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Abstract

We investigate formal power series ideals and their relationship to topological rewriting theory.
Since commutative formal power series algebras are Zariski rings, their ideals are closed for the adic
topology defined by the maximal ideal generated by the indeterminates. We provide a constructive
proof of this result which, given a formal power series in the topological closure of an ideal, consists
in computing a cofactor representation of the series with respect to a standard basis of the ideal. We
apply this result to topological rewriting theory. In this context, two natural notions of confluence
arise: topological confluence and infinitary confluence. We give explicit examples illustrating that
in general, infinitary confluence is a strictly stronger notion that topological confluence. Using
topological closure of ideals, we finally show that in the context of rewriting theory on commutative
formal power series, infinitary and topological confluence are equivalent.
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1. INTRODUCTION

Algebraic rewriting systems are computational models used to prove algebraic properties through
rewriting reasoning. For that, one considers a presentation by generators and relations of an algebraic
system, e.g., a monoid or an algebra, and associate to each relation a rewriting rule, consisting in
simplifying one term of the relation into the other terms of the relation. When the underlying algebraic
system is equipped with the discrete topology, two fundamental rewriting properties are termination,
i.e., there is no infinite rewriting sequence, and confluence, i.e., whenever two finite rewriting sequences
diverge from a common term, then these sequences can be extended by finitely many rewriting steps
to reach a common term. When these two properties hold together, rewriting theory provide effective
methods for computing linear bases, Hilbert series, homotopy bases or free resolutions [1l [8 [0l [12], and
obtain constructive proofs of coherence theorems, from which we deduce an explicit description of the
action of a monoid on a category [5], or of homological properties such as finite derivation type, finite
homological type [10, [14], or Koszulness [13].

Topological rewriting theory is an extension of discrete rewriting, where the underlying set of terms
admits a non-discrete topology. Such topological rewriting systems appear in computer science, in the
context of rewriting over infinitary ¥/ A-terms [4],[11], and in abstract algebra, in the context of rewriting
over commutative formal power series [3]. With this topological framework, it is natural to consider not
only finite rewriting sequences, but also rewriting sequences that converge for the underlying topology,
which brings us to two different notions of confluence: topological and infinitary confluence. Each of
these notions allows us to extend diverging rewriting sequences by infinite rewriting sequences having
a common term as a limit. However, the rewriting sequences diverging from the same term have
different natures: they are assumed to be finite for topological confluence, and they are converging to
limits when one deals with infinitary confluence. Infinitary confluence is a strictly stronger property in
general, explicit examples are given in Section 4.1 of the present paper.

Our objective is to show that in the context of rewriting over commutative formal power series,
topological and infinitary confluence are actually equivalent properties.

Topological closure of commutative formal power series ideals. Proving that infinitary conflu-
ence and topological confluence are equivalent in the context of commutative formal power series requires
to establish that an ideal of a formal power series algebra K[[z1, -+ ,x,]] is closed for the (1, -, 2y,)-
adic topology. The latter, denoted by 7, is induced by the metric § which is defined by

1
0(f,9) = ga—y

where the valuation val(h) of h is the smallest degree of a monomial appearing with a non-zero coefficient
in h. By a general theorem on Zariski rings [15], all the ideals of K[[z1, - ,x,]] are indeed closed for
the topology 75. In this paper, we propose a constructive proof of this result, which is based on
rewriting theory. Indeed, in order to show that any ideal I C K[[z1,- -, z,]] is equal to its topological
closure I, we fix a finite standard basis G of I, i.e., a generating set of I that induces a topologically
confluent rewriting system over K[[z1,---,2,]]. Such standard bases have the property that their
leading monomials, for a given order on monomials, divide leading monomials of all series in I. In
Proposition B.I.Il we show how the definition of the metric  implies that the set of leading monomials
of I and T are equal when the order on monomials is compatible with the degree, in the sense that it is
increasing with respect to the degree. From this, given a commutative formal power series f in I, we get
a procedure for eliminating monomials in f using G. This procedure constructs at each step a cofactor
representation with respect to G that converges to f. More explicitly, for each s; € G, this yields a
coefficient fi(oo) € K[[z1," -+ ,zy]] proving that f is indeed in I, as stated in our first contribution:



Theorem [B.1.6l Let I C K[z, - ,x,]] be a formal power series ideal, G = {s1,--- ,s¢}
be a finite standard basis of I with respect to a monomial order which is compatible with the
degree, and f be an element in the topological closure of I for the (x1,--- ,xy)-adic topology.

Then, the limit coefficients (fl(oo), e ,fe(oo)) of f relative to G verify:

f= fl(oo)s1 +--+ fe(OO)Sg.

In particular, I is closed for the (x1,--- , 2, )-adic topology.

