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ABSTRACT. Polynomial closure is a standard operator. It takes as input a class of regular
languages and builds a new one. In this paper, we investigate three restrictions: left (LPol),
right (RPol) and mixed polynomial closure (M Pol). The first two were known while
M Pol is new. We look at three decision problems that one may associate to each class
C: membership (decide if an input regular language belongs to C), separation (decide if
two input regular languages can be separated by a third one in C) and covering (which
generalizes separation to arbitrarily many inputs). We prove that LPol, RPol and M Pol
preserve the decidability of membership under mild hypotheses on the input class, and the
decidability of covering under much stronger hypotheses.

We apply our results to natural hierarchies that are built from a single input class by
applying LPol, RPol and M Pol recursively. We prove that these hierarchies can actually be
defined using almost exclusively M Pol. We also consider quantifier alternation hierarchies
for two-variable first-order logic (FO?) and prove that one can climb them using M Pol.
This result is generic in the sense that it holds for most standard choices of signatures. We
use it to prove that for most of these choices, membership is decidable for all levels in the
hierarchy. Finally, we prove that separation and covering are decidable for the hierarchy of
two-variable first-order logic equipped with only the linear order (FO?(<)).

1. INTRODUCTION

This paper is part of a research program whose aim is to investigate natural subclasses of
the regular languages of finite words. We are interested in classes that are specified by a
syntax (inspired by either regular expressions or logic), that one can use to describe their
languages. For each class C, we use three decision problems as means of investigation. First,
C-membership takes a regular language L as input and asks if L € C. Second, C-separation
takes two regular languages H, L as input and asks if there exists K € € such that H C K
and K N L = (). Finally, C-covering is a generalization of C-separation to arbitrarily many
input languages. The key idea is that in practice, obtaining algorithms for these problems
requires techniques that cannot be developed without a solid understanding of C.

In the paper, we consider several operators. Each of them defines a family of closely
related classes. Let us clarify with logic. Each fragment of first-order logic (FO) defines
several classes: one per choice of signature (i.e., the set of predicates that one may use in
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formulas). For instance, in the literature, several classes are associated to first-order logic
itself by considering natural predicates such as the linear order “<” [MP71, Sch65], successor
“+1” [BP91] or modular predicates “M OD” [BCST92]. Hence, a generic approach is desirable.
This typically involves two steps. First, one characterizes the investigated fragment with
an operator € — Op(C) on classes. For example, first-order logic is characterized star-free
closure which builds the least class SF(C) containing its input class € and closed under
union, complement and concatenation. More precisely, it is known [MP71, PZ19a] that
if € is a Boolean algebra closed under quotients (we call this a prevariety), there exists
a signature Ie such that SF(C) = FO(Ie). This captures most of the natural signature
choices. The second step then consists in investigating the operator € — Op(€) in a generic
way: on has to identify hypotheses on € which ensure the decidability of membership,
separation or covering for Op(C). For example, SF(€)-membership is decidable as soon as
C-separation is decidable [PZ19b]. Finally, a similar results is known for SF(C)-separation
and SF(C)-covering [PZ19b] but it is restricted to special input prevarieties € containing only
group languages. These are the languages recognized by a finite group, or equivalently by a
permutation automaton (i.e., a complete, deterministic and co-deterministic automaton).

We investigate restrictions of polynomial closure. Given an input €, the class Pol(C)
contains the finite unions of marked products Kya1 K7 - - - a, K, where Ky, ..., K, € C. We
look at variants defined by imposing semantic restrictions on the products. A marked
product Koa1 K7 ---a, K, is unambiguous if for each w € Kga1 K - - - a, K, the decompo-
sition of w witnessing this membership is unique. This defines unambiguous polynomial
closure (UPol) which is well-understood [Pin80, PST88, PZ18b]. We look at stronger re-
strictions. For a marked product Kya1 K7 - - an Ky, we let L; = Kga1 Ky ...a;—1K;_1 and
R; = Kiajy1 -+ Kp—1a, K, for all i < n. The whole marked product is left (resp. right)
deterministic if for all i < n, L;a;A* (resp. A*a;R;) is unambiguous. It is mized deter-
ministic if for all i < n, either L;a;A* or A*a;R; is unambiguous. This leads to three
operators: left, right and mized polynomial closure (LPol, RPol and M Pol). Historically,
LPol and RPol are well-known. They were first investigated by Schiitzenberger [Sch76] and
Pin [Pin80, Pin13]. On the other hand, M Pol is new. We first prove that these operators
have robust properties which are similar to those of U Pol [PZ18b]. First, we prove that if C
is a prevariety, then so are LPol(C), RPol(C) and M Pol(C). Moreover, we prove that if €
has decidable membership, then this is also the case for LPol(C), RPol(C) and M Pol(C).

We also look at hierarchies of classes. In general, LPol(C) and RPol(C) are incomparable.
Thus, given an input class C, two hierarchies can be built. The first levels are LPol(C) and
RPol(C), then for all n > 1, the levels LP,(C) and RP,(C) are defined as LPol(RP,,—1(C))
and RPol(LP,—1(C)). One may also define combined levels LP,(C) N RP,(C) (the languages
belonging to both classes) and LP,(C)VRPFP,(C) (the least Boolean algebra containing both
classes). It follows from results of [PZ18b] that the union of all levels is UPol(€C). In the
literature, this construction is well-known for a specific input class: the piecewise testable
languages PT [Sim75] (i.e., the Boolean combinations of marked products A*aq A*---a, A*).
This hierarchy is strict and has characterizations based on algebra [TW97, KW10] and
logic [KW12a, KW12b]. While each hierarchy contains four kinds of levels, we prove that
their construction process can be unified: each kind can be climbed using only M Pol. For
example, we show that M Pol(LP,_1(C)VRP,_1(C)) = LP,(C)VRP,(C) for all n > 1.

In the second part of the paper, we investigate the quantifier alternation hierarchies
of two-variable first-order logic (FO?). The fragment FO? contains the first-order formulas
using at most two distinct reusable variables. For all n > 1, we let BX2 as the set of
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all FO? formulas such that each branch in their parse trees contains at most n blocks
of alternating quantifiers “Jd” and “v”. There are important classes associated to these
fragments and several of them are prominent in the literature. Historically, the full logic
FO? was first considered. It is known that membership is decidable for the variants
FO?(<) and FO?(<, +1) equipped with the linear order and successor [TW98], as well as
for FO?(<, MOD) equipped with modular predicates [DP13]. For quantifier alternation,
it is known that membership is decidable for all levels BX2 (<) [KW12a, KW12b, KS12],
BY2(<,+1) [KL13] and BX2(<,+1, MOD) [DP15]. While the arguments are connected,
each of these results involves a tailored proof. In the paper, we develop a generic approach
based on M Pol and look at a family of signatures. Given a prevariety § containing only
group languages, we associate a generic set of predicates Pg. For every L € G, it contains a
unary predicate Pp(z): it checks if the prefix preceding a given position belongs to L. We
consider all signatures of the form {<,Pg} or {<,+1,Pg}. This captures most of the natural
examples such as {<}, {<,+1}, {<, MOD}, or {<,+1, MOD} (we present other examples
in this paper). We prove that if 3 is one of the two above kinds of signatures, the quantifier
alternation hierarchy of FO?(8) is climbed using M Pol: B2 ($) = M Pol(BX2(S)) for
all n > 1. This also yields FO?($) = UPol(BX?(S)). We get a generic language theoretic
characterization of FO? and its quantifier alternation hierarchy which applies to many
natural signature choices. Moreover, it follows from independent results [PZ22b] that if §
is a signature built from a group prevariety G as above, then membership for B¥2(3) is
decidable when G-separation is decidable. Hence, since this property is preserved by M Pol,
we are able to lift the decidability of membership to all levels BX2(3) in this case. We
reprove the aforementioned results and obtain new ones.

In the last part of the paper, we investigate separation and covering for LPol, RPol and
M Pol. We prove that if C is a finite prevariety and D is a prevariety with decidable covering
such that € C D C UPol(€), then covering is both decidable for LPol(D), RPol(D) and
M Pol(D) as well. This is weaker than our results concerning membership as € must be finite.
Yet, we detail a key application: the prevariety PT of piecewise testable languages [SimT75].
While PT is infinite, it is simple to verify that AT C PT C UPol(AT) where AT is the finite
prevariety of alphabet testable languages (i.e., the Boolean combinations of languages B*
where B is a sub-alphabet). Since PT-covering is decidable [CMM13, PvRZ13, PZ18a], a
simple induction yields the decidability of covering for all classes that can be built recursively
from PT by applying LPol, RPol and M Pol. This includes all levels LP,,(PT) and RP,(PT).
Moreover, it is well-known that PT = BY?(<). Hence, this can be combined with our
logical characterization of M Pol by two-variable first-order logic to obtain the decidability
of BY2(<)-covering for every n > 1. Let us point out that an alternate proof of this result
was obtained recently using independent techniques [HK22].

We present the definitions and the mathematical tools that we shall use in Section 2. We
properly define Pol, LPol, RPol and M Pol in Section 3. Then, in Section 4, we introduce
a general framework that we shall use to manipulate them throughout the paper. Section 5,
we present algebraic characterizations of LPol, RPol and M Pol. They imply that all three
of them preserve the decidability of membership. We investigate the language theoretic
hierarchies that can be built with our operators in Section 6. We turn to logic in Section 7
and use M Pol to characterize quantifier alternation for FO?. Finally, Sections 8, 9 and 10
are devoted to the separation and covering. This paper is the journal version of [Pla22], it
includes all proof arguments and the decidability results have been generalized to covering
(only membership and separation were considered in [Pla22]).
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2. PRELIMINARIES

2.1. Finite words and classes of languages. We fix an arbitrary finite alphabet A for
the whole paper. As usual, A* denotes the set of all words over A, including the empty word .
We let AT = A*\ {e}. For u,v € A*, we write uv the concatenation of u and v. If w € A*,
we write |w| € N for its length. We also consider positions. A word w = a1 ---ap,| € A" is
viewed as an ordered set P(w) = {0,1,...,|wl|,|w|+ 1} of |w|+2 positions. A position i such
that 1 < ¢ < |w| carries the label a; € A. We write P.(w) = {1, ..., |w|} for this set of labeled
positions. On the other hand, the positions 0 and |w|+ 1 are artificial leftmost and rightmost
positions which carry no label. Finally, given a word w = ay---ay,| € A* and i,j € P(w)
such that i < j, we write w(i, j) = a;41---aj—1 € A* (i.e., the infix obtained by keeping the
letters carried by the positions strictly between ¢ and j). Note that w(0, |w|+ 1) = w.

A language is a subset of A*. We lift the concatenation operation to languages: for
K,L C A*, we write KL = {uv | v € K andv € L}. All languages considered in this
paper are reqular. These are the languages which can be defined by a finite automaton or a
morphism into a finite monoid. We work with the latter definition which we recall now.

Monoids and morphisms. A semigroup is a pair (5,-) where S is a set and “” is an
associative multiplication on S. It is standard to abuse terminology and make the binary
operation implicit: one simply says that “S is a semigroup”. A monoid M is a semigroup
whose multiplication has a neutral element denoted by “1,,”. An idempotent of a semigroup
S is an element e € S such that ee = e. We write E(S) C S for the set of all idempotents
in S. It is standard that when S is finite, there exists w(S) € N (written w when S is
understood) such that s* is idempotent for every s € S.

Clearly, A* is a monoid whose multiplication is concatenation (e is the neutral element).
Thus, given a monoid M, we may consider morphisms « : A* — M. For the sake of avoiding
clutter, we shall adopt the following notation. Given w € A*, we write [w], C A* for the
language [w]q = o Ha(w)) = {u € A* | a(u) = a(w)}. A language L C A* is recognized by
such a morphism « when there exists ' C M such that L = a~!(F). It is well-known that
a language is regular if and only if it can be recognized by a morphism into a finite monoid.

Remark 2.1. Since the only infinite monoid that we consider is A*, we implicitly assume
that every arbitrary monoid M, N, ... that we consider is finite from now on.

We also consider the standard Green relations that one may associate to each monoid M.
Given s,t € M, we write s < t if there exists » € M such that s = tr. Moreover, s < t
if there exists ¢ € M such that s = ¢t. Finally, s <j ¢ if there exist ¢, € M such that
s = gtr. One may verify that these are preorders. We write R, £ and J for the equivalences
associated to <g, <; and <j (e.g s Rt when s <y t and t <z s). Finally, we write <g, <g
and <y for the strict variants of these preorders (e.g s <g t when s < t and s # t). We
shall need the following standard lemma concerning the Green relations of finite monoids.

Lemma 2.2. Let M be a finite monoid and s,t € M. If s <g t and t <5 s, then s R t.
Symmetrically, if s <gt andt <y s, then s £ t.

