instead.

Definition 4.17. Let p be a prime ideal in a ring R. Define the localisation of R
at p, denoted by Ry, to be the ring consisting of equivalence classes a/s where a € R
and s € R\ p with respect to the relation

a/s=b/t < (at —bs)u =0 for someu € R\ p.

Addition and multiplication in R, are given by a/s + b/t = (at + bs)/st and
a/s - b/t = ab/st. In this case, Ry is a local ring with a unique mazimal ideal
denoted by pR, = {a/s:a € p,s € R\ p}.

Remark 4.18. Notice that the ring operations in Ry, is similar to the usual opera-
tions done on fractions.

The problem on determining NonTor? (R, m) turns out to be equivalent to that
after taking localisation.
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Theorem 4.19. Let p be a prime ideal in the ring R and m be a positive integer.
Then NonTor? (R, m) = NonTor? ™ (R,,,m).

Proof. By Definition 4.8(i), it suffices to show that there exists ¢ € Homg(R", R™)
such that ker ¢ C p(™ if and only if there exists ¢y € Homp, (R}, Ry') such that
ker ¢, C pRJ™.

(=) Suppose that ¢ € Homp(R™, R™) is represented by (a;;) where a;; € R. i.e.,

O(x1,.. ., my) = (Zaljxj, .. -’Zamj$j> .

Take ¢, € Homp, (R, R}') be represented by (a;;/1). Suppose

¢p($1/517~-~axn/5n) = 07
then for all 1 <7 < m,

n n
Za%i—;:() = uZaij<Hsk)xj:O, for some u ¢ p.

Jj=1 j=1 k#j

Therefore (45283 - - SpT1, US183 - SpTa, ..., US1S2 - Sp_1Ty) € kerp C p(™). As
si ¢ p and u ¢ p, we have x; € p. Hence x;/s; € pR,, for all 1 < ¢ <n.

(<) Suppose that ¢, € Hompg, (R, R}") is represented by (ai;/si;j). Take ¢ €
Homp(R", R™) be represented by (a;; - [[;.4; sir). Suppose ¢(x1,...,7,) =0, then
for all 1 <1i<m,

n

Zaij(nsik>xj =0 = i%% =0.
j=1

=1 kA =1 %
Therefore (x1/1,...,2,/1) € ker ¢, C pR'(Jn). Hence z; epforalll1 <i<n. 0O

From the previous subsection, it is suggested that NonTorPft» (Rp,m) is highly
correlated to the number of generators of ideals in R,. It turns out that generators
of ideals in local rings have been studied frequently. The following captures some of
the related results.

Definition 4.20. Let R be a ring. Define the length of a chain of prime ideals
po C p1 C -+ C py as the number of strict inclusions, n.

The Krull dimension of R, denoted by dim(R), is defined as the supremum of
the lengths over all chains of prime ideals in R.

For a prime ideal p in R, the height of p, denoted by ht(p), is defined as the
supremum of the lengths over all chains of prime ideals taking the form po C p1 C

o C P =P
We quote a well-known result concerning generators of ideals in local rings.

Theorem 4.21. Let R be a local ring with dim R < 1. Then there is a positive
integer g such that all ideals in R can be generated by g elements.

Note that dim(R,) = ht(p) ([5, p.30]). Utilising this fact and Theorem 4.21, we
can impose a condition on Noetherian rings so that non-torsion numbers exist.
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Theorem 4.22. Let R be a Noetherian ring and m be a positive integer. Ifht(p) <1
for all p € Ass*(R), then NonTor(R,m) is non-empty.

Proof. Since ht(p) = dim R,, by Theorem 4.21 we know there is a non-negative
integer g such that all ideals in R, can be generated by g elements. Hence by
Lemma 4.12 any submodules of (R,)™ can be generated by mg elements. Now
notice that R, is Noetherian. Thus by Theorem 4.11, mg + 1 € NonTor? % (R,,, m).
This implies that mg + 1 € NonTor? (R, m) by Theorem 4.19. The result is followed
by Theorem 4.10. ]

As a corollary, we have the following result.