Infinitary and topological confluence for commutative formal power series. As stated above,
infinitary confluence implies topological confluence. In order to show the equivalence of the two notions
for rewriting systems over commutative formal power series, we thus have to show the converse. For
that, we consider a topological rewriting system on K[z, ,z,]], where the rewriting relation is
induced by a subset G C K[[x1, - - , z,]] and an order on monomials that is compatible with the degree.
In other words, we have a rewriting step f — h, if we can substitute in f a leading monomial of an
element of G and replace it with the corresponding remainder to get h. We assume that this rewriting
relation is topologically confluent, meaning that whenever a commutative formal power series f rewrites
after finitely many rewriting steps into two commutative formal power series g and h, then the latter
rewrite after possibly infinite rewriting steps into a common limit ¢. Pictorially, we have
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where 5 and —© represent finite rewriting sequences and rewriting sequences that have well-defined
limits for the (x1,--- ,x,)-adic topology 75, respectively. Infinitary confluence is thus represented by
g h
\@ @//
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Hence, we have to prove that if we assume topological confluence only, the dashed arrows always exist
in the last diagram. The crucial observation is that since commutative formal power series ideals are
closed for 75, the elements f — g and f — h, and thus also g — h, belong to the ideal I generated by G.
Since the assumption of topological confluence is equivalent to the fact that G is a standard basis of I,
leading monomials of elements of I are always divisible by leading monomials of elements of G, so that



we can rewrite simultaneously g and h as long as we obtain different results:
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The rewriting process stops if g = hj at some step k, in such case the dashed arrows are constructed.
If not, we show that the sequences (gx),cy and (hx),cy are in fact Cauchy sequences for the metric J
and thus, have limits. The last part of the proof is that these two limits are equal and our main result
is stated as follows.

Theorem [4.2.2. Let G C K[z, ,x,]] be a set of formal power series, < be a monomial
order that is compatible with the degree, and (K|[[x1, -+ ,z,]], 75, —) be the induced topological

rewriting system. Then, — is Ts5-confluent if and only if it is infinitary confluent.

2. CONVENTIONS AND NOTATIONS

In this section, we recall the construction of algebras of commutative formal power series and the
notion of standard basis for an ideal of commutative formal power series.

In the next section, we will consider non-commutative formal power series. From now on, we will
drop the adjective "commutative” when we consider commutative formal power series, and simply specify
jective “non-commutative” when wi nsider non-commutative form Wer series.
the adjective “non-co tative” when we consider non-co tative formal power series

2.1. Formal power series algebras

Throughout this paper, we fix a positive integer n, a set of indeterminates {z1,---,2,}, and a
field K. We denote by [x1,- -, x,] the free monoid generated by {x1,- - ,x,} and by K[z, -, x,] the
algebra of polynomials with indeterminates {z1, - - - , 2,,} and coefficients in K. We denote by deg(m) the
degree of a monomial m € [z1,- - ,z,], i.e., if m = /" --- 2/ with non-negative integers pu1,- - , fin,
then deg(m) = p1 +- -+ + ptn,. Given a polynomial f € K[z1, - ,z,], we denote by (f, m) the coefficient

of min f. Let supp(f) be the support of f, defined as the set of monomials that occur in f:
supp(f) :={m € [z1, -+ ,xn], (f,m) #0}.

We denote by K[[z1, - ,x,]] the algebra of formal powers series with indeterminates {z1, -+, 2.}
and coefficients in K, defined as the Cauchy completion of K[z1, - - ,x,] for the distance § defined by

1
Vf,gEK[x1,---,$n], 5(f’g) = m’ (1)

where, for h € K[zy, -+, x,], val(h) denotes the lowest degree of the monomials that are in supp(h).
The coefficient of m € [x1,--- ,x,] in a formal power series f € K[[x1, - ,2,]] is still written (f, m).



2.2. Standard bases of formal power series ideals

Throughout this section, we fix a monomial order < on [z1,--- ,x,], that is a well-order such that
for all monomials my,mg, m3 € [x1,- -, Z,], we have the implication

m1 < Mmgo = mjp-m3 <My -ms3.

We say that < is compatible with the degree, if for all monomials mj, my such that deg(m;) < deg(ms) it
follows that m; < ma. We denote by <op, the opposite order of <. For a non-zero f € K[[z1, -, zy]],
we define the leading monomial and the leading coefficient, written lm(f) and le(f), as the greatest
monomial for <., that occur in f and the coefficient of Im(f) in f, respectively, i.e., we have:

n(f) s= maxsupp(f),  le(f) = (£, Im(f)).

op

We define the remainder of f as:

r(f) :=1le(f)m(f) = f.
Notice that either 7(f) = 0 or Im(r(f)) <op lm(f). Moreover, we verify the following properties:

o Vf e K[z, - ,zn]]\ {0}, Vm € [x1,--+ ,zy], Im(m x f) =m - lm(f),
e Vf. g€ K[['Tla T axn” \ {O}a lm(f +9) <op maX<op{1m(f)’lm(g)})

o Vf e K[z, - ,z,]]\ {0}, VA € K\ {0}, lm(Af) = Im(f).