Proof. By symmetry, we only prove the first property. Assume that s <g ¢ and t <j s.
We show that s R t. Since we already know that ¢ <g s, this amounts to proving that
s <g t. Since t < s, we have x € M such that sz = t. Since s <j ¢, we have y,z € M
such that ytz = s. This yields s = ysxz = y“s(x2)¥ = y“s(zz)¥(xz)¥ = s(xz)“. Therefore,
s = sx(zx)* 1z = t(z2)“ 12 and we get s <y t, completing the proof. (]
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Classes. A class of languages C is a set of languages. A lattice is a class which is closed
under both union and intersection, and containing the languages () and A*. Moreover, a
Boolean algebra is a lattice closed under complement. Finally, a class € is quotient-closed
when for every L € € and every u € A*, the following properties hold:

uwtp {we A |uwe L} and Lu™! e {we A" |wu € L} both belong to C.

Finally, a class C is a prevariety when it is a quotient-closed Boolean algebra containing only
reqular languages. In the paper, we investigate several operators on classes of languages. An
operator is a mapping € — Op(C) which builds a new class Op(C) from an arbitrary input
class €. In practice, we shall restrict ourselves to input classes that are prevarieties.

Group languages. We define particular classes: the group prevarieties. In the sequel, they
will serve as key input classes for our operators. A group is a monoid G such that every
g € G has an inverse ¢~ € G, i.e., such that g¢g~! = ¢7'¢g = 1¢. A language L is a group
language if it is recognized by a morphism « : A* — G into a finite group G. Finally, a group
prevariety is a prevariety § which contains group languages only.

We also consider “extensions” of the group prevarieties. One may verify that {¢} and
AT are not group languages. This motivates the following definition: given a class €, the
well-suited extension of C, written CT, is the class consisting of all languages of the form
LN A" or LU{e} where L € € (while the definition makes sense for ever class €, we only
use it when C is a group prevariety). The following fact can be verified from the definition.

Fact 2.3. Let C be a prevariety. Then, CT is a prevariety containing {€} and A™.

2.2. Membership, separation and covering. We look at three decision problems. Fach
of them depends on an arbitrary class € and are used as mathematical tools for analyzing C.

The C-membership problem is the simplest one. It takes as input a single regular
language L and asks whether L € €. The second problem, C-separation, is more general.
Given three languages K, L1, Lo, we say that K separates Ly from Lo if we have L1 C K
and Lo N K = (). Given a class of languages C, we say that Ly is C-separable from Lo if some
language in € separates L from Lo. Observe that when € is not closed under complement,
the definition is not symmetrical: it is possible for L; to be C-separable from Lo while L is
not C-separable from L;. The separation problem associated to a given class € takes two
regular languages L1 and Lo as input and asks whether L is C-separable from Ls.

Remark 2.4. The C-separation problem generalizes C-membership. A regular language
belongs to C if and only if it is C-separable from its complement, which is also regular.

We do not consider separation directly and look at a third, even more general problem:
C-covering. A cover of a language L is a finite set of languages K such that L C [Jyx i K.
Additionally, K is a C-cover if every K € K belongs to €. Moreover, given two finite sets of
languages K and L, we say that K is separating for L if for every K € K, there exists L € LL
such that K N L = (. Finally, given a language L; and a finite set of languages Lo, we say
that the pair (L1, Lg) is C-coverable if there exists a C-cover of L; which is separating for Lo.

The C-covering problem is defined as follows. Given as input a regular language L1 and
a finite set of regular languages Lo, it asks whether the pair (L1, Ly) C-coverable. Covering
generalizes separation if the class C is a lattice (see [PZ18a, Theorem 3.5] for the proof).

Lemma 2.5. Let C be a lattice and L1, Ly be two languages. Then Ly is C-separable from
Ly if and only if (L1,{L2}) is C-coverable.
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2.3. C-morphisms. Consider a prevariety C. A C-morphism is a surjective morphism
n: A* — N such that every language recognized by 1 belongs to €. This notion serves as a
key mathematical tool in the paper. First, we use it for the membership problem.

Given a regular language L, one may associate a canonical morphism recognizing L.
Let us briefly recall the definition. We associate a relation =;, on A* to L. Given u,v € A*,
we have u =p, v if and only if zuy € L < zvy € L for every x,y € A*. It can be verified
that = is a congruence of A* and, since L is regular, that it has finite index. Therefore,
the map a : A* — A* /=, which associates its =p-class to each word is a morphism into a
finite monoid. It is called the syntactic morphism of L and it can be computed from any
representation of L. The following standard result connects it to C-membership (see e.g.
[PZ22a, Proposition 2.11] for a proof).

Proposition 2.6. Let C be a prevariety. A regqular language belongs to C if and only if its
syntactic morphism is a C-morphism.

By Proposition 2.6, getting an algorithm for C-membership boils down to finding a
procedure which decides if some input morphism « : A* — M is a C-morphism. This is how
we approach the question in this paper. We shall also use C-morphisms as mathematical
tools in proof arguments. In this context, we shall use the following statement which is a
simple corollary of Proposition 2.6 (see [PZ22a, Proposition 2.12] for a proof).

Proposition 2.7. Let C be a prevariety and consider finitely many languages L1, ..., Ly € C.
There exists a C-morphism n: A* — N such that L1, ..., L, are recognized by n.

We complete the presentation with a lemma which considers the classes that are group
prevarieties and their well-suited extensions (see [PZ22a, Lemmas 2.14 and 2.15] for a proof).

Lemma 2.8. Let G be a group prevariety and n : A* — N a morphism. If n is a G-morphism,
then N is a group. Moreover, if n is GT-morphism, then n(A™") is a group.

2.4. Canonical relations. For each class € and each morphism o« : A* — M, we define
two relations on M. They were first introduced in [PZ22a, PZ19a]. We shall use them to
formulate generic algebraic characterizations of the operators € — Op(C) that we consider:
they depend on € through these relations.

C-pairs. Let C be a class and o : A* — M a morphism. A pair (s,t) € M? is a C-pair
(for a) if and only if a~!(s) is not C-separable from a~!(t). The C-pair relation is not very
robust. First, it is reflexive when « is surjective (a nonempty language cannot be separated
from itself). It is also symmetric if € is closed under complement but not transitive in
general. If C is a prevariety, we have the following lemma proved in [PZ22a, Lemma 5.11].

Lemma 2.9. Let C be a prevariety and o : A* — M a morphism. The following holds:

e For every C-morphismn : A* — N and every C-pair (s,t) € M? for a, there exist u,v € A*
such that n(u) = n(v), a(u) = s and a(v) =t.

e There exists a C-morphism 1 : A* — N such that for all u,v € A*, if n(u) = n(v), then
(a(u), a(v)) is a C-pair for .

Moreover, a key property is that if C is a prevariety, the C-pair relation is compatible
with multiplication. We refer the reader to [PZ22a, Lemma 5.12] for the proof.
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Lemma 2.10. Let C be a prevariety and o : A* — M a morphism. If (s1,t1), (s2,t2) € M?
are C-pairs, then (s1S2,t1t2) is a C-pair as well.

Canonical equivalence. Consider a class € and a morphism « : A* — M. We define an
equivalence ~¢ , on M. Let s,z € M. We write s ~¢ o t if and only if s € F' < t € F for all
F C M such that a7!(F) € C. It is immediate by definition that ~¢ 4 is an equivalence. For
the sake of avoiding clutter, we shall abuse terminology when the morphism « is understood
and write ~¢ for ~¢ . Additionally, for every element s € M, we write [s]e € M/~¢ for
the ~e-class of s. Observe that by definition, computing ~¢ o boils down to computing the
sets ' C M such that a=1(F) € C, i.e. to C-membership.

Fact 2.11. Let C be a prevariety with decidable membership. Given as input a morphism
a: A" — M, one may compute the equivalence ~¢ o on M.

We now connect our two relations in the following lemma proved in [PZ22a, Lemma 5.16].

Lemma 2.12. Let € be a prevariety and o : A* — M be a morphism. The equivalence ~e¢ o
on M 1is the reflexive transitive closure of the C-pair relation associated to .

Moreover, when « is surjective, the equivalence ~¢ , is a congruence of the monoid M.
We refer the reader to [PZ22a, Lemma 5.18] for the proof.

Lemma 2.13. Let C be a prevariety and o : A* — M be a surjective morphism. Then, ~c¢ o
is a congruence of M.

In view of Lemma 2.13, when « : A* — M is surjective, the map [|e : M — M/~
which associates its ~¢-class to each element in M is a morphism. It turns out that the
composition [|e o o : A* — M/~¢ is a C-morphism. See [PZ22a, Lemma 5.19] for the proof.

Lemma 2.14. Let € be a prevariety and o : A* — M be a surjective morphism. The
languages recognized by [-]e o a1 A* — M /~¢ are exactly those which are simultaneously in
C and recognized by a.

3. OPERATORS

We introduce the operators that we investigate in this paper. We first recall the definition
of standard polynomial closure. Then, we define four semantic restrictions

3.1. Polynomial closure. Given finitely many languages Lqg,...,L, C A*, a marked
product of Ly, ..., L, is a product of the form LgaiL1 ---a,L, where a1,...,a, € A. Note
that a single language Ly is a marked product (this is the case n = 0). In the case n =1
(i.e., there are two languages), we speak of marked concatenations.

The polynomial closure of a class €, denoted by Pol(C), is the class containing all finite
unions of marked products LgaiL; - - - apLy such that Ly, ..., L, € C. If C is a prevariety,
Pol(€) is a quotient-closed lattice (this is due to Arfi [Arf87], see also [Pinl3, PZ19a] for
recent proofs). On the other hand, Pol(€) need not be closed under complement. Hence, it
is natural to combine Pol with another operator. The Boolean closure of a class D, denoted
by Bool(D), is the least Boolean algebra containing D. Finally, we write BPol(C) for
Bool(Pol(€)). The following proposition is standard (see [PZ19a, Theorem 29] for example).

Proposition 3.1. If C is a prevariety, then so is BPol(C).
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We do not investigate BPol itself. Yet, we use the classes BPol(C) as inputs for the
operators that we do investigate. More precisely, we are mainly interested in all input classes
of the form BPol(G) and BPol(G") where § is a group prevariety. They will be important
for logical applications (we detail this point in Section 7). In this context, we shall use the
following result of [PZ22b] concerning membership for the classes BPol(G) and BPol(G™").

Theorem 3.2 ([PZ22b]). Let G be a group prevariety with decidable separation. Then,
membership is decidable for BPol(S) and BPol(S").

Remark 3.3. Theorem 3.2 is based on generic algebraic characterizations of the classes
BPol(S) and BPol(ST). More precisely, it is shown that a reqular language belongs to
BPol(SG) (resp. BPol(S")) if and only if its syntactic morphism satisfies a specific equation
which depends on its G-pairs. Since computing G-pairs boils down to G-separation, this is
why membership for BPol(S) and BPol(S") is tied to separation for G.

Remark 3.4. Actually, it is known that when a group prevariety G has decidable separation,
then BPol(S) and BPol(S") have decidable separation and covering [PZ19c, PZ22c]. This
is based on different techniques and we shall not use these results in the paper.

3.2. Deterministic restrictions. We define weaker variants of Pol by restricting the
marked products with specific semantic conditions and the finite unions to disjoint ones.
Consider a marked product Kgai1 K - - - a, K,. Moreover, for each i such that 1 < i < n,

1et Ll = KoalKl e aiflKifl (111 particular, Ll = Ko) and Rz = Kiai+1Ki+1 e anKn (111

particular, R, = K,,). We say that,

o Kopa1 K- a,K, is left deterministic if and only if for all ¢ < n, we have L; N L;a; A* = ().

o Kpa1 K1 - a,K, is right deterministic if and only if for all i < n, we have R;N A*a; R; = 0.

o Kga1 K1 ---ap,K, is mized deterministic if and only if for all ¢+ < n, either L; N L;a; A* = ()
or R, N A*a;R; = 0.

o Koa1 K1 - a,K, is unambiguous if and only if for every word w € Kga1 K - - - ap K, there
exists a unique decomposition w = woajwy - - - apw, with w; € K; for 1 <4 < n.

These notions depend on the product itself and not only on the resulting language. For

example, the product A*aA* is not unambiguous and (A\ {a})*aA* is left deterministic. Yet,

they evaluate to the same language. Clearly, left/right deterministic products are also mixed

deterministic. One may also verify that mixed deterministic products are unambiguous.

Remark 3.5. A mixed deterministic product needs not be left or right deterministic. Let
Ly = (ab)t, Ly = ¢™ and Ly = (ba)*. The product LicLocLs is mized deterministic
since L1 N LicA* = 0 and L3 N A*cLs = (). However, it is neither left deterministic nor
right deterministic. Similarly, a unambiguous product need not be mized deterministic. If
Ly = (ca)™, the product LiaLy is unambiguous but it neither left nor right deterministic.