Corollary 4.23. Let R be a Noetherian ring with no embedded associated primes.
Then NonTor(R, m) is non-empty.

Proof. By [2, Proposition 4.6], the minimal associated primes will not contain any
other prime ideals in R. Hence their heights must be 0. Since there are no embedded
primes, Ass*(R) = Ass’(R) and ht(p) = 0 for all p € Ass*(R). Thus NonTor(R,m)
is non-empty by Theorem 4.22. O

However, Theorem 4.22 is more powerful, in the sense that even if the ring has
embedded primes, we can still guarantee a non-torsion number in some cases. Exam-
ple 4.25 illustrates this intuition. Yet it relies on the following well-known theorem,
which is quite useful in computation.

Theorem 4.24 ([8], Krull’s principal ideal theorem). Let R be a Noetherian ring
and (x) be a principal ideal in R. Then the minimal primes of (x) have height at
most 1, i.e. if (x) Cp and no other prime q satisfy (x) C q C p, then ht(p) < 1.

As promised, we now give the following familiar example in which Theorem 4.22
can be applied to rings that were not solved before.

Example 4.25. Consider R = K|z, y]/(22y, zy?) as in Example 3.11 with Ass*(R) =
{(z,y)}. We show that ht((z,y)) = 1, so that NonTor(R, m) is non-empty for any
positive integer m.

Claim. r((x +vy)) = (x,y).

Proof. It p € r((z + y)), then p™ € (x 4+ y) for some positive integer n. If p has a
constant term then so does p™, which violates p™ € (x +y). Thus p has no constant
and must be in (z,y).

Conversely, let p € (z,y), which has no constant term. Notice that for integer
n =3,

{B(.’E + y)n—l ="+ (n _ 1)xn—1y + (n — 1)2(’11 — 2)1,n—2y2 + oy
which is equal to 2™ after modulo (22y, zy?). Since z(z+y)"~! € (z+y), 2" € (z+y)
and y™ € (x +y) by symmetry. Thus by taking p3, all terms must have degree at
least 3, so every term must be a multiple of 23, x2y, zy? or y3. Thus p* € (z + y)
which implies p € r((x + y)). O

1
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Now suppose (x +1y) C q C (x,y) for some prime q. By Proposition 2.6, (x,y) C
q C (z,y) since (x,y) is prime. Contradiction and so (xz,y) is a minimal element of
all prime ideals which contain (x +y). Hence Theorem 4.2/ applies and (x,y) has
height at most 1, as required.

4.3. A special case: reduced Noetherian rings. The rest of this section is
dedicated to a special class of rings which we have not covered above.

Definition 4.26. A ring R is said to be reduced if it has no non-zero nilpotent
elements.

In this section, we will focus on the class of reduced Noetherian rings.

Proposition 4.27. Let R be a reduced Noetherian ring. Then R has no embedded
associated prime.

Proof. By the reduced condition, the only nilpotent element is 0, i.e. (0) = r(0).
Let (0) = () g; be a minimal primary decomposition. Notice that the number of
associated primes n is fixed. Yet by Proposition 2.6,

0)={Na:=[)r(a:) = \p:

gives another primary decomposition of (0) by taking radicals. If there are embedded
associated primes, say ps C p1, then there is a primary decomposition with n — 1
components. Contradiction to the minimality of n. O

We now focus on the elements which are in NonTor(R, m), where R is a reduced
Noetherian ring. To proceed, we rely on a characterisation for the localisation to be
a field.

Proposition 4.28. Let R be a reduced Noetherian ring. Then R, is a field for all
p € Ass(R).

Proof. By Proposition 4.27, p € Ass’(R). Suppose q’ is a prime ideal in R,. By [2,
Proposition 3.11], the prime ideals in R, are in one-to-one correspondence with the
prime ideals of R in p. This implies that q’ corresponds to a prime ideal ¢ C p in R.
Yet by the minimality of p, we have q = p. Thus there is only one prime ideal p in
R,.