Definition 2.2.1. Let I C K[[z1,---,z,]] be a formal power series ideal and let < be a monomial
order on [z1, - ,x,]. A standard basis of I with respect to < is a subset G C I such that for every
non-zero formal power series f € I, there exists g € G such that lm(g) divides lm(f).

Recall from [7, Section 6.4] that for every ideal I C K[[z1,--- ,x,]], there always exists a finite
standard basis of I.

3. TOPOLOGICAL PROPERTIES OF FORMAL POWER SERIES
IDEALS

In this section, we provide a constructive proof of the fact that formal power series ideals are closed
for the (z1,---,z,)-adic topology, induced by the metric 4 defined in the previous section. This is
a particular case of a more general result about Zariski rings [I5]. We also recall from [6] that for
non-commutative formal power series, it exist ideals that are not closed.

3.1. Closure in the commutative case

Let us consider an ideal I C K][[x1,- - ,x,]] and the (x1,--- ,x,)-adic topology 7s, induced by the
metric §. We shall prove that I is closed for 75. To do that, we will work with an arbitrary standard
basis of I, so that we fix a monomial order < on [z1, - - ,z,] and a finite standard basis G = {s1,- -, s¢}
of I with respect to <.

Given a subset S C K[[z1,- -, zn]], we denote by Im(S) the set of leading monomials of non-zero
elements of S with respect to <p:

Im(S) := {lm(f), f € S\{0}}.

We start by showing the following result, in which I denotes the topological closure of I for 75.



Proposition 3.1.1. If the monomial order < is compatible with the degree, then Im(I) = lm(T).

Proof. Since I C I, we clearly have Im(I) C Im(I). Let us show the converse inclusion. Let f € I be
a non-zero formal power series. Then there exist formal power series in I arbitrarily close to f for the
metric ¢, in particular, there exists g € I such that

1
99, f) < Sacgmy

meaning that deg(lm(g — f)) > deg(Im(f)). Since the order < is assumed to be compatible with the
degree, we get lm(g — f) > lm(f). Thus, for any monomial m < lm(f), we have (g — f,m) = 0, hence,
we have (g,m) = (f, m). By definition of lm(f), it follows that, on one hand, g is non-zero and, on the
other hand, Im(g) = lm(f). Hence, lm(f) € lm(7), which ends the proof. O

Remark 3.1.2. In Theorem B8, we will show that I is closed, from which we get that Im(I) = lm(7)
is true for any monomial order. However, we were not able to provide a proof of this fact that works
for monomial orders that are not assumed to be compatible with the degree.

In order to show that I is closed in K[[z1,--- ,x,]], we have to show that I is included in I, i.e.,
every f € I belongs to I. For that, we are going to use Proposition B.I.1l to construct, for any formal
power series f in I, a tuple (fi), <, of formal power series such that f = fis; + -+ + fese. This will
suffice to prove that f belongs to I since the s; are elements of I.

Fix f € I and assume from now on that the monomial order is compatible with the degree. Note
that the latter assumption is not restrictive since we can choose the monomial order we want and work
with it to achieve our goal. Let us construct inductively:

e a sequence N 3 k — ( fi(k)) , of tuples of formal power series,
1<i<

e asequence (Fy),y of formal power series in I and (my) wen the corresponding sequence of leading
monomials, i.e., for all k € N, my, := lm(F}),

e a sequence (i), cy of indices in [1,--- /] and a sequence (g ),y of monomials.

Base case: we let, for any i € [1,---,¢], fi(o) := 0. Notice how we obtain f — Zle fi(o)si el

Induction step: assume the sequence is defined up to and including £ € N in such a way that:
¢
& -
Fy, = fizfz( )SZ el
i=1

e If Fj, = 0, we then have f = f1s1 + --- + fes¢, where s; € I and f; = fi(k) € K[z, -+, xn)]-
Hence, f € I and it is over.

e Otherwise, the leading monomial my, := lm(F}) is well-defined. Since F, € T and < is compat-
ible with the degree, we have my € lm(I) by Proposition B.I.Il Then, as G is a standard basis
of I with respect to <, there exists i, € [1,---,¢] and gx € [21,--- ,x,] such that:

my = 1m(s;,) - gk (2)
We then defined the (k + 1)’th tuple in the sequence as:

Vi € [[17 ,fﬂ \ {,Lk}7 fi(k+1) — fi(k)’



and:

(k+1) _ (k) le(Fk)
fo =l le(s;,,) g
Notice that:
¢
Fk+1 — f _ Zfi(kJrl)si’
i=1
(k) le(Fk) S
k k k
:f_fzk Sik_lC(Sik)quSik_i_Zlfi Siy
i#in
o le(Fy)
k
= (JC—ZJPz Sz) - m% X Sis
=1
o __IC(P%) % 5
Tc(sy, ) 1k 7 S

By induction hypothesis, we have Fj, € T and since 8;, €1 C I, we get Fjpq € 1.