The left polynomial closure of a class €, written LPol(C), contains the finite disjoint
unions of left deterministic marked products LoayLq - - - an, Ly such that Ly, ..., L, € C. By
“disjoint” we mean that the languages in the union must be pairwise disjoint. The right
polynomial closure of € (RPol(C)), the mized polynomial closure of € (M Pol(C)) and the
unambiguous polynomial closure of € (UPol(C)) are defined analogously by replacing the
“left deterministic” requirement on marked products by the appropriate one. The following
lemma can be verified from the definition.
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Lemma 3.6. Let C be a class. Then, we have LPol(C) C M Pol(C), RPol(C) C MPol(C)
and M Pol(€C) C UPol(C) C Pol(C).

The operators LPol, RPol and UPol are standard. See for example [Sch76, Pin80,
PST88|. In particular, they admit the following alternate definition (see [Pin13] for a proof).

Lemma 3.7. Let C be a class. Then, LPol(C) (resp. RPol(C), UPol(C)) is the least
class containing C which is closed under disjoint union and left deterministic (resp. right
deterministic, unambiguous) marked concatenation.

On the other hand, M Pol is new. It is arguably the key notion of the paper. In
particular, the application to two-variable first-order logic is based on it (see Section 7).
Unfortunately, it is less robust than the other operators: no result similar to Lemma 3.7 is
known for M Pol. In particular, it is not idempotent: in general M Pol(C) is strictly included
in M Pol(M Pol(C)). Actually several of our results are based on this fact. This is because
a mixed product of mixed products is not a mixed product itself in general.

Example 3.8. Let A= {a,b,c}, Lo=b", L1 =at and K = (a+ b+ ¢)". Clearly, LobLy
and K are defined by mized deterministic products. Also, if L = LobLy, then LcK is mized
deterministic. Yet, the combined product LobL1cK is not mized deterministic itself. Indeed,
the marked concatenation (Lo)b(L1cK) is neither left deterministic nor right deterministic.

Note that UPol is well-understood. We shall use two key results from [PZ22a]. While
this is not apparent on the definition, U Pol(€) has robust properties.

Theorem 3.9 ([PZ18b, PZ22al). If C is a prevariety, then so is UPol(C).

Theorem 3.10 ([PZ18b, PZ22a]). Let C be a prevariety and o : A* — M a surjective
morphism. The following are equivalent:

a) «a is a UPol(C)-morphism.

b) s¥t1 = s¥ts* for all C-pairs (s,t) € M?.

c) s“tl = s¥ts® for all s,t € M such that s ~¢ t.

By Fact 2.11, the equivalence ~e can be computed from a when C-membership is
decidable. Hence, by Proposition 2.6, Theorem 3.10 implies that U Pol(C)-membership is
also decidable in this case. We prove similar results for LPol, RPol and M Pol in Section 5.

4. FRAMEWORK

We introduce a framework designed to manipulate L Pol, RPol and M Pol in proof arguments.
We first define equivalences relations over A*. We then show that for every prevariety €, they
characterize the languages within LPol(C), RPol(€) and M Pol(C) in terms of C-morphisms.
Here, we present a first application by generalizing Theorem 3.9 to LPol, RPol and M Pol.

4.1. Preliminaries. We first introduce terminology and results that we shall use to define
and manipulate our equivalence relations. Given a surjective morphism 7 : A* — N and
k € N, we use the Green relations of N to associate three sets of positions to every w € A*.
Let w =ay---ay € A* with a1,...,ap € A. We define two sets P (n, k,w) C P.(w) and
P4(n, k,w) C P.(w) by induction on k. When k = 0, we define P (n,0,w) = P4(n,0,w) = (.
Assume now that k£ > 1 and let i € P.(w). We let,
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e i € P.(n,k,w) if and only if there exists j € Po(n,k — 1,w) U {0} such that j < ¢ and
n(w(j, ;) <a n(w(j, 1)),

o i € P4(n, k,w) if and only if there exists j € Po(n,k — 1,w) U {|w| + 1} such that i < j
and n(azw(lv.])) <z 77(“’(%]))

Finally, we define Pyo(n, k,w) = Po(n, k,w) UP4(n, k,w) for every k € N. We complete

the definition with a key lemma. In practice, we often consider the three sets Py (o, k, w),

Po(a, k,w) and Py(a, k, w) in the special case when a : A* — M is a U Pol(C)-morphism.

The lemma states that in the case, all three sets can be specified using only a C-morphism:

there exists a C-morphism 7 : A* — N and k' > k such the sets are included in Py (n, k', w),

Po(n, k', w) and Py(n, k', w). The proof is based on Theorem 3.10.

Lemma 4.1. Let C be a prevariety and o : A* — M a U Pol(C)-morphism. For every k € N
and w € A*, Po(a, k,w) C Po([]e o o, k| M|, w) and P4(a, k,w) C P4([-]e o o, k| M|, w).

Proof. We write N = M/~¢ and n = [Jeoa : A* — N for the proof. We show that
Pe(a, ky,w) C Pr(n, k|M|,w) for all w € A* and k € N. The other inclusion is symmetrical
and left to the reader. Let a1,...,ay € A be the letters such that w = a1---ay. We
use induction on k. If & = 0, then Po(a,0,w) = Po(n,0,w) = (. Assume now that
k> 1 and let i € Po(a,k,w). We show that i € P.(n, k|M|,w). By definition, there
is j € Po(ayk — 1,w) U {0} such that j < i and a(w(j,7)a;) <g a(w(j,7)). By induction,
we get 7 € Po(n, (kK — 1)|M|,w) U {0}. Let iy,...,i, € P.(w) be all the positions in w
which satisfy j < i1 < --- <, and a(w(j,ip)ai,) <z a(w(j,ip)) for 1 < h < n. Note that
n < |M]| by definition. Since i € {i1,...,i,} by hypothesis, it now suffices to prove that
i1y...,0n € Po(n, k|M|,w). We write ig = j. For every h such that 1 < h < n, we prove
that n(w(ip—1,n)as,) <z N(w(ip—1,)). Since we have ig = j € Po(n, k|M| —|M|,w) U {0}
and n < |M]|, this implies that 41,...,4, € Po(n, k|M|,w) by definition.

We proceed by contradiction. Assume that there exists an index 1 < h < n such that
n(w(ip—1,in)ai,) R n(w(in—1,ip)). We write u = w(j,ip-1)a;,_, and v = w(ip_1,1ip). Our
contradiction hypothesis states that n(va;, ) R n(v). We get y € A* such that n(va;, y) = n(v).
Moreover, a(uva;,) <g a(uv) R a(u) by definition of i,...,4,. Hence, we get a word
z € A* such that a(uvz) = a(u). Since n(va;,y) = n(v), we have n(va;, yz) = n(vz), i.e.
a(va;, yz) ~e a(vz) by definition of n. Therefore, since a is a U Pol(C)-morphism, it follows
from Theorem 3.10 that (a(v2))“ T = (a(v2))“a(va;, yz)(a(vz))?. We multiply on the left
by a(u). Since a(uvz) = a(u), we get a(u) = a(u)a(va;,yz)(a(vz))”. Hence, we obtain
a(uv) <x a(uva;), ), contradicting the hypothesis that a(uva;, ) < a(uw). ]

We turn to a second independent notion that we shall use conjointly with the first one.
Let n : A* — N be a surjective morphism. Given a word w = a1---ap € A* and a set
P C P.(w), we use 7 to associate a tuple in N x (A x N)I*| that we call the n-snapshot of
(w, P). Let m = |P| and i1 < - -+ < iy, be the positions such that P = {i1,...,in}. Finally,
we let ig = 0 and iy,41 = |w| + 1. For 0 < h < m, we let s, = n(w(ip,in+1)) € N. The
n-snapshot of (w, P), denoted by o, (w, P), is the following tuple:

op(w, P) = (80, @iy, 515+, Cipyy Sm) € N X (A X N)™.
We complete the definition with a result that will be useful when manipulating n-snapshots
in proof arguments.
Fact 4.2. Let n: A* — N be a surjective morphism, w,w’ € A*, P C P.(w) and P’ C
P.(w'). Assume that oy(w, P) = op(w', P') and let P1, Py C P such that PyUP, = P. There
exist P{, Py C P’ such that PlU Py = P', oy(w, P) = o,(w', P{) and oy(w, P2) = o,(w’, Py).



THE AMAZING MIXED POLYNOMIAL CLOSURE 11

Proof. Since oy(w, P) = o,(w’, P"), we have |P| = |P'|. Hence, there exists a unique
increasing bijection f : P — P’ (by “increasing”, we mean that i < j = f(i) < f(j)
for every i,j € P). We let P{ = f(P1) and P} = f(P»). Clearly, we have P{ U Py = P’
since P; U P, = P. One may then verify using our hypothesis on (w, P) and (w’, P") that
op(w, P1) = oy(w', P)) and oy (w, P2) = oy(w', Py). ]

Finally, we connect these two notions to the operators LPol, RPol and M Pol.

Lemma 4.3. Let n : A* — N be a morphism, w € A* and k € N. Let P be the set
Po(n, k,w) (resp. P4(n, k,w), Pu(n, k,w)) and (so,a1,s1,...,an,n) = oy(w, P). Then,
the marked product = (so)ain 1 (s1) - - - ann~(sn) is left (resp. right, mized) deterministic.

Proof. We treat the case P = Py(n, k,w) (the other two are similar and left to the reader).
For each h such that 1 < h < n, we let U, = n 7 (s0)a1n (1) - ap_1n " (sp_1) and
Vi = 07 (sn)anst - n (sn1)ann " (s,). We have to show that for each such h, either
UpNUpapA* =0 or VN A*ap Vi, = 0. Let iy < -+ < iy, such that Pug(n, k,w) = {i1,...,in}
(ip, has label ap). By definition of Py (n, k,w), we know that either i5, € Pr(n, k, w) or
in € Po(n, k,w) for 1 < h < n. In the former case, one may prove that U, N UpapA* = ()
and in the latter case, one may prove that V;, N A*a,Vy, = 0. By symmetry, we only prove
the former property. Let h such that 1 < h < n and assume that i, € P (n, k, w). We use
induction on the least number m such that 5, € P (n, m,w) to show that Uy, N Upap A* = (.

By definition, we get j € Po(n,m — 1,w) U {0} such that n(w(j,ip)ar) <z n(w(j,ipn)).
Let ¢ = n(w(j,ip)). Observe that n71(q)anA* Nn~1(q) = 0. Indeed, otherwise we get x € A*
such that ¢ = gn(ap)n(z) which contradicts gn(ap) < ¢. This concludes the proof when
j = 0. Since ¢ = n(w(0,i1,)) in this case, one may verify that U, C n~!(q). Hence, we get
Up N UpapA* = (). Assume now that j # 0. Hence, j € P (n,m — 1, w) which implies that
J = 14 for some g < h. By induction, Uy N Uga,A* = (). We use contradiction to prove
that U, N Upap A* = . Assume that there exists u € U, N UpapA*. Since ¢ = n(w(ig,iz)),
one may verify that Uy C Ugagnfl(q). Hence, we get x, 2" € Uy, v,y € n~1(q) and z € A*
such that u = zagyapz = 'agzy’. Since we have U, N UgagA* = (), this yields x = 2/. Thus,
yapz = y'. This is a contradiction since n~!(¢)arA* Nn~1(q) = 0. ]

4.2. Equivalence relations. We may now define our equivalences. Consider a surjective
morphism 7 : A* — N. For every k € N, we associate three equivalence relations >, ., <, &
and <, on A*. Consider u,v € A*. We define,

o u D>, v if and only if o, (u, Px(n, k,u)) = oy (v, Pu(n, k,v)).

o u <, v if and only if o, (u, P4(n, k,u)) = oy (v, P4(n, k,v)).

o u <y v if and only if oy (u, Peg(n, k,u)) = oy (v, Pu(n, k,v)).

It is immediate by definition that >, 5, <, and <, are equivalence relations. Moreover,
they have finite index. For example, consider 0, . By definition, the <, ;-class of a word
w € A* is determined by the n-snapshot o, (w, Pe(n, k, w)). One may verify using induction
on k that [Pu(n, k,w)| < 2|N|*. Since this bound depends only on 7 and k (and not on w),
it follows that there finitely many possible n-snapshot o, (w, Pw(n, k, w)) for w € A*. Thus,
>y has finite index. For every w € A*, we shall write [w]; ), C A* for the >, j-class of w,
[w];), € A* for the <, x-class of w and [w]}Y, € A* for the >, j-class of w.

Lemma 4.4. Ifn: A* — N is a surjective morphism and k € N, then >, ., <, and ><
are equivalences of finite index.
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We complete the definition with a key technical lemma that we shall use whenever we
need to prove that two words are equivalent for > r, <1, x or b, .

Lemma 4.5. Let n : A* — N be a surjective morphism, k € N and x € {>,<,<}. Let
w,w € A* and P' CP.(w'). If op(w,Pr(n, k,w)) = oy (w', P"), then P’ = Pr(n, k,w').