Now, consider the nilradical of Ry, which is just p by [2, Proposition 1.8] as there
is only one prime ideal. However, since R has no nilpotent elements, Mg, = (0) by
[2, Corollary 3.12], i.e. (0) is the only prime ideal in R,. Thus the maximal ideal in
R, is (0), and so R, is a field. O

This solves the entire problem for the class of reduced Noetherian rings:

Corollary 4.29. Let R be a reduced Noetherian ring and m be a positive integer.
Then

NonTor(R,m) = {n € N:n > m|Ass(R)| + 1}.

Proof. We already know m| Ass(R)| ¢ NonTor(R, m) by Proposition 4.27 and Theo-
rem 3.13. Now by Proposition 4.28, R, is a field, and thus m+1 € NonTor(R,, m) =
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NonTorP® (R, m) for all p € Ass(R). By Theorem 4.19, m + 1 € NonTor? (R, m).
Thus

| Ass(R)|
Z (m+1—-1)+1=m|Ass(R)|+1
i=1
is a non-torsion number by Theorem 4.10, which implies the result. (]

5. FURTHER INVESTIGATION

The potential of the problem is not limited to rings. Even in the case of Noetherian
rings, we have not fully found NonTor(R, m). Some possible further investigation
on this problem is suggested in this section.

5.1. Conjectures on NonTor(R, m). Of all results we achieved, the focus is solely
on Noetherian rings. Based on the intuition from Section 4, we propose the following
conjecture.

Conjecture 5.1. Let R be a Noetherian ring with finite Krull dimension and m be
a positive integer. Then NonTor(R,m) is non-empty.

Remark 5.2. We specify R to be finite-dimensional since we believe there are rings
which are Noetherian with infinite Krull dimension such that NonTor(R,m) = (). For
instance, take R = K|x1,x2,...] and prime ideals p; = (Xgi—1,Toi-141,...,T9i_1) for
positive integers i. Let S be the multiplicative subset

oo
i=1
Consider the ring A = S™'R, which is Noetherian by [11]. We suggest that
Af(x1/1,xox3/1, xyw5x627/1,...) or similar quotients might be an infinite dimen-
sional Noetherian ring with NonTor(R,m) = 0. We do not know how to verify this
due to the complicated structure of this ring, so we leave this for further investiga-
tions.

On the other hand, we hope to discuss the case of non-Noetherian rings. By
Example 3.4, there are non-Noetherian rings R with NonTor(R,m) = (). However,
we do not expect all non-Noetherian rings to have empty NonTor(R, m). It is hence
natural to characterise what rings R would have empty NonTor(R, m).

Question 5.3. Let R be a ring and m be a positive integer.  What does
NonTor(R,m) = 0 tell about the ring R?

5.2. NonTorg(M, m) for R-module M. We believe that our investigation in Sec-
tion 3 and 4 can be carried to modules. Recall that a solution in a module being
non-torsion means that one of its coordinates is not a torsion element of the module.

Definition 5.4. Let R be a ring and M be an R-module. An element x € M is
called a torsion element of M if there exists non-zero r € R such that rz = 0.
The set of all torsion elements is denoted by T(M).
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Similar to the case of the set of zero-divisors in a ring, T'(M) is not a submodule
of M. Yet in the case that R is an integral domain, T' (M) forms a submodule of M,
called the torsion submodule of M.

Unlike the case of rings, it is possible that T'(M) = M (in this case M is called
a torsion module). It turns out that in the two extreme cases T'(M) = M and
T(M) = 0, we can find their respective minimal non-torsion number quite easily.

Proposition 5.5. Let M be an R-module and m be a positive integer. If T(M) = M,
then NonTorg (M, m) = 0.