If at any step k, we get F, = 0, we obtain f € I as explained above. Thus, assume from now on
that, for all £ € N, we have Fj, # 0.

Lemma 3.1.3. The sequence of monomials (my.),cy is strictly decreasing for the opposite order <qp.
Proof. By construction of ix and ¢, we find:
ak % si, =le(si, ) (Im(si, ) - ar) — qe % 7(si,) = le(si, )me — qr X 7(si, ).

Hence, since Fy, = lc(Fi)my — r(Fy):

1C(Fk)
Fit1 = Fj — Io(s: )Qk X Sy
i
le(F;
= le(Fy)my, — r(Fy) — le(Fp)my + (F) Qe X (s3,),
le(s;,,)
IC(Fk)
_ o) — ().
1C(Slk)Qk X T(S k) T( k)

And thus, from the properties of leading monomials given earlier, we get

1C(Fk)
1C(Slk)

unless, either r(s;, ) or r(F}) is zero, in which case one of the leading monomial is ill-defined. In that
case, we have myi11 <op T where r is either gy - lm(r(s;.)) or lm(r(Fy)) according to which of the
remainders is well-defined; note how both remainders cannot be simultaneously zero since Fj41 # 0. It
then follows from the properties of remainders that:

Mp+1 = Im(Fy1) = Im ( Qi X 7(si,) — T(Fk)> Sop max {ar - Im(r(sq, ), Im(r(Fy))}

o qi - 1Im(r(si,)) <op qr - 1m(s;, ) = my if 7(s;, ) is non-zero and,
o Im(r(Fy)) <op Im(Fy) = my, if r(Fy) is non-zero.

Hence, in the end, we get: myp11 <op M. O



Let us now define a family of ¢ sequences (qik)) AR (qék)) containing monomials or zeros
kEN keN
as follows: for any i € [1,--- ,¢] define ¢'” = 0 and then for any k € N, fix:

%

(k1) _ le(siy) ( (k+1) _ (k))
G ey i)

Hence, for any k € Nand i € [1,--- ,£], two options arise:

e cither i # ik, in which case fl.(kﬂ) = fz.(k) and thus qz(kﬂ) =0,

o ori =iy and then ) = f{¥ 4 Bl gy and so ¢/ = gy
ik

In other words, for any i € [1,--- ,¢] and any k € N, the monomial qz(kﬂ) is non-zero if and only if the

monomial my has been “eliminated” at Step (2)) by choosing lm(s;). These sequences then verify for
any ¢ € [1,---,¢] and any k € N:

k
k k j j
fi( ) _ Z<fz( )aq£])>q£])-

Jj=1
iy=i

This exhibits, with ¢ and k fixed, that the subfamily Ql(.k) of non-zero elements from (qgj )) is
1<j<k

exactly the support of the formal power series fi(k). Moreover, this family QZ(-k) is strictly decreasing for

the opposite order <,p. Indeed, either the family QZ(-k) is empty, either it contains a single monomial, in

both cases it is then obvious, or QZ(-k) = (qul), e ,quT)) contains r > 2 monomials where j; < -+ < j,

are indices in [1,--- ,k]. Let us show that for any s € [1,--- ,r — 1], we have qus) >op qgj”l). Indeed,
by definition, we have qz(js) = ¢j,—1 and q§35+1) = ¢j,,,—1. But, by construction of the family ng), the
indices chosen at the step []) for ks := js — 1 and kf := js11 — 1 verify iy, = iz = 7, and so we have the
equalities mg, = Im(s;) - qr, and my, = Im(s;) - qx;. But ks < k and the sequence (mg),cy is strictly
decreasing for <, from Lemma [B.1.3] and so Im(s;) - qr, >op Im(s;) - g, , which implies qx, >op qr: -
Forie [1,--- /] fixed, (Qg’”) satisfies for all ky > &y, either Q%) = Q) or Q) ¢ @) in
keN
such a way that any element in the second family which is not in the first one is smaller for <., than
any element of the family ngl). In other words, we can construct the family QZ(-OO) = Up>1 ng) which
is strictly decreasing for <qp. -

These facts on these new sequences entail the following proposition.
Proposition 3.1.4. For anyi € [1,--- ,{] fized, the sequence (fi(k)) is a Cauchy sequence.
kEN
Proof. Using the definition of the sequence (qgk)) , we obtain
kEN

PO ) 16(Fk) (k1)
e L

in such a way that for any positive integers k1 < k2, we get:

ko— ko—

(h) k) _ e~ (G4 G)) _ e Le(FY) (e

Lo == Z fi —Ji = lo(s % : (3)
i=h = Le(siy)

K2

Thus, either the sequence ( f-(k))k N is stationary, it is the case if and only if the index ¢ has been
€

chosen only finitely many times among the infinite times we went through the step (), and in which



case the sequence is obviously a Cauchy sequence. Or the sequence is not stationary and then there
will always exist k3 > k1 such that § ( fi(k2), fi(kl)) > 0. However, for any real number ¢ > 0, we can fix

K. = mm{k e N\ {0}, ¢® #0 and deg( (k >) > log, (%)}

The integer K. is well-defined since ( fi(k)) is assumed non-stationary and the family QZ(-OO), which
kEN

contains all non-zero qfk), is strictly decreasing for <,p, so that the degrees of the monomials from QEOO)

are unbounded because there are finitely many variables and the order is compatible with the degree.