Proof. First, note that the case x = is a corollary of the other two. Indeed, assume for
now that they hold and that we have oy, (w, Peg(n, k, w)) = oy (w’, P’). By definition, we know
that Pu(n, k, w) = P (n, k, w)UP4(n, k, w). Consequently, Fact 4.2 yields Py, Py C P’ which
satisfy P’ = P{ U Py, oy(w,Ps(n, k,w)) = oy(w', P{) and o,(w,P4(n, k,w)) = oy(w’, Pj).
Hence, the cases when x € {r>, <} yield P| = Po(n,k,w’) and Py = P4(n, k,w"). We get
P =Po(n,k,w")UP4(n, k,w") = Pu(n, k,w') as desired.

We now treat the case when & = > (the symmetrical case = < is left to the reader).

Let w,w’ € A* and aq,...,am,b1,...,b, € A such that w = ay---a,, and w' = by ---b,.
We assume that o,(w, Py (n,k,w)) = o,(w’, P') and prove that P’ = Py (n,k,w’). We
have |P.(n,k,w)| = |P’| by hypothesis. Hence, we may consider the unique increasing

bijection f : P (n,k,w) — P’ (by “increasing”, we mean that i < j = f(i) < f(j) for
all 4,7). We extend it to the unlabeled positions 0 and |w|+ 1 by defining f(0) = 0 and
f(Jw| + 1) = |w'| + 1. The following two properties can be verified from our hypotheses:
(1) for all 7 € P (n, k, w), we have a; = bs(;y (i and f(i) have the same label), and,

(2) for all 4,5 € Po(n, k,w) U{0, |w| + 1}, if ¢ < j, then n(w(i, 7)) = n(w'(f(7), f(4))).
First, we show that P C P.(n,k,w'). Let h < k. We use induction on h to prove
that for all i € P.(n, h,w), we have f(i) € Po(n,h,w'). Since f is surjective, the case
h =k yields P’ C P.(n,k,w’). Let i € P.(n, h,w). By definition, h > 1 and there is
j€Ps(n,h—1,w)U{0} such that j < i and n(w(j,7)a;) <x n(w(j,7)). We have f(j) < f(3)
since f is increasing. Moreover we know that f(j) € Px(n,h — 1,w") U {0} by induction.
We know that a; = by;) and n(w(j,4)) = n(w'(f(4), f(i))). Consequently, we obtain that
n(w,(f(j)v f(z))bf(l)) <R n(w,(f(j)a f(l))) which yields f(l) S PD(”? h, w/) as desired.

We now prove that P (n,k,w’) C P’. Let h < k. Using induction on h, we prove
that for all i € Po(n, h,w'), there is i € Po(n, h,w) such that i = f(i). This implies
Pe(n, k,w') C P as desired. We fix i’ € P.(n, h,w’). By definition, h > 1, and there exists
j € Pe(n,h—1,w") U{0} such that j < i and n(w'(j’,7)by) <k n(w'(j’,4)). Induction
yields a position j € P (n,h —1,w) U {0} such that ' = f(j). Let i1,...,i, be all positions
of w such that j < i; < --- < i, and n(w(j,ir)a;,) <z n(w(j,ir)) for 1 < £ < n. Since we
have j € Po(n,h — 1,w) U {0}, we get i1,...,i, € Px(n, h,w). Thus, it suffices to prove
that ¢/ = f(iy) for some £ < p. We proceed by contradiction. Assume that i # f(is)
for 1 < ¢ < p. For the proof, we write ip = j and ip41 = |w| + 1. Clearly, we have
ip < i1 < --- < ipq1 which implies that f(ig) < f(i1) < --- < f(ip+1). Hence, by hypothesis
on i’ and since f(ig) = j' < i, there exists £ such that 0 < ¢ <n and f(i¢) <’ < f(ig41).
By definition of i1,...,14,, we have n(w(j,i¢)a;,) R n(w(j,ie+1)). Since j' = f(j), we get
0w (7', Fi)brny) R n(w(F Flies1))). Therefore, since f(ir) < & < f(izs1), we get
n(w'(5',4")) R n(w(y’,i")by). This is a contradiction since n(w'(j’, i )by) <x n(w'(3',4")). O

Lemma 4.5 has an important consequence for the equivalences >, <, and >, .

Indeed, we have the following immediate corollary.

Corollary 4.6. Let n : A* — N be a surjective morphism, k € N and x € {>,<,1x}.
For every w,w' € A*, we have w x,, w' if and only if there exists P' C P.(w') such that
Un(w7 Pa’ (na k7 w)) = 0'77(11)/, Pl)
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We use Corollary 4.6 to prove a first useful result concerning these equivalences: the
three of them are congruences.

Lemma 4.7. Ifn: A* — N is a surjective morphism and k € N, then >, 1, <, and ><y
are congruences.

Proof. We present a proof for i<, ;, (the arguments for >, 5 and <, are identical). Let
uy, ug,v1,v2 € A* such that wuy, ><, ; vy, for h = 1,2. We prove that ujus <, viva. Let P
be the set of all positions i € P.(ujug) such that i € Pu(n, k,u1) or i — |ui| € Pua(n, k, ug).
Symmetrically, let @ be the set of all positions i € P.(vjv2) such that either ¢ € Pyq(n, k, v1) or
i—|v1] € Pog(n, k, v2). By hypothesis, o, (un, Poa(n, k,up)) = oy(vn, Pea(n, k,v3)) for h =1,2
which implies that o, (uiu2, P) = oy(v1v2, Q) by definition. Also, one may verify from that
Pua(n, k,u1ug) € P. This yields Q' C @ such that oy (uiug, Pe(n, k, u1ug)) = oy(vive, Q)
by Fact 4.2. Hence, ujug t<, }, v1v2 as desired by Corollary 4.6. ]

4.3. Application to LPol, RPol and M Pol. We are ready to characterize the classes
built with LPol, RPol and M Pol using these three equivalences.

Proposition 4.8. Let C be a prevariety and L C A*. Then, we have L € LPol(C) (resp.
L € RPol(C), L € MPol(C)) if and only if there exist a C-morphism n: A* — N and k € N
such that L is a union of > p-classes (resp. <l p-classes, >, p-classes).

Proof. We present a proof argument for M Pol(C) (the other cases are similar and left to the
reader). Assume first that L € M Pol(C). We exhibit a C-morphism n: A* — N and k € N
such that L is a union of bq,, p-classes. By definition of M Pol(C), there exists a finite set H
of languages in € and m > 1 such that L is a finite disjoint union of mixed deterministic
marked products of at most m languages in H. By definition, every unambiguous product of
languages in H belongs to U Pol(C). Hence, since U Pol(C) is a prevariety by Theorem 3.9,
Proposition 2.7 yields a UPol(C)-morphism « : A* — M recognizing every unambiguous
marked product of at most m languages in H. Consider the congruence ~¢ on M. We
let N = M/~¢ and n = [Jecoa: A* - N and k = |M|. Lemma 2.14 implies that 7 is a
C-morphism. Moreover, since all H € H belong to € and are recognized by « (by definition),
the lemma also implies that n recognizes every H € H. It remains to prove that L is a union
of >, j-classes. For all w,w’ € A* such that w >, w’, we prove that w € L & w’ € L. By
symmetry, we only prove one implication: assuming that w € L, we prove that w’ € L.
Since w € L, the definitions of H and m yield Hy,...,H, € H and a1,...,a, € A such
that n+1 <m, w € Hya1Hy ---a,H, C L and Hpa1H; - - - a, H,, is mixed deterministic. It
now suffices to prove w’ € Hoa1Hy - - - anHy. Since w € Hoa1Hy - - - anHy, we get w; € H; for
0 < j < n such that w = woaqwy - - - apwy,. Let P C P.(w) be the set of all positions carrying
the letters aq,...,a,. We prove that P C Py(n, k,w). Let us first explain why this implies
w' € Hoa1Hy -+ apHy,. Assume for now that P C Puy(n, k, w). Since w <y j w’, Fact 4.2
yields a set P’ C Py(n, k,w’) such that o,(w, P) = oy(w’, P"). By definition of P, this
exactly says that w' admits a decomposition w' = wjajw} - - - anwy, such that n(w}) = n(w;)
for every j < n. Since Hy,...,H, € H are recognized by n and w; € Hj for every j < n,
this yields w} € H; for every j < n. Therefore, we get w’ € Hoa1H - - anHy, C L as desired.
It remains to prove that P C Py(n, k,w). Since a: A* — M is a UPol(€C)-morphism
and k = |M|, Lemma 4.1 yields Py(a, 1,w) C Po(n, k, w). We prove that P C Pyq(a, 1, w).
We fix a position ¢ € P for the proof. By definition of P, there exists j < n such that the
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position 7 is the one labeled by the highlighted letter a; in w = woajwy - - - apw,. We let
u = woarwi - --wj—1 € HoarHy --- Hj_1. Moreover, we let v = w; ---apw, € Hj---a,Hy.
Clearly, we have w = uajv. Since Hoa1H - - - apH, is mixed deterministic, we know that the
marked concatenation (Hoai1Hy -+ - Hj—1)aj(Hj - - anHy) is either left deterministic or right
deterministic. By symmetry, we only treat the former case and prove that i € Py (a, 1, w)
(in the latter case, one may prove that i € P4(a,1,w)). Consequently, we assume that
(Hoa1Hy---Hj—1)aj(Hj---anHy) is left deterministic. Recall that ¢ is the position carrying
the highlighted letter a; in the decomposition w = ua;v of w. Hence, we have to prove that
a(uaj) <g a(w). This will imply i € Pi. (o, 1,w) as desired. By contradiction, assume that
a(uaj) R a(u). This yields z € A* such that a(uajz) = a(u). By definition of u, we have u €
Hya1Hy --- Hj_1. Moreover, since the whole product Hya1 Hy - - - a, H,, is mixed deterministic,
one may verify that Hyoa1H; --- H;_1 is unambiguous which means that it is recognized by
«a (it is a unambiguous product of j < n < m languages in H). Hence, as o(ua;z) = a(u),
we get uajr € HoaiHy--- Hj_1. Since it is clear that uajz € Hoa1Hy --- Hj_1a;A*, this
contradicts the hypothesis that (Hoa1Hi -+ Hj—1)aj(H; - - - a,Hy) is left deterministic. This
concludes the proof for the left to right implication.

We turn to the converse implication. We fix a C-morphism n: A* - N and k € N. We
prove that every <, j-class is defined by a mixed deterministic marked product of languages
in C. Since equivalence classes are pairwise disjoint and <, ;, has finite index, this implies
that every union of >, ;-classes belongs to M Pol(C) as desired. We fix w € A* and consider
its b, j-class. We define oy (w, Poa(n, k, w)) = (S0, a1, 81, - - -, an, Sn). Let L, = n~1(sy) for
every h < n. We have Lj € C since n is a C-morphism. Let L = Loai Ly - - - anLy,. We know
from Lemma 4.3 that LoaiL; - - - a, L, is mixed deterministic. Hence, L € M Pol(C). We
show that L is the b« ;-class of w, completing the proof. Let w’ € A*. We prove that
w <y, w' if and only if w' € L. If w' >, 1, w, then oy (w', Pu(n, k, w')) = op(w, Pea(n, k, w)).
Hence, o, (w', Pug(n, k,w')) = (so,a1,$1,...,0n,S,) which yields w’ € L by definition of
n-snapshots. Assume now that w’ € L. By definition of L, we have w' = wjajw] - - - apw},
with a(w),) = sy, for every h < n. Let P’ C P.(w’) be the set containing all positions carrying
the highlighted letters a1,...,a,. Clearly, o,(w’, P") = (so,a1,51,...,an,s,). Therefore,
op(w, Pea(n), k, w)) = oy (w', P') which yields w <, w' as desired by Corollary 4.6. []

We complete Proposition 4.8 with a useful technical corollary which strengthens the
“only if” implication in the statement.

Corollary 4.9. Let C be a prevariety and Ly, ..., Ly, finitely many languages in LPol(C)
(resp. RPol(C), M Pol(C)). There exists a C-morphism n: A* — N and k € N such that
Ly,..., Ly are unions of >, p-classes (resp. < -classes, >, ,-classes).

Proof. We consider M Pol(C) (the others are left to the reader). Let L1, ..., L, € M Pol(C).
For every i < m, Proposition 4.8 yields a C-morphism n; : A* — N; and k; € N such
that L; is a union of by, y,-classes. Let M = Ny X --- X Ny, be the monoid equipped
with the componentwise multiplication and « : A* — M be the morphism defined by
a(w) = (m(w),...,nm(w)) for all w € A*. We let n: A* — N as the surjection induced by
«. One may verify that n is a C-morphism since C is a prevariety and n; : A* — N; was a
C-morphism for all i < m. Finally, let k¥ = max(ki,..., k). One may verify that bq, j, is
finer than o<y, 1, for every i < m. Thus, Ly,..., Ly, are unions of b, ;-classes as desired. []

We may now present a first application of this framework. We prove that the operators
LPol, RPol and M Pol preserve the property of being a prevariety.
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Theorem 4.10. Let C a be a prevariety. Then, LPol(C), RPol(C) and M Pol(C) are
prevarieties as well.