Proof. All elements are torsion in M, and thus no non-torsion solution exists for any
system. O

Proposition 5.6. Let M be a Noetherian R-module and m be a positive integer. If
T(M) =0, then NonTorg(M,m) = {n € N:n >m+ 1}.

Proof. Firstly, note that m ¢ NonTor (M, m) by considering the system represented
by the identity matrix. To show m + 1 € NonTor (M, m), it suffices to prove that
for all ¢ € Homp(M™FL, M™), ker ¢ € T(M)", i.e. ker ¢ # 0.

Suppose ker ¢ = 0. By first isomorphism theorem, we have the injective map

M™T = ML ker ¢ 2 im ¢ — M™,
which is impossible by [1, Lemma 1.36] since M™ is Noetherian. O

Some properties of the set of zero-divisors can be carried over to T(M). For
example, we have the following analogy to Proposition 4.3.

Proposition 5.7. Let M be an R-module with T(M) # M. Then T'(M) is a union
of prime submodules.

Here, a submodule P of M is called a prime submodule if for r € Rand m € M,
rm € P impliesm e Porr e {x € R:zM C P}.

We suspect that analogical results to, for instance Theorem 3.13 and Theorem
4.22 can be deduced. In addition, special cases such as M being a free R-module,
as well as M being a finitely generated module over a PID can be investigated.

6. CONCLUSION

In this paper, we proposed the problem of finding the minimum integer n such
that every homogeneous system of m equations with n variables over a given ring
has a non-torsion solution. The results are summarised as follows.

As shown in the introductory section, the case of integral domains is immediate
with the help of [1]. By Proposition 1.10, the set of non-torsion numbers is given by
NonTor(R,m) = {x € N: 2 > m + 1}. Then, the problem from CMO asked for the
non-torsion numbers in Z/kZ when m = 2. We have NonTor(Z/k7Z,2) = {z € N :
x > 2w(k) 4+ 1} as given in the solution by [9].

We then moved on to the generalised problem over rings. We divided the problem
into two sub-tasks; one concerns the elements not in NonTor(R,m) and the other
one concerns those that are in NonTor(R, m). They are covered in Section 3 and 4
respectively.
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In Section 3, we made use of the notion of primary decomposition to show that
m| Ass’(R)| & NonTor(R,m) for Noetherian rings R. This is proved by giving a
construction and the use of prime avoidance lemma in Theorem 3.13.

In Section 4, we gave equivalent formulations of the problem, which allowed us
to consider individual associated primes instead of the whole set of zero-divisors at
once by Theorem 4.10. This motivated the definition of NonTor? (R, m). We then
approached the sub-problem of finding elements in NonTor? (R, m) by considering
the number of generators of ideals and the localisation of R at p. They gave rich
results on the non-emptiness of NonTor? (R, m) and hence NonTor(R,m).

Combining the results in the two sections, Corollary 4.13 showed that if all ideals
in R can be generated by g elements, then mg| Ass*(R)| + 1 € NonTor(R,m). In
particular, we solved the CMO problem with m equations. We also showed in
Theorem 4.22 that if R is a Noetherian ring such that the heights of all associated
primes are at most one, then NonTor(R,m) is non-empty. At last, for the case
where R is a reduced Noetherian ring, we gave a complete solution to the problem:
NonTor(R,m) = {x € N:x > m|Ass(R)| + 1}.

APPENDIX A. PROOF OF THE CMO PROBLEM

The following solution to Question 1.3 is adopted from [9]. Note that since the
solution is posted on a forum, it might contains unclear explanations, gaps and
informal wordings within the proof. We choose not to fix these details to maintain
as much original ideas from the author as possible. The only amendments are of its
format.

The problem is restated here.

Question A.1 (CMO 2021/2). [1.8] Let m > 1 be an integer. Find the smallest
positive integer n, such that for any integers ay,as, . ..,an;b1,bs,..., by, there exists
integers xy,Ta, ..., Ty, satisfying the following two conditions:

(i) There exists i € {1,2,...,n} such that x; and m are coprime.
n n

(i1) Zaixi = Zbixi =0 (mod m).

i=1

Solution to Question 1.3. The answer is 2w(m) + 1, where w(m) is the number of
distinct primes dividing m. We say that the integer n is m-friendly if it satisfies the
conditions.