It follows that, for any ko > k1 > K, either fi(kZ) = fz.(kl) in which case ¢ (f kZ), f; kl)) =0 < ¢, or, the
monomial lm ( f; (k2) fi(kl)) is well-defined and satisfies, by formula (3]):

(kl < §j+1) (j+1) < 4
1m(f - f )_ngoaf{qZ ) q; ;é()andkl_j<k:2}.

This maximum is well-defined because the set of the right hand side of the inequality is finite and
non-empty since f(k2 #* f(k1 Denoting by q(]°+1) that maximum, we get jo +1 > k1 > K.. Since the

family Q( ) i strictly decreasing for <., we have q(]°+1) <op q(K =) and thus
1
deg( (]OH)) > deg( ( E)) > log, <—) ,
€
because the order is compatible with the degree. Since q(] o+D) ( f; (k2) _ f; kl)) the formula means

6 (£ 1) <.

Since this is true for every ko > k; and every € > 0, the sequence ( fi(k)) is a Cauchy sequence. [
kEN

From Proposition BT, since K[[x1,- - ,xz,]] is Cauchy-complete, for any i € [1,---,¢], the se-

quence ( fi(k))k . converges to a limit we denote fi(oo).
€

Definition 3.1.5. The elements (fl(oo), e Z(OO)) are called the limit coefficients of f relative to G.

We are now able to prove the main result of the section.

Theorem 3.1.6. Let I C K[[z1, - ,x,]] be a formal power series ideal, G = {s1, - ,s¢} be a finite
standard basis of I with respect to a monomial order which is compatible with the degree, and f be
an element in the topological closure of I for the (x1,---,x,)-adic topology. Then, the limit coeffi-
cients (fl(oo), ceey éoo)) of f relative to G verify:

J= 554 s
In particular, I is closed for the (x1,--- ,x,)-adic topology.

Proof. By continuity of algebraic operations, the sequence ( f- Zle fi(k)si) Len converges to
€

L L
: (k) — (00) o
Jim. <f2fi si>f2fi si



But then, on one hand:

y4
- My o) = ! _ !
kli}II()lo 0 (f B Z fi 5 0) N 2lim;CHOO deg(lrn(ffz‘;:1 fi(k)s.;)) T 9limp oo deg(ma) |

i=1

On the other hand, Lemma [B.T.3shows that the sequence (1), is strictly decreasing for <,p. Thus,
since the order is compatible with the degree, the sequence (deg(mg)),cy tends to infinity, and thus,
we have:

14 V4 V4
0= lim § (f - Zf}’”si,o) =4 (klirgo (f - i_zlff’”si) ,o) =4 (f - i_zlfff"’)si,o) .

i=1

We finally get f = fl(oo)sl +- 4 fe(OO)Sg, which proves that f belongs to I. O

3.2. A counter-example in the non-commutative case

In this section, we recall from [6] that ideals of non-commutative formal power series algebras are
not necessarily closed. We also explain why the proof given in the previous section does not translate
in the non-commutative case.

Non-commutative formal power series are constructed in the same way as commutative ones, where
we replace the polynomial algebra K[z1,--- ,z,] by the tensor algebra K(x1,---,2,) over the vector
space with basis {x1, -+ ,z,}. As in the commutative case, the distance ¢ on K{z1,--- ,x,) is defined
by formula §(f, g) := 2= ¥/ =9 and K((z1,--- ,2,)) is the Cauchy-completion of K(zy,--- ,z,) for §.

Let K({z,y)) be the algebra of non-commutative formal power series in two variables z and y and
consider the two-sided ideal I generated by y. Then, from [0, Lemma 1.2], the series

Z x"yx",

neN

does not belong to I, but it belongs to the topological closure I of I for the (z,y)-adic topology induced
by 6. That shows that I is not closed in K{{z,y)) for the (z,y)-adic topology.

Notice how this situation would not arise in the commutative case. Indeed, we have for commutative

monomials:
Z "yx™ = Z 2y = (Z ,7:2”) yel.

neN neN neN

The first point where the procedure described in the previous section fails to translate in the non-
commutative case is that a non-commutative formal power series ideal does not necessarily admit a
finite standard basis. However, even if such a finite standard basis exists, our procedure still does not
translate in the non-commutative setting: indeed, Step (2)) would require two monomials q}f“ and qgght
to factorise the leading monomial mj, instead of a single one; similarly, we would need two formal power

series fz-le“(k) and firight(k) to obtain the relation at each step k:

I4
f B Z f;eft(k)sileght(k) c 7
i=1

The process would then yield two limit formal power series that describe f in terms of the s;. However,
it would not be possible to factorise a priori the s; in such a way that f becomes a combination of them
with formal power series coefficients, i.e., f would not be in the ideal I.