Proof. We present a proof for M Pol (the argument is symmetrical for LPol and RPol). Let
K,L € MPol(C) and w € A*. We show that K UL, A*\ L, w 'L and Lw~! belong to
M Pol(€). By Corollary 4.9, there exist a C-morphism 7 : A* — N and k € N such that K
and L are unions of b, ;-classes. Hence, by Proposition 4.8, it suffices to prove that K U L,
A*\ L, w 'L and Lw™! are also unions of <, j-classes. This is immediate for K U L and
A*\ L. Hence, we concentrate on w~ 'L and Lw~!. By symmetry, we only treat the former.
Let u,v € A* such that u <, v. We show that u € w 'L v ew L. Since Dy k1S &
congruence by Lemma 4.7, we have wu <, wv. Since L is a union of i<, ;-classes, this
yields wu € L < wv € L. Therefore, u € w™!L & v € w™lL as desired. L]

4.4. The special case of group languages. As we explained in Section 3, we are partic-
ularly interested in input classes of the form BPol(G) and BPol(G") where G is an arbitrary
group prevariety. Consequently, we shall apply the above framework in the special case when
the morphism 7 : A* — N is either a BPol(§)- or a BPol(G")-morphism. We prove that
when 7 is such a morphism, the three equivalences >, 1, <, » and <, ; can be simplified:
we may restrict ourselves to the special case when k = 1. This property will be crucial in
Section 7 when we characterize quantifier alternation for two-variable first-order logic in
terms of mixed polynomial closure.

Proposition 4.11. Let G be a group prevariety and € € {G,57}. Ifn: A* — N is a
BPol(C)-morphism and k € N, there exists a BPol(C)-morphism, v : A* — Q such that
P>(777 ka w) - P>(77 1,’[1)) and P<(777 ka w) - P<1(77 1,’[1))

Proof. We fix the group prevariety § and € € {G,5"} for the proof. Let us start with
preliminary terminology and results. Let o : A* — M be a morphism. An a-monomial
is a marked product of the form a~!(sg)aja=(s1) - --aga='(sq) where s1,...s4 € M. The
number d is called the degree of this a-monomial. Moreover, an a-polynomial is a finite
union of a-monomials. Its degree is the maximum among the degrees of all a-monomials in
the finite union. We have the following simple lemma.

Lemma 4.12. Let o be a morphism and K, L which are defined by a-polynomials of degrees
m,n € N. Then K N L is defined by an a-polynomial of degree at most m + n.

Proof. Since intersection distributes over union, we may assume without loss of generality
that K, L are defined by a-monomials of degrees m,n € N. Moreover, since there are finitely
many ca-monomials of degree at most m + n, it suffices to prove that for every w € K N L,
there exists H C A* which is defined by an a-monomial of degree at most m + n and such
that w € H C KN L. The finite union of all these languages H will then define KN L. We fix
w € KN L . By hypothesis on K and L, we have K = a~!(sg)aia"(s1) - - - ama ™! (5,,) and
L = a Y (tg)bra (1) - - - b~ (t,,). Hence, since we have w € KN L, there are P,Q C P(w)
such that o4 (w, P) = (S0, a1, 51, -, Qm, Sm) and o4 (w, Q) = (to, b1, t1,...,bpn,t,). We define
R=PuUQ. Clearly, { = |R| <|P|+ |Q| = m + n. Let (qo,c1,q1,---,¢,q) = 0a(w, R). We
let H as the language defined by a~1(go)cia™'(q1) - - - cpat(qe) of degree £ < m + n. One
may now verify that w € H C K N L. []
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We complete the definition with two lemmas for a-polynomials. They consider the
special case when « is a C-morphism. There are actually two kinds of C-morphisms since
C e {9,591} We start with the simplest kind.

Lemma 4.13. Let a : A* — G be a morphism into a finite group and x,y,w € A*
such that a(zw) = a(w) and a(wy) = a(w). For every a-polynomial H C A*, we have
weH=zwy e H.

Proof. Assume that w € H. Since G is a group, our hypotheses on z and y imply that
a(x) = a(y) = 1lg. Moreover, if w € H, there exists an c-monomial K in the union
defining H such that w € K. One may now verify that K = a~!(1g)Ka (1g). Hence,
zwy € K C H as desired. ]

The second lemma considers arbitrary C-morphisms.

Lemma 4.14. Let o : A* — M be a C-morphism and u,v € A* such that |u| = |v|. Let
z,y,w € A* such that a(zw) = a(w), a(wy) = a(w), w € uA*v and zwy € uA*v. For
every a-polynomial H C A* of degree at most |u|, we have w € H = zwy € H.

Proof. We write n = |u| = |[v|]. When n = 0, the lemma is trivial. The a-polynomials
of degree 0 are exactly the languages recognized by «. Thus, since our hypotheses yields
a(zwy) = a(w), we get that w € H = xwy € H for every a-polynomial H of degree 0.
Assume that n > 1 and w € H. We get an c-monomial K in the union defining H such
that w € K. We write d < n for the degree of K. By definition, we know that K is of
the form K = a~!(sg)a1a=1(s1) - aga~(s4). Consequently, we have w = woajwi - - - agwg
where a(w;) = s; for every i < d. Since w € uA*v and |u| = |v| = n, we know that |w| > 2n.
Thus, since d < n, there exists i < d such that w; # . We let h < d and ¢ < d as the
least and the greatest such i respectively, v’ = wpay - - wp_1ap = ay---ap, (if h = 0, then
u' = ¢) and v = appiwpsr - agwg = agy1---aq (if £ = d, then v = 0). By definition,
we have y = v/wpap1wpi1 - apwev’ and wy,wp € AT, By definition, |u/| < d < n and
[v'| < d < n. Thus, since y € uA*v and |u| = |v| = n, it follows that u' is a prefix of u
and v’ is a suffix of v. Since we also know that rwz € uA*v, this yields z € A* such that
zwy = u'zv’. By hypothesis on w, we also know that rwy = zvu'wpap1wpi - - apwev'y.
Thus, we get z/,y’ € A* such that v'z’ = zu' and y'v' = v'y. Altogether, it follows that
zwy = v’ wpap1wpeq - - apwey’'v’. We now prove that a(z’wy) = s, and a(wey’) = s¢. By
symmetry, we only detail the former. This is trivial if 2’ = . Thus, we assume that 2’ € A™.
Since vz’ = zu’, we have z € AT as well. Let G = a(A™). Since « is a C-morphism, € C Gt
and G is a group prevariety, Lemma 2.8 yields that G is a group. Hence, since a(zw) = a(w)
and w € AT, we get a(z) = 1g. Thus, since v'z’ = zu’ and v’ € AT, we get a(u'z’) = a(v).
It follows that a(a’) = 1. Finally, since wy, € AT, we have a(wy,) € G and it follows that
a(z'wp) = a(wp) = s, We may now complete the proof that zwy € H. We obtain,

dwpangy - agwey’ € a7 (sp)appre (spp) - aea” (se).
By definition, we know that v’ € a~!(s¢)ai ---a~1(sp_1)an and v’ € aga(ag) - - - aga™(sq).
Consequently, we obtain that zwy = v/z’'wpap 1 wpy1 - - apwey’v' € K C H. O

We may now prove Proposition 4.11. Let n : A* — N be a BPol(C)-morphism
and k € N. We first define the BPol(C)-morphism v : A* — @ and then prove that
Pb(nakaw) - P>(77 1,’[1)) and PQ(Uakaw) - P<(77 1,”[1))



THE AMAZING MIXED POLYNOMIAL CLOSURE 17

By hypothesis on 7, there exists a finite set L of languages in C such that all languages
recognized by 7 are Boolean combinations of marked products of languages in L. Propo-
sition 2.7 yields a C-morphism « : A* — M recognizing every L € L. Therefore, since
union distributes over marked concatenation, every language recognized by 7 is a Boolean
combination of a-monomials. These Boolean combinations can be put into disjunctive
normal form. Moreover, intersection of a-monomials are finite unions of C-monomials by
Lemma 4.12. Consequently, there exists a number n € N such that every language recognized
by 7 is a finite union of languages of the form L\ H where L is an a-monomial of degree at
most n and H is a finite union of a-monomials of degree at most n (i.e., an a-polynomial
of degree at most n). Clearly, there are finitely many a-polynomials of degree at most
(3n 4+ 1) x k and since « is a C-morphism, they all belong to Pol(€) C BPol(C). Hence,
Proposition 2.7 yields a BPol(C)-morphism v : A* — @ recognizing every a-polynomial of
degree at most (3n + 1) x k.

It remains to prove the inclusions P (1, k, w) C Py (v,1,w) and P4(n, k,w) C P4(y,1, w)
for every w € A*. By symmetry, we only prove the former. We fix w € A* for the proof.
The hypothesis that € € {G, §7} implies the following lemma.

Lemma 4.15. Let h such that 1 < h <k, i € Po(n,h,w) and a € A the label of i. There is
an a-monomial K of degree at most (3n+1)h —1 such that w(0,7) € K and w(0,1) ¢ KaA*.

Let us first apply Lemma 4.15 to complete the main argument. Let ¢ € P (n, k, w). We
show that i € P.(v,1,w). Let a be the label of i. By definition, we have to prove that
y(w(0,4)a) <x v(w(0,7)). Since 7 is surjective (recall that it is a BPol(C)-morphism), this
boils down to proving that vy(w(0,7)) # v(w(0,7)au) for every u € A*. We fix u for the
proof. Lemma 4.15 yields an a-monomial K of degree at most (3n + 1)k — 1 such that
w(0,4) € K and w(0,i) € KaA*. Clearly, KaA* is defined by an a-polynomial of degree
at most (3n + 1)k. Hence, KaA* is recognized by . Since we have w(0,7)au € KaA* and
w(0,7) € KaA*, we obtain v(w(0,7)) # v(w(0,7)au) which completes the proof.

It remains to prove Lemma 4.15. We consider a number A such that 1 < h < k,
i € Po(n,h,w) and a € A the label of i. We have to construct an a-monomial K of degree
at most (3n + 1)h — 1 such that w(0,7) € K and w(0,7) € KaA*. We proceed by induction
on h. By definition, there exists j € P (n, h —1,w)U{0} such that n(w(j,i)a) <x n(w(j,1)).
We first prove an important result about the word w(j,7). Let E C A* be the language of
all words u € AT such that a(u) is idempotent. We prove that there exists an a-monomial
V of degree at most 3n which satisfies the following property:

w(j,i) € V and w(j,i) € EVaA*. (4.1)

Let t = n(w(i,7)). By construction, since w(i, j) € n71(¢), there exist an a-monomial L and
an a-polynomial H, both of degree at most n and such that w(i,j) € L\ H C n~(t). We
now consider two cases depending on whether the monoid M is a group or not.

Construction of V, first case. We assume that M is a group. It follows that 1,; is the
only idempotent in M and therefore that E = a~1(1;). We let V = L which is an a-
monomial of degree at most n < 3n. We already know that w(i,j) € L. We show that
w(j,i) ¢ ELaA*. We proceed by contradiction. Assume that w(j,i) = zyaz with a(x) = 1y,
y € L and z € A*. We show that n(zy) = n(w(j,i)) = t. Since w(j,7) = xyaz, this yields
n(w(4,7)) = n(w(j,i)az), contradicting the hypothesis that n(w(j,7)a) <x n(w(j,i)). Since
L\ H C n7L(t), it suffices to prove that xy € L\ H. Since a(z) = 1,7, we have a(zy) = a(y).
We also have y € L which is an a-monomial. Thus, since M is a group, Lemma 4.13
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yields zy € L. It remains to prove xy ¢ H. By contradiction, we assume that zy € H.
Since xy € L and w(j,i) € L, one may verify from the definition of a-monomials that
a(ry) = a(w(j,?)). Since w(j,i) = xryaz, we obtain a(zry) = a(xyaz). Moreover, H is an
a-polynomial by definition. Thus, since M is a group, Lemma 4.13 yields w(j, ) = zyaz € H.
This is a contradiction since w(j,7) € L \ H by hypothesis.

Construction of V', second case. We now assume that M is not a group. We define G = «(A™).
Since € C GT, we know that a is a GT-morphism. Thus, Lemma 2.8 implies that G is a
group. Since M = {1p;} UG by definition of G, it follows that 1); € G = a(A™) and we
conclude that a~1(157) = {e}. We consider two sub-cases. First, assume that |w(j,7)| < 3n.
In this case, we let V = {w(j,i)}. Since a~!(1p/) = {e}, this is an a-monomial of degree
lw(j,7)| < 3n. Since w(j,i) € V and w(j,i) € ({e} Ua"1(1g))VaA*, (4.1) is proved.