Construction for 2w(m)

Write m = plflpg€2 .. .pfi and w(m) = t. For every s = 1,...,t, let ps divide all of
the a; and b;’s except for ass_1 and bgs. Then z95_1 and x5 must both be divisible
by ps, so none of the x;’s are coprime to m.

Proof for 2w(m) + 1
We first prove the following claim:

Claim A.2. For a prime p and a positive integer k, n is p-friendly iff n is p”-
friendly.
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Proof. The reverse implication is obviously true, so we will prove the forward direc-

tion. We want to show that n is p*-friendly, so say that we are given c;,...,c, and
di,...,dy.

Induct on k, and we split into four cases:

Case 1: The vectors ¢ = (cq,...,¢,) and d = (dy,...,d,) are linearly independent

in . By inductive hypothesis, we assume that
Zcimi =ap"~! (mod p*) Zd z; = bp*~ ! (mod pF).
i

Because of our assumption, the matrix
C1 C2 . Cp,
dy dy ... dp
has rank 2, and the vectors (c¢;,d;) span the space IF%. Thus, we can also find

Y1y, Yn with Y. a;y; = a (mod p) and >, b;y; = b (mod p). We can then just

take x} = z; — y;p*~!, and

Zcix’i =ap® ' —ap"~ ' =0 (mod p¥), Zdzx; =bpFt—pp* 1 =0 (mod p").

Case 2: The vectors ¢ and d are both zero mod p. Notice that we can just divide
all ¢; and d; by p to reduce to the inductive hypothesis.

Case 3: c is the zero vector, and d is not all zero. Suppose that entry d; is not zero
mod p, then by inductive hypothesis, there exist x; such that

ch/pxz dez_o modpk_l).

We can then just modify x; by a suitable multiple of p*~!.

Case 4: c and d are both nonzero, and d = Ac for some nonzero element A € F,,. In
this case, suppose d; = A¢; + pl;. We know that there exist x; (not all divisible by

p) such that
Zcil'i = Zfz‘l"i =0 (mod p"")

Also, let Y, c;z; = ap~! (mod p*), and we choose y; such that > . c;y; = a
(mod p) (this is possible since there exists a nonzero ¢;). Let o} = x; —y;p*~1. Then

Zcix; =0 (mod p")
i
and

de —Z (\c; + pl;) s —)\chx +pZ€m =0 (mod p").

Having listed all cases, the claim has been proven. O
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Back to the original problem. We take the equations mod p* for each p* || m,
and by the claim above this is equivalent to just taking mod p. The matrix

ay az ... (07%
M =
(b1 by ... bn>
is a linear map from IF?,”I to IF?,, so its kernel has dimension at least 2¢ — 1, which
implies that at most 2 entries have to be zero. Because there are ¢t = w(m) primes

dividing m, at most 2t entries don’t work, so there exists an entry that could be
coprime to m (we used CRT here). O
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This paper was reviewed by three experts on representation theory and alge-
braic geometry. All three reviewers were highly impressed by the quality and depth
of this paper, and by the fact that the author was just a high school student. The
problem investigated by the paper was well-motivated by a 2021 Chinese Mathemat-
ical Olympiad (CMO) problem. The author rephrased and generalized that CMO
problem about solving a system of two linear equations in Z/kZ into a problem in
commutative algebra: finding a set NonTor(M,m), which is the positive integers
that any homogeneous system of m equations with n variables on the R-module M
guarantees a non-torsion solution.

Reviewers found that the author displayed an excellent command of commutative
algebra techniques at the level of a very advanced undergraduate or even early
graduate student, and he demonstrated his mathematical maturity of using, for
instance, primary decomposition in Noetherian ring, to break down the problem
into easier components.
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