10



4. APPLICATION TO TOPOLOGICAL REWRITING THEORY

In this section, we show that topological confluence and infinitary confluence are equivalent notions
for rewriting over formal power series. These two properties provide characterisations of standard bases.

4.1. Topological and infinitary confluence

In this section, we recall the definition of topological rewriting systems as well as various notions of
confluence associated with them. We also show how these notions are related to each other.

We recall that a topological rewriting system is a triple (4, T, —), where (A, 7) is a topological space
and —C A x A is a binary relation on A, called rewriting relation. We denote by — the symmetric
transitive closure of — and —& the topological closure of = for the product topology T4 X7 on Ax A,
where 741 is the discrete topology on A. In other words, we have a % b if and only if there exists an
integer k € N and elements ag,--- ,a € A, such that a = a9 — a1 — --- — ax = b. The integer k is
called the length of the sequence and the case k = 0 means that a = b. Moreover, we have a —® b if and
only if every neighbourhood V of b for 7 contains b’ € V such that a = b’. An element a € A is called
a normal form for — if whenever we have a —®b, then b = a.

Remark 4.1.1. In the case of discrete rewriting, i.e., when 7 = T(ﬁs, a normal form for -+ isaa € A
such that there is no b € A such that @ — b. When there is no a € A such that a — a, then our
definition of normal form is stronger than the one used in the discrete case, since a — b implies a —©b.
In general, the discrete definition of normal form is strictly weaker than ours. Indeed, if 7 = {f), A} and
the rewriting relation — is empty, then every a € A is a normal form in the discrete sense but not for
ours, since a —®b for every b € A. However, in the case where (A, 7) is a Hausdorff space and there is
no a € A such that a — a, then the two definitions are equivalent. Indeed, let a € A be a normal form
in the discrete sense and let b € A such that a —©b. Then, every neighbourhood of b contains a b’ such
that a = b’. But since a is a normal form in the discrete sense, we have a = ¥/, so that a belongs to all
the neighbourhoods of b. Since A is Hausdorff, we get that a = b and so a is also a normal form for our
definition.

Definition 4.1.2. Let (A, 7,—) be a topological rewriting system.

1. The rewriting relation — is said to be confluent if for every a,b,c € A such that we have a = b
and a = ¢, then there exists d € A such that b = d and ¢ = d:

a
b c

N -
~ -

* < o
N %

d

2. The rewriting relation — is said to be 7-confluent if for every a, b, ¢ € A such that we have a = b
and a = ¢, then there exists d € A such that b —®d and ¢ —©d:

a
b c
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3. The rewriting relation — is said to be infinitary confluent if for every a,b,c € A such that we
have a —©b and a —© ¢, then there exists d € A such that b —-©d and ¢ —©d:

a
b®/ \®c

Since >C —©, confluence and infinitary confluence both imply 7-confluence. The converse im-
plications are both false in general. A counter-example of a 7-confluent rewriting relation that is not
confluent is given in terms of formal power series in [3, Example 4.1.4]. Examples of 7-confluent rewriting
relations that are not infinitary confluent are given thereafter.

Example 4.1.3. First, consider the real line with two origins, defined as the set
X = (R X {11})/ ~,

where ~ is the equivalence relation generated by (z,1) ~ (z, —1), whenever x # 0, and equip X by the
quotient topology 7 of the induced topology of R? over R x {£1}. Consider the rewriting relation —

deﬁned by
—1 1) = —1 -1) — —1 1) = —1 -1
on ’ on ’ on+1 ’ on+1 ’ ’

for every n € N. This rewriting relation is confluent, hence 7-confluent, because every (z,y) € X
rewrites in one step into at most one element. Moreover, it is not infinitary confluent since we have

(1,1)=(1,-1)

(0,1) (0,-1)

and (0,+1) are distinct normal forms for —.
Another counter-example is given by X = [0,2] C R with the usual topology 7 and — is defined by

1T >y 1 - 1
T ™ and 2— 55 2 — T
T 2 2 an
*____—

for every n € N. Hence, we have:

0e— --- 1

NSl 9N}

—82

ool
INES
B[—
NN

X P X ~
—_ Y — < _~— e’ _—
This rewriting relation is confluent, hence 7-confluent, because every finite rewriting sequence can be
reversed, but it is not infinitary confluent since 0 and 2 are distinct normal forms for —.

12



The main reason why the first rewriting relation given in Example above is not infinitary con-
fluent is because (X, 7) is not a Hausdorff topological space. For the second counter-example provided
in Example 1.3, — is 7-confluent in part because it is cyclic, i.e., we have rewriting loops a = a of
length at least 1. An example of a rewriting relation with no rewriting loop of length at least 1 over a
Hausdorff topological space, that is topologically confluent but not infinitary confluent is given in the
following.