We now consider the sub-case when |w(j,7)| > 3n. This hypothesis yields u,v € AT
such that |u| = |v| = n and w(j,i) € uA*v. Since a~1(1y;) = {e}, it is immediate that
uA*v is defined by an a-polynomial of degree 2n. Since L is an a-monomial of degree
at most n, Lemma 4.12 yields that L N uA*v is defined by an a-polynomial of degree at
most 3n. Since w(j,i) € L NuA*v, we get an a-monomial V' of degree at most 3n such
that w(j,i) € V C L NuA*v. It remains to prove that w(j,i) € ({e} Ua"'(1g))VaA*.
By contradiction, we assume that w(j,i) = zyaz with z = € or a(x) = 1g, y € V and
z € A*. We prove that n(xy) = n(w(j,i)) = t. Since w(j,i) = zyaz, this implies that
n(w(j,1)) = n(w(j,i)az), contradicting the hypothesis that n(w(j,i)a) < n(w(j,)). Since
L\ H C n~Y(t), it suffices to prove that zy € L\ H. By hypothesis on V, we have
y € LNuA*v. Thus, zy € A*uA*v and since w(j,i) = zyaz € uA*v, it follows that
zy € uA*v. Since y € AT (which means that a(y) € G) and either z = ¢ or a(z) = 1g,
we also have a(zry) = a(y). Hence, since L is an a-monomial of degree at most n and
Lemma 4.14 that xy € L. It remains to show that zy ¢ H. By contradiction, we assume
that xy € H. Since w(j,1) = xyaz and zy both belong to L which is an c-monomial, we
have a(xy) = a(zyaz). Moreover, zy € uA*v and zyaz = w(i, j) € uA*v. Hence, since H is
an a-polynomial of degree at most n by definition, Lemma 4.14 yields w(j,7) = zyaz € H.
This is a contradiction since w(j,i) € L \ H. This completes the construction of V.

Construction of K. Using our a-monomial V' of degree at most 3n, we build K. There are
two cases depending on whether j =0 or j > 1. When 5 = 0, we choose K = V which has
degree 3n < (3n+ 1)h — 1. By (4.1), we have w(0,4) € K and w(0,i) ¢ KaA* as desired.
Assume now that 1 < j < i. Since j € Po(n,h — 1,w), it follows that h — 1 > 1.
Let b be the label of j. Induction on h in Lemma 4.15 yields an a-monomial U with
degree at most (3n + 1)(h — 1) — 1 such that w(0,7) € U and w(0, j) & UbA*. We define
K = UbV. By hypothesis on U and V', we know that K is an a-monomial of degree at most
(3n+1)(h—1)—14143n = (3n+1)h—1. Moreover, w(0,7) = w(0, j)bw(j,i) € UV = K. We
now prove that w(0,7) ¢ KaA*. By contradiction, assume that w(0,i) € KaA* = UbVaA*.
We get x € U, y € V and z € A* such that w(0,7) = zbyaz. Moreover, we know that
w(0,4) = w(0, j)bw(j,4) and since w(0,7) & UbA*, the word zb € Ub cannot be a prefix
w(0, 7). Hence, we have ’ € A* such that b = w(0, j)bx’ and z'yaz = w(j,4). Since U is
an a-monomial and z,w(0,j) € U, we have a(x) = a(w(0,7)). Hence, a(xb) = a(w(0, 5)b)
and since xb = w(0, j)ba’, it follows that either 2’ = ¢ or a(z’) = 1. We conclude that
w(j,i) = 2'yaz € ({e} Ua~Y(1g))VaA*. This contradicts (4.1) in the definition of V. [



THE AMAZING MIXED POLYNOMIAL CLOSURE 19

5. ALGEBRAIC CHARACTERIZATIONS

We present generic algebraic characterizations of LPol(C), RPol(C) and M Pol(€) when C is
an arbitrary prevariety. They imply that if € has decidable membership, then so do LPol(C),
RPol(C) and M Pol(C). We organize the presentation in two parts. First, we consider the
classes LPol(C) and RPol(C) which are handled symmetrically. Then, we turn to M Pol(C).

5.1. Left/right polynomial closure. We present the symmetrical algebraic characteriza-
tions of LPol and RPol. Given an arbitrary prevariety C, they characterize the LPol(C)-
and RPol(C)-morphisms using the C-pairs and the canonical equivalence ~e.

Theorem 5.1. Let € be a prevariety and o : A* — M a surjective morphism. The following
properties are equivalent:

a) a is an LPol(C)-morphism.

b) s¥*1 = st for all C-pairs (s, t) € M2

c) s“tt = st for all s,t € M such that s ~¢ t.

Theorem 5.2. Let C be a prevariety and o : A* — M a surjective morphism. The following
properties are equivalent:

a) «a is an RPol(C)-morphism.

b) st =ts¥ for all C-pairs (s,t) € M>.

c) s“tt =ts¥ for all s,t € M such that s ~¢ t.

By Fact 2.11, computing the equivalence ~¢ boils down to C-membership. Hence, by
Proposition 2.6, we get the following corollary of Theorem 5.1 and Theorem 5.2.

Corollary 5.3. Let C be a prevariety. If C-membership is decidable, then so are LPol(C)-
and RPol(C)-membership.

We now concentrate on the proofs of Theorem 5.1 and Theorem 5.2. Since the arguments
are symmetrical, we only prove the former.

Proof of Theorem 5.1. We first prove that a) = b). We assume « is an LPol(C)-morphism
and prove that b) holds. Consider a C-pair (s,t) € M2 We show that s*t! = s“t.
Corollary 4.9 yields a C-morphism 7 : A* — N and k € N such that every language recognized
by « is a union of 1>, ;-classes. Since (s,t) is a C-pair and 7 is a C-morphism, Lemma 2.9
yields u,v € A* such that n(u) = n(v), a(u) = s and a(v) = t. Let p = w(M) x w(N),
w = uP*u and w’ = uP*v. We have the following lemma.

Lemma 5.4. For everyi € Pu(n, k,w), we have i < |uP*|.

Proof. We use induction on h to show that for all h < k and i € Py (n,h,w), we have
i < |uP"|. The case h = k implies the lemma. We write w = aj - - -ay for the proof. Let
h < k. By contradiction, assume that there exists i € Py (1, h,w) such that i > |[u?"|. By
definition, there exists j € Pr(n,h — 1,w) U {0} such that j < ¢ and the strict inequality
n(w(j,1)a;) <x n(w(j,4)) holds. By induction, j < [uP"~D|. Hence, since i > |uP"| and
w = uPFu, the infix w(j, ) must contain an infix uP: we have x,y € A* and n € N such that
w(j, 1) = zuPy and w(j, |lw| + 1) = zu™. Let ¢ € N such that n + ¢ is a multiple of p. By
definition, n(u?) € E(N) is idempotent. Hence, n(w(j, |w| + 1)uly) = n(xuPy) = n(w(j,1)).
Since w(j,4)a; is a prefix of w(j, |w| + 1), it follows that n(w(7,4)) <x n(w(j,)a;). This is a
contradiction since n(w(j,)a;) <x n(w(j,)) by hypothesis. []
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We may now prove that s¥t! = s¥t. By Lemma 5.4, every position in Py (1, k, w)

belong to the prefix uP¥ of w = uP*u. Therefore, since uP* is also a prefix of w’' = uPFv,
Pr(n, k,w) C P.(w'). Since n(u) = n(v), we get op(w,Pr(n, k,w)) = op(w',Pe(n, k,w)).
Hence, Corollary 4.6 yields w >, w’ and it follows that a(w) = a(w') since the languages
recognized by « are unions of >, i-classes. By definition of w,w’ and since p is a multiple of
w(M), this yields s“*! = s¥t as desired.

We turn to the implication b) = ¢). We assume that b) holds and consider s,t € M
such that s ~e t. We show that s“*! = s¥t. By Lemma 2.12, there exist rq,...,7, € M
such that ro = s, r, = t and (r,7;41) is a C-pair for all i < n. We use induction on ¢ to
show that s*t! = s¥r; for every i < n. The case i = n yields the desired result as t = 7,.
When i = 0, the result is immediate as rg = s. Assume now that ¢ > 1. Since (r;—1,7;) is
a C-pair, (s¥r;—1,s%r;) is a C-pair as well by Lemma 2.10. Therefore, we get from b) that
(s¥r;_1)“ ! = (s¥r;_1)“s¥r;. Finally, induction yields s**! = s¥r; ;. Combined with the
previous equality, this yields s*T! = (swth)wtl = (swt1)wswp, = s¥p; as desired.

It remains to prove ¢) = a). We assume that c) holds and show that « is an LPol(C)-
morphism. Let N = M/~e and recall that N is a monoid since ~¢ is a congruence by
Lemma 2.13. We write n = [Jeo a: A* — N which is a C-morphism by Lemma 2.14. We
let k = |M| and consider the equivalence >, ; on A*. We prove the following property:

for every w,w' € A%, w >y v = a(w) = a(w'). (5.1)

This implies that every language recognized by « is a union of >, y-classes. Together with
Proposition 4.8 this yields that every language recognized by « belongs to LPol(C) since n
is a C-morphism. We now concentrate on (5.1). Let w,w’ € A* such that w >, w'. We
show that a(w) = a(w’). For the proof, we write P = P («, 1,w). We use the hypothesis
that w >, 1 w’ to prove the following lemma.

Lemma 5.5. There exists P’ C P.(w') such that oy (w, P) = oy(w’, P').

Proof. Since c) holds, we know that for all s,¢ € M such that s ~¢ ¢, we have s“+1 = s*t. We
may multiply by s* on the right to get s¥t! = s¥ts<. Hence, it follows from Theorem 3.10 that
a is a UPol(C)-morphism. Since k = |M|, Lemma 4.1 yields P = Py (o, 1,w) C P (n, k, w).
Finally, since w >, w’, we have oy (w,Ps(n, k,w)) = oy (w',Px(n, k,w’)). Thus, Fact 4.2
yields a set P’ C oy (w', P (n, k,w’)) such that oy (w, P) = o,(w’, P') as desired. ]

Let (s0,a1,81,---,an, $n) = oa(w, P) and (to, b1,t1,. .., bm, tm) = oa(w’, P'). Tt follows
from Lemma 5.5 that o, (w, P) = o,(w’, P’). We obtain n = m, a; = b; for 1 <i <n
and s; ~¢ t; for 0 < i < n by definition of 1. Therefore, we have a(w) = spais1 - ansy
and a(w') = tpaity - - apt, by definition of a-snapshots. It now remains to prove that
S0@181 - apSp = toaity - - - apty. We let qp = spa1s1 - - - ap and 1, = toaity - - - ap, for every h
such that 0 < h < n (in particular, o = 79 = 13s). We use induction on h to show that
qnsp = rpty for 0 < h < n. Clearly, the case h = n yields the desired result.

We fix h < n and show that gsj, = rptp. Since P = Py («, 1, w), one may verify from the
definitions that ¢nsp R qn. We get © € M such that gp = qpspz. Since s ~e ty and ~¢ is a
congruence, we have xs; ~e xt;,. Hence, it follows from c) that (zs;,)“t! = (xs,)?xt,. We
may now multiply on the left by s, to obtain (s,x)“*1s, = (spx)“t1t,. We combine this with
qn = qnSpT to obtain gpsp = gptyn. This concludes the proof when h = 0 since g9 = 19 = 1y,
we get qosg = roto as desired. Finally, if A > 1, induction yields gp_15,-1 = rp—_1th_1. Since
qgn = qn—1ap and r, = rp_1ap by definition, it follows that ¢, = 7. Altogether, we get
qnSn = Tty which completes the proof. []
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We conclude the presentation with an important corollary of Theorems 5.1 and 5.2. We
shall use it later when considering the determinsitic hierarchies built uniformly from a single
input class € be applying LPol and RPol alternately (we define them properly in Section 6).
Intuitively, the class D in the statement is meant to be a level in such a hierarchy.

Lemma 5.6. Let C,D be prevarieties such that € C D C UPol(C) and o : A* — M a

surjective morphism. The following properties hold:

e if a is an LPol(D)-morphism, then for every e € E(M) and q,7 € M such that q ~p r
and [e]e <z [qle, we have eq = er.

e if a is a RPol(D)-morphism, then for every e € E(M) and q,r,s € M such that q ~p r
and [e]e <z [qle, we have ge = re.

Proof. By symmetry, we only prove the first assertion. Assume that « is an LPol(D)-
morphism. Given e € E(M) and ¢, € M such that ¢ ~p r and [e]e < [¢]e, we show
that eq = er. Note that since [e]e <x [g]e, there exists s € M such that [e]e = [¢gs]e which
exactly says that e ~¢ ¢s. Since D C UPol(C), we have LPol(D) C UPol(C). Thus, « is a
U Pol(€)-morphism and since e ~¢ ¢s, Theorem 3.10 yields e = egse. Hence, eq = egseq.
Moreover, since ¢ ~p 7 and ~qp is a congruence we have seq ~p ser. Since « is an LPol(D)-
morphism, Theorem 5.1 yields (seq)“*! = (seq)”ser. We now combine this with eq = egseq
to get eq = egser. Finally, since e = egse, we obtain eq = er as desired. L]

5.2. Mixed polynomial closure. We now consider the operator € — M Pol(€). In this
case, the characterization is more involved.

Theorem 5.7. Let C be a prevariety and o : A* — M a surjective morphism. The following
properties are equivalent:

a) « is an M Pol(C)-morphism.

b) (sq)“s(rs)¥ = (sq)“t(rs)* for all C-pairs (s,t) € M? and all q,r € M.

c) (sq)¥s(rs)” = (sq)“t(rs)¥ for all q,r,s,t € M such that s ~¢ t.

By Fact 2.11, one may compute the equivalence ~¢ associated to a morphism provided
that C-membership is decidable. Hence, in view of Proposition 2.6, we obtain the following
corollary of Theorems 5.1, 5.2 and 5.7.

Corollary 5.8. Let C be a prevariety. If C-membership is decidable, then so is M Pol(C)-
membership.

Proof of Theorem 5.7. We fix a prevariety C and a surjective morphism « : A* — M. We
start with a) = b). Assume that « is an M Pol(C)-morphism. Let ¢,r,s,t € M such
that (s,t) is a C-pair. We show that (sq)¥s(rs) = (sq)“t(rs)¥. Corollary 4.9 yields a
C-morphism n : A* — N and k € N such that every language recognized by « is a union of
<, k-classes. Since (s,t) is a C-pair and 7 is a C-morphism, Lemma 2.9 yields u,v € A* such
that n(u) = n(v), a(u) = s and a(v) =t. Let z,y € A* such that a(x) = q and a(y) =r.
We define p = w(M) - w(N). Let w = (uz)PFu(yu)P* and w' = (uz)PFv(yu)PF.

Lemma 5.9. For every i € Puy(n, k,w), either i < |(uz)P*| ori > |(ux)Prul.

Proof. Since Py(n, k,w) = Po(n, k,w) U P4(n, k,w), there are two cases depending on
whether i € Po(n,k,w) or i € P4(n,k,w). 1By symmetry, we only treat the former case.
Given a position i € Py (n, k,w), we show that either i < |(ux)P*| or i > |(ux)P*u|. We write
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w = aj - - - ay for the proof. We consider a slightly stronger property. Let h < k. Using
induction on h, we show that for every i € Py (n, h,w), either i < |(uz)P"| or i > |(uz)Prul.
By contradiction, assume that there exists i € P (n, h,w) such that |(uz)P"| < i < |(uz)Prul.
This yields j € Po(n,h — 1,w) U {0} such that j < i and n(w(j,i)a;) <x n(w(j,i)). By
induction, we have j < |(uz)P*~1)|. Therefore, since we have |(uz)P"| < i < |(ux)P*u| and
w = (uz)PPu(yu)P*, the infix w(j,i) must contain an infix (uz)?: we have z,2’ € A* and
n € N such that w(j,4) = z(uz)Pz’ and w(j, |(ux)P*u| + 1) = z(uz)™u. Let m € N be a
number such that n + 1+ m is a multiple of p. By definition of p, n(uP) is an idempotent of
N. Hence, n(w(7, |(uz)PPu| + Dx(uz)?2") = n(z(uz)?P2’") = n(w(j,4)). By definition, w(j,i)a;

is a prefix of n(w(j, |(uz)P*u| + 1). Consequently, it follows that n(w(j,4)) <z n(w(j, )al)
This is a contradiction since n(w(j,7)a;) <g n(w(j,4)) by hypothesis. ]

Lemma 5.9 states that all positions in Pu(n, k, w) belong either to the prefix (uz)P* or

to the suffix (yu)P¥. We consider the set P’ made of the corresponding positions in P, (w’):

P'= {i|i€Pu(n k,w)and i< |(uz)’*|} U
{i — |u| + v| | i € Ps(n, k,w) and i > |(uz)PFul}.

Since n(u) = n(v), one may verify from the definition that o, (w, Py (1, k,w)) = oy (w’, P").
Thus, Corollary 4.6 yields w 4, ; w’. Since the languages recognized by « are unions of
D, i-classes, we get a(w)=a(w’). By definition, this yields (sq)¥s(rs)* = (sq)“t(rs)~.

We turn to the implication b) = ¢). Assume that b) holds and consider ¢, s,t € M
such that s ~¢ t. We show that (sq)“s(rs)¥ = (sq)“t(rs)¥. We start with a preliminary
remark. By hypothesis, the second assertion in Theorem 3.10 holds (this is the special case
of b) when g = r = 1j7). Thus, Theorem 3.10 yields the following property:

a1 = g¥ya  for all z,y € M such that x ~¢ y. (5.2)

Since s ~¢ t, Lemma 2.12 yields sg,...,s, € M such that sy = s, s, =t and (s;,s;41) is a
C-pair for all i < n. We now prove that (sq)¥s;(rt)* = (sq)¥sit+1(rt)* for every i < n. Since
s = sg and t = s,, this yields the desired result by transitivity. We fix ¢ < n. By definition,
s ~e t ~e s;. Hence, since ~¢ is a congruence, we get sq ~¢ s;q and rt ~¢ rs;. It then
follows from (5.2) that (sq)**! = (sq)¥s;q(sq)* and (rs)* = (rs)“rs;(rs)*. Thus,

(sq)* = ((s9)“siq(sq)”)” = (sq)“(siq(sq)”)".
(rs)¥ = ((rs)¥rsi(rs)¥)” = ((rs)“rs;)“(rs)*.

Moreover, we have (s;q(sq)“)¥s;((rs)“rs;)* = (s;q(sq)*)*si+1((rs)“rs;)¥ since (s;, si+1) is
a C-pair and b) holds. Hence,

(sq)*si(rs)”

(sq)* (siq(sq)*)*si((rs)“rsi)* (rs)*
= (s9)*(siq(sq)*)“sit1((rs)*rsi)* (rs)”

= (sq)”sis1(rs)”.
This concludes the proof for the implication b) = c¢).

It remains to prove ¢) = a). We assume that c) holds and show that « is an M Pol(C)-
morphism. Let N = M/~e and recall that N is a monoid since ~¢ is a congruence by
Lemma 2.13. We write n = [-]e o a : A* — N which is a C-morphism by Lemma 2.14. We
let k = |M| and consider the equivalence <, on A*. We prove the following property:

for every w,w' € A*, w, w' = alw) = a(w'). (5.3)
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This implies that every language recognized by « is a union of >, j-classes. Together with
Proposition 4.8 this yields that every language recognized by « belongs to M Pol(C) since 7
is a C-morphism. We now concentrate on (5.3). Let w,w’ € A* such that w <, , w'. We
show that a(w) = a(w'). We first use our hypothesis to prove the following lemma.

Lemma 5.10. There exist P C P.(w) and P’ C P.(w') which satisfy P (a,1,w) C P,
Ps(a,1,w") C P and oy(w, P) = o,(w', P').

Proof. We write Q = Puy(n,k,w) and Q' = Puy(n, k,w’). Since w 1,5 w’, we have
op(w,Q) = op(w',Q’). In particular, we have |Q| = |Q'| and there is a unique increas-
ing bijection f: Q — Q'. Since « satisfies ¢), one may verify from Theorem 3.10 that it is a
U Pol(€)-morphism. Thus, since k = |M|, Lemma 4.1 yields Py (a, 1,w) CPo(n, k,w) CQ
and P4(a, 1,w") CP4(n, k,w') CQ'. Therefore, the set f(Py(a,1,w)) C Q' is well-defined.
We define P’ = f(Px(a, 1,w)) UP4(a, 1,w') C Q" and P = f~1(P’). It is clear from the def-
inition that Py (e, 1,w) C P and P4(a, 1,w’) C P’. Moreover, since o,(w, Q) = oy(w’, Q"),
it is immediate from the definition that o, (w, P) = o,(w’, P') as well.

Let (s0,a1,81,---,0n,8,) = 0o(w, P) and (tg,b1,t1,.-.,bm,tm) = co(w’, P"). Since
op(w, P) = op(w', P"), we get n =m, a; = b; for 1 <i<nands; ~¢t;for0<i<mn
by definition of 7. Therefore, we have a(w) = spais1 - - - ans, and a(w') = tgaity - - - anty
by definition of a-snapshots (for the sake of avoiding clutter, we abuse terminology and
write a; for a(a;)). We now prove that spaisi---ans, = toait;---ant,. For all h such
that 0 < h < n, we write q, = Spay - - Sp—1ap and 1, = appitpyr -« antn (g0 = 1y and
rn, = 1ar). Since Py (a, 1,w) C P and P4(a, 1,w") C P’, one may verify from the definitions
that gpsp, R qn and tprp, £ 1 for 0 < A < n. We prove that gpsprn, = qutpry for 0 < h < n.

Let us first explain why this implies a(w) = a(w’). One may verify from the definition
that qpspry = qruerthe1mner for 0 < h < n. Together with gpsprn = qntnry, this yields
anthrhn = Qn+1th+17hr1- By transitivity, we get qotoro = gntnrn. Together with the equality
qosoTo = qotoro, this yields qosoro = qntnrn. Hence, we get sgaisi -« - ansy, = toaity - - - antn,
i.e. a(w) = a(w') as desired.

We now fix an index h such that 0 < h < n and show that q;sprn = qntnrn. Recall that
qnsn R qn and tpry L 1. Hence, we get x,y € M such that g, = gpspr = qp(spx)® and
Ty, = ytprp = (ytp)“rn. Since sp, ~e tp and ~e is a congruence, we get ysy, ~¢ yt, which yields
(ytn) ! = (ytn)“ysn(ytn)® by ). Thus, (ytn)* = ((yta)“ysn(ytn)*)” = ((ytn) ysn)” (ytn)*.
Moreover, since sp ~e t, and « satisfies c¢), we have,

(sn@)”sn((ytn)“ysn)* = (sn@)“tn((ytn) ysn)”.
We now multiply by (yt,)“ on the right. This yields (spz)¥sp(ytn) = (spx)“tn(ytn)®.
Hence, since we have g, = qp(spz)” and ry, = (ytp)“ry, it follows that gnspry, = qutprn as
desired which completes the proof. []

6. DETERMINISTIC HIERARCHIES

We present a construction process which take a single input class € and uses LPol and RPol
to build a hierarchy which classifies the languages in U Pol(€). Then, we prove that mixed
polynomial closure is a key ingredient for investigating these hierarchies.
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6.1. Definition. The definition is motivated by a result of [PZ18b, PZ22a]. Let C be
a prevariety. We define the alternating polynomial closure of € (APol(C)) as the least
class containing € and closed under both left deterministic and right deterministic marked
products and under disjoint union. The following theorem is proved in [PZ18b, PZ22a].

Theorem 6.1. If C is a prevariety, then UPol(C) = APol(C).

In view of Theorem 6.1, given a prevariety C, alternately applying LPol and RPol builds
a classification of U Pol(€). For all n € N, there are two levels LP,,(C) and RP,(C). We let
LPy(C) = RPy(C) = €. Then, for every n > 1, we define LP,(€C) = LPol(RP,—1(C)) and
RP,(€) = RPol(LP,-1(€)). Clearly, the union of all levels LP,(€C) (or RP,(C)) is exactly
the class APol(C), i.e. UPol(C) by Theorem 6.1. In general these are strict hierarchies (we
discuss a well-known example below) and the levels LP,(C) and RP,(C) are incomparable
for every n > 1. This motivates the introduction of intermediary levels “combining” the two.

Consider two classes D1 and Do. We write Dy N Dy for the class made of all languages
which belong simultaneously to Dy and Dy. Moreover, we write D1V D for the least Boolean
algebra containing both D; and Ds. We consider the additional levels LP,(C) N RP,(C) and
LP,(C)VRP,(C). The following statement can be verified from Theorem 4.10.

Corollary 6.2. Let C be a prevariety. For everyn € N, LP,(C), RP,(C), LP,(C)NRP,(C)
and LP,(C)VRP,(C) are prevarieties.

A specific hierarchy of this kind is well-known. Its input € is the class PT of piecewise
testable languages: the class BPol(ST) with ST = {0}, A*} as the trivial prevariety. It
is known that this hierarchy is strict. It admits many distinct characterizations based
on algebra [TW97, KW10] or logic [KW12a, KW12b| (we come back to the second point
in Section 7). Moreover, it is known [KW10] that membership is decidable for LP, (PT),
RP,(PT) and LP,(PT)NRP,(PT) for every n € N. This can be reproved using Corollary 5.3
and the decidability of PT-membership [Sim75]. It is also know [AA89, KL12b, KL12a] that
for every n € N, membership is decidable for LP,(PT)VRP,(PT). We explain below that
part of these results can also be reproved using Corollary 5.8.