Example 4.1.4. Consider X = (NU {oco}) x (NU {o0}), equipped with the product topology 7 of the
order topology over NU {co}. A basis for the order topology over N U {oo} is given by the sets

{neN, a<n<b}, {n €N, n <b}, {n € NU{o0}, a < n},
where a € N and b € NU {oc}. Then, consider the rewriting relation — on X given by
(n,m) = (n+1,m) and (n,m) = (n,m+ 1),
whenever n,m € N. The rewriting relation — is confluent, hence 7-confluent, because we have a

rewriting path (n,m) = (n/,m’) if and only if n,n’,m,m’ € N are such that n < n’ and m < m/, so
that we have confluence diagrams:

- -
(max (n1,n9) , max (my, ma))

But — is not infinitary confluent since we have

(00,0) ® (2,0) (1,0) (0,0) — (0,1) (0,2) ® (0, 00)

and (00, 0) and (0, 00) are distinct normal forms for —.

4.2. Confluence for rewriting on formal powers series

In this section, we recall the construction of topological rewriting systems over formal power series
and show that in this setting, 7-confluence and infinitary confluence are equivalent properties.

As in the beginning of the paper, we fix a finite set of indeterminates {x1,--- ,z,}. For a given
monomial order < on [z1,---,x,] that is compatible with the degree, and a fixed set G of non-zero
formal power series, we define the following rewriting relation — on K[[z1, -+, z,]]:

A(m-Im(s)) + S — L(m xr(s)) + S,

le(s)
where:
e )\ € K\ {0} is a non-zero scalar,
e m € [ry, - ,xy] is a monomial,
e s € (G is a non-zero formal power series,
o S €K1, ,xy]] is a formal power series such that m - lm(s) & supp(S).

13



We get a topological rewriting system (K[[z1, - - , 2,]], 75, —), where 75 is the (21, - - , 2, )-adic topology
induced by the metric ¢ defined in ([IJ). Recall from [3| Theorem 4.1.3] that a subset G of K[[x1,- - , 24]]
is a standard basis of the ideal it generates with respect to the monomial order < if and only if the
rewriting relation — is 75-confluent. In the following, we shall show that it is also equivalent to — being
infinitary confluent. We denote by I the formal power series ideal generated by G:

I:=1(GQ) CK[[z1, - ,zn]]

We first establish the following result, which is the topological adaptation of a well-known result in
the context of Grobner bases theory [2, Theorem 8.2.7]. In the proof of this result, we use the topological
closure of ideals of formal power series ideals.

Proposition 4.2.1. For dall f,g € K[[x1, - ,z,]], if f —©g, then f —g e I.
Proof. First, if g = f, then there is nothing to prove. Second, if f — g, then we have

A
f=Mmm(s) +5. g = osmxr(s) + 5.
for A € K\ {0}, m € [z1,---,2zp], s € G, and S € K[[z1,---,xy]] such that m - lm(s) ¢ supp(S).
Cancellations ensue in the computation of f — g, and we obtain:

A
T 9= *°
But s € G C I and I is an ideal, therefore f — g € I. Third, if f = g and f # ¢, then by induction on
the length k£ > 1 of the rewriting sequence f = fo — f1 — -+ — fr = g, we have f — g € I. Finally, if
we have f —© g, then for every integer k € N, there exists fi € K[[x1, - ,2,]] such that

1
6(fka g) < 2_k’
and f = fi. The sequence (fr)pen then converges to g. From the third case treated in the proof, for
every k € N, we have f — fi € I, so that f —g = limj_ (f — fx) belongs to I. Now, from Theorem [B.1.6,
the ideal I is closed, so that f — g € I, which completes the proof. ([l

We are now in position to prove the main result of this section.

Theorem 4.2.2. Let G C K[[z1,- - ,x,]] be a set of formal power series, < be a monomial order that
is compatible with the degree, and (K[[z1,--- ,xp]],7s,—) be the induced topological rewriting system.
Then, — is 15-confluent if and only if it is infinitary confluent.

Proof. We only have to show that if — is 75-confluent, then it is also infinitary confluent. Hence, we
assume that — is 75-confluent, which, from [3, Theorem 4.1.3], means that G is a standard basis of the
ideal I = I(G) it generates.

Let f,g9,h € K[[x1,- - ,z,]] be formal power series such that:
f \@
g ®/ h
In the following, we shall define two sequences (gr),cy and (hi),cy of elements of K[[z1,- -+, zy]]

such that ¢ = gi, and h = hy, for every k € N. Then, we will show that these two sequences are Cauchy
sequences, hence have limits, and that these two limits are equal, which will conclude the proof. We
construct the two sequences by the following recursive procedure.

14



Base step: we let g := g and hg := h.

Recursions step: let k € N and assume that we have defined rewriting sequences

b
b

g=9go = g1 — = g, h=ho—=hy == hy,
where = is the reflexive closure of —, i.e., a = b if a = b or if @ — b. If we have g — ht, = 0, then
all other terms of the two sequences are equal to g = hyi, i.e., we define the higher terms of the

sequences by g; := gr = hg and h; := hy, = gy, for every [ > k. Otherwise, if g, — hi # 0, we let
my = lm (gx — hi) .
From Proposition .21l the formal power series f — g, f —h, g — gi, and h — hy, belong to I, so that:
ge—he=(ge —9)+(@9—f)+(f—h)+(h—hx) €I

Since G is a standard basis of I, there exist s € G and m € [z1,--- ,x,] such that my = m - lm(s).
Then, we define gi+1 and hg41 by rewriting the monomial my, if possible, i.e., we let

Gt = g — (e, mi) (mk - r(s») ,

haest = hi, — (hae, g (mk - ——(mx 7’(5))) .

1
le(s)
Indeed, we have either gx1 = g or gr — gr+1, depending on (gi, m) is equal to zero or not, hence
we have g, — gr41. In the same manner, we have hy, — hgy1. Since my € supp(gr — hx), we cannot
have gr4+1 = gr and hyy1 = hi. Moreover, notice that myy1 <op my because (gi, m) = (hj, m) for
every my <op m and my, which does not belong to supp(gi+1) U supp(hi+1), rewrites into a series
containing monomials that are strictly smaller than my, for <op, so that (gr+1,m) = (hgy1, m) for
every my <op m. Hence, we have mpi1 <op my. Finally, since gry1 and hiyi are equal or are
obtained from g; and hj by rewriting my, into a series containing monomials that are strictly smaller
than my, for <op, we have (gx+1,m) = (gx, m) and (hxy1, m) = (hg, m) for my <op M.

If for some k € N we have g, — hj, = 0, then letting ¢ = g, = hs,, we have g = £ and h = ¢, and thus:

f
g@/ \@h

N -
N -
N ’,
N ’

®€®

Now, assume that for every k € N, we have g — hy # 0. Since for each k € N, we have either gx 11 # gk
or hiy1 # hg, then at least one of the two sequences is not stationary. However, both of these sequences
are Cauchy sequences. This is obvious if a sequence is stationary. If not, say (g),cy is not stationary,
we first prove by induction on 7 € N that for every £ € N and for every monomial m such that m; <qp, m:

VieN:  (gr,m) = (gryi,m). (4)

For ¢ = 0, this is obvious. Assume (@) for ¢ € N. Since (gx+i+1, m) = {(gr+i, m) for every monomial m
such that mp4; <op m and since myy; <op My, because (my ),y is strictly decreasing for <, we have

<gk+i+17m> = <9k+z‘7m> = <9ka m>a
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for my <op m, and the induction is over. As <, is compatible with the degree, from (@), we have:

. 1
Vi,k €Nt 6 (gk, grri) < Sdea(m)

Since (mg),cy is strictly decreasing, we get that this distance goes to 0 as k,i — 00, i.e., (gk)ey 18
a Cauchy sequence. By the same reasoning, we show that (hy),y is also a Cauchy sequence. Using
the Cauchy-completeness of K[[z1,- - ,2,]], the two sequences have limits, denoted by g and heo.
Moreover, by construction, we have g —® go, and h —® ho.

It remains to show that goc = hoo. For every k£ € N and every monomial m such that my <., m,
we have (g, m) = (goo, m) and (hx,m) = (hoo, m). Indeed, if for instance (g, m) # (goo, m) for some
monomial my <op m, then from @), we have (gx+i, m) # (goo, m) for every i € N, so that

1
4 (gk-l-iagoo) > Wﬂ

which contradicts the fact that (gx),cy converges to goo. Finally, since the sequence (my), oy is strictly
decreasing for <., for an arbitrary fixed monomial m, there exists an index k such that my <qp, m.
From the beginning of the paragraph we have (gx,m) = (goo,m) and (hi,m) = (hoo, m). But since
we also have m >q, my = lm (gx — hg), then, we have (gg, m) = (hg, m) and thus (geo, m) = (hoo, m).
Since the monomial m was arbitrary, we have goo = hoo. Letting ¢ = goo = hoo, we thus have:

f
g@/ \®h

N -

N ’,
N ’

®€®

Hence, — is infinitary confluent. (|

As recalled in the beginning of the proof, from [3, Theorem 4.1.3], the rewriting relation — induced
by a monomial order < and a set G of formal power series is 75-confluent if and only if G is a standard
basis relative to < of the ideal it generates. Hence, we get the following corollary, which is in fact what
was showed in the proof of Theorem

Corollary 4.2.3. A set G C K[[z1, - ,zy]] is a standard basis relative to a monomial order < that
is compatible with the degree of the ideal it generates if and only if the rewriting relation induced by G
and < 1is infinitary confluent.
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