We complete the definition of determinsitic hierarchies with a useful result. We prove
that when applying LPol, RPol or M Pol to some level in a deterministic hierarchy, one
may strengthen the requirements on marked products. Let € be a prevariety. We say that a
marked product Loay Ly - - - an Ly, is left (resp. right, mized) C-deterministic when there exist
Hy,...,H, € Csuch that L; C H; for each i <n and Hya1H; - - a, H, is left (resp. right,
mixed) deterministic. In other words, Loaj L1 - - - a, Ly, can be “over-approximated” by a left
(resp. right, mixed) deterministic marked product of languages in €. We use Lemma 4.1
and Proposition 4.8 to prove the following result.

Proposition 6.3. Let C,D be two prevarieties such that € C D and D C UPol(C). More-
over, consider a language L in LPol(D) (resp. RPol(D), MPol(D)). Then, L is a finite
union of left (resp. right, mized) C-deterministic marked products of languages in D.

Proof. We treat the case when L € M Pol(D) (the other cases are symmetrical). Proposi-
tion 4.8 yields a D-morphism « : A* — M and k € N such that L is a union of pq, ;-classes.
Thus, it suffices to prove that each <, j-class is a finite union of mixed C-deterministic
marked products of languages in D. Let w € A* and K C A* its b, g-class. For every
u € A* such that u >4, 1 w, we build a language H, C A* defined by a mixed C-deterministic
marked product of languages in D and such that v € H,, C L. Moreover, we show that while
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there might be infinitely many words u € A* such that u <, 1 w, there are only finitely
many distinct languages H,. Altogether, it will follow that K is equal to the finite union
of all languages H, for u € A* such that u >, ; w which completes the proof. For the
construction, we consider the canonical equivalence ~¢ on M and write N = M/~e. We
also define n as the morphism 7 = [-]e o : A* — N. By Lemma 2.14, 7 is a C-morphism.

We now consider u € A* such that u >, w and build H,,. We write P, = Pw(n, k| M|, u).
One may verify from the definition that |P,| < 2|N|*M| (the key point is that this
bound is independent from u). We let (sg,a1,51,...,a0n,8,) = 0o(u, P,) and define
H, = o Y(sg)ara=(s1) - ana~'(sp). Since |P,| <2|N*MI we know that H, is the
marked product of at most 2|N |k‘M | +1 languages recognized by «. Hence, there are
only finitely many languages H, for v € A* such that u >, w. Moreover, the lan-
guages in the product defining H, belong to D by hypothesis on a. We now prove
that this marked product is mixed C-deterministic. Let (to,a1,t1,...,an,t,) = oy(u, Py).
Since we have P, = Py(n,k|M|,u) and n is a C-morphism, Lemma 4.1 implies that
n~Y(to)arn t(t1) - --ann~(t,) is a mixed deterministic marked product of languages in
€. Moreover, since ) = [-]e o, we have a~1(s;) € n71(t;) for every i < n. Thus, the product
aY(sp)ara™(s1) - - ana~t(s,) which defines H, is mixed C-deterministic as desired.

It remains to prove that v € H, € L. That v € H, is immediate by definition
since (Sg,@1,81,-..,0n,S,) = 0q(u, P,). Hence, we let v € H, and prove that v € L,
i.e. v Mgk u. By definition of H,, we know that there exists a set Q C P(w) such that
0a(v,Q) = (S0,a1,81,...,0an, Sn) = 0a(u, P,). Moreover, since D C UPol(€) by hypothesis,
we know « is a UPol(C)-morphism. Therefore, Py(a, k,w) C Pu(n, k|M|,u) = P, by
Lemma 4.1. Hence, since o4(v,Q) = 04(u, P,), one may verify that there exists Q' C Q
such that 04 (v, Q") = 0o (u, Pu(c, k,u)) and Corollary 4.6 yields v >, 1 u as desired. [

6.2. Connection with mixed polynomial closure. We associated four closely related
hierarchies to every prevariety €. Their construction processes can be unified using M Pol.
As seen in Section 3, M Pol is not idempotent: given a prevariety D, it may happen that
M Pol(D) is strictly included in M Pol(M Pol(D)). Hence, a hierarchy is built by applying
M Pol iteratively to D. It turns out that deterministic hierarchies can be built in this way.
First, the levels LP,(C) and RP,(C) are built from LPol(C) and RPol(C) using only M Pol.

Lemma 6.4. Let C be a prevariety. Then, we have LP,11(C) = MPol(RP,(C)) and
RP,11(€) = MPol(LP,(C)) for every n > 1.

Proof. We prove that LP,1(C) = MPol(RP,(C)) (the other property is symmetrical).
Since LP,4+1(C) = LPol(RP,(C)) by definition, the left to right inclusion is immediate. We
concentrate on the converse one. We write D = LP,_1(C) for the proof. By definition, we
need to prove that M Pol(RPol(D)) C LPol(RPol(D)).

Every language in M Pol(RPol(D)) is a finite disjoint union of mixed deterministic
marked products of languages in RPol(D). Hence, since LPol(RPol(D)) is closed under
union, it suffices to prove that if L = LoaiLq - - - ap Ly, is a mixed deterministic marked product
such that Ly,..., Ly € RPol(D), then L € LPol(RPol(D)). We proceed by induction on
k. If k = 0, then L = Ly € RPol(D) C LPol(RPol(D)) and we are finished. Assume
now that k > 1. Since LgaiLq ---apLj is mixed deterministic, we know that the marked
concatenation (LoaiLj - - Ly—1)ax(Ly) is either left deterministic or right deterministic. We
handle these two cases separately. Assume first that (LoaiLi - -ag—1Li—1)ar(Ly) is left
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deterministic. One may verify that the product of k — 1 languages LoaiL1---ap_1Lg_1
remains a mixed deterministic product. Hence, Loai Ly - - ag_1Li—1 € LPol(RPol(D)) by
induction. Moreover, since Ly € RPol(D) C LPol(RPol(D)) and the marked concatenation
(Loa1 Ly -+ - ag—1Lg—1)ar(Ly) is left deterministic, we get LoayL; - - - axLx € LPol(RPol(D))
from Lemma 3.7. Assume now that (LgaiL;---ag—1Lk—1)ar(Ly) is right deterministic.
Hence, Ly_jaLy is right deterministic. Thus, since Lg_1, Ly € RPol(D), we obtain from
Lemma 3.7 that Ly_japLi € RPol(D). One may now verify that the product of k — 1
languages Loai L1 - - - ag—1(Lg—1axLy) is mixed deterministic. Thus, we obtain from induction
on k that L = Loa1 Ly - - - ap Ly, € LPol(RPol(D)) This completes the proof. ]

Moreover, the levels LP,(C) N RP,(C) can all be built from LPol(C) N RPol(C) using
only M Pol (the proof is based on the algebraic characterizations of LPol, RPol and M Pol).

Theorem 6.5. If C is a prevariety, then LP,+1(C)NRP,+1(C) = M Pol(LP,(C)NRP,(C))
for every n > 1.

Proof. We first present a preliminary lemma which applies to all classes of the form D1 N Da.

Lemma 6.6. Let Dy, Dy be prevarieties and D = Dy N Da. Let o : A* — M be a surjective
morphism. The equivalence ~gp on M is the least one containing both ~p, and ~qp,.

Proof. We write = for the least equivalence of M containing ~q, and ~q,. We prove that
==r~q. Clearly, =C~qp since ~q contains ~p, and ~qp, (this is immediate since Dy and
Dy both contain D). Conversely, let s,t € M such that s ~p t. We show that s = ¢. Let
F C M be the =-class of s. We show that ¢t € F. By definition of =, F' is a union of
~p,-classes and a union of ~qp,-classes. Thus, Lemma 2.14 yields that a~!(F) belongs to
D1 NDy=D. Since s € F and s ~p t, we get t € F by definition of ~qp. O]

We may now prove Theorem 6.5. We fix a prevariety € and n > 1. We have to
prove that LP,4+1(C) N RPy4+1(C) = M Pol(LP,(C) N RP,(C)). We start with right to left
inclusion. It is immediate that M Pol(LP,(C) N RP,(C)) is included in both M Pol(LP,(C))
and M Pol(RP,(C)). Since these classes are equal to RP,,11(C) and LFP,1(C) respectively
by Lemma 6.4, we get M Pol(LP,(C) N RP,(C)) C LP,+1(C) N RP,4+1(C).

We turn to the converse inclusion. For the sake of avoiding clutter, we write D for
the class LP,(C) N RP,(C). Let L € LP,+1(C) N RP,4+1(C). We show that L € M Pol(D).
By Theorem 4.10, D and M Pol(D) are prevarieties. Hence, by Proposition 2.6, it suffices
to verify that the syntactic morphism « : A* — M of L satisfies the characterization
of M Pol(D) given in Theorem 5.7. Let g,r,s,t € M such that s ~p t. We prove that
(sq)“s(rs)® = (sq)“t(rs)“. Since D = LP,(C) N RP,(C), Lemma 6.6 yields py,...,pr € M
such that po = s, pp =t and for i < ¢, either p; ~rp, (¢) Pi+1 O Pi ~Rgp, () Pi+1. We prove
that for all i < £, we have (sq)“p;(rs)¥ = (sq)“pi—1(rs)“. By transitivity, this implies that
(sq)¥s(rs)® = (sq)“t(rs)* as desired. We fix i < ¢ for the proof. We only treat the case
when p;—1 ~pp, () Pi (the case p;—1 ~Rp,(¢) Pi s symmetrical and left to the reader). With
this hypothesis in hand, we prove that p;(rs)* = p;—1(rs)* which implies the desired result.

We have L € RPol(LP,(€)) by hypothesis. Consequently, its syntactic morphism « is a
RPol(LP,(C))-morphism by Proposition 2.6. It is also clear that ¢ C LP,(C) C UPol(C).
Moreover, by hypothesis, we have p;—1 ~pp,(e) pi and (rs)* is an idempotent. Finally,
since € is included in both LP,(€) and RP,(C), the equivalences ~;p, () and ~gp, ) are
included in ~e. Hence, we have s ~¢ p; by definition which implies that [(rs)“]e <z [pie.
Altogether, it follows from Lemma 5.6 that p;(rs)* = p;—1(rs)“ as desired.
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A similar result holds for the levels LP,(C)V RP,(C): they can all be built from
LPol(C) V RPol(C) using only M Pol.

Theorem 6.7. If C is a prevariety, then LP,+1(C)VRP,1+1(C) = M Pol(LP,(C)VRP,(C))
for every n > 1.

Theorem 6.7 has an interesting application. Since M Pol preserves the decidability of
membership by Corollary 5.8, we get that for all prevarieties C, if membership is decidable
for LPol(C)VRPol(C), then this is also the case for all levels LP,(C)VRP,(C). This can be
applied for € = PT. It is known that LPol(PT)VRPol(PT) [AA89, KL12b]. Thus, we lift
this result to every level LP,(PT)VRP,(PT) “for free”. This reproves a result of [KL12a].

Proof of Theorem 6.7. We fix a prevariety C and n > 1. Let us start with the inclusion
LP,1(C)VRP,+1(C) C MPol(LP,(C)VRP,(C)). By Theorem 4.10, M Pol(LP,,(C)VRP,(C))
is a prevariety. Hence, it suffices to prove that LP,;1(C) and RP,+1(C) are included
in MPol(LP,(C)V RP,(C)). By symmetry, we only prove the former. By definition,
LP,11(€C) = LPol(RP,(C)) which yields LP,4+1(€) C MPol(RP,(C)). Finally, since it is
immediate by definition that RP,(C) C LP,(C)VRP,(C), we obtain the inclusion LP,+1(C) C
MPol(LP,(C)VRP,(C)) as desired which completes the proof for the left to right inclusion.

We now prove that M Pol(LP,(C)VRP,(C)) is included in LP,,+1(C)VRP,+1(C). We
write D = LP,(C)VRP,(C). Corollary 6.2 implies that D is a prevariety. Moreover, it is
immediate that € C D C UPol(C) (UPol(C) is a prevariety by Theorem 3.9 and it contains
both LP,(C) and RP,(C)). Hence, Proposition 6.3 implies that every language in M Pol(D)
is a disjoint union of mixed C-deterministic marked products of languages in D. It now
remains to prove that for every mixed C-deterministic marked product L = LoaiL1 -+ - anLy,
such that Ly, ..., L, € D, we have L € LP,,+1(C)VRP,+1(C). The definition yields H; € C
for each ¢ < n such that L; C H; and Hpa1H; - - - a, H,, is mixed deterministic.

Consider i < n. We have L; € D and D = LP,(C)VRP,(C). Hence, by definition L;
is a Boolean combination of languages in LP,(C) and RP,(C). We can put the Boolean
combination in disjunctive normal form. Moreover, since LP,(C) and RP, (C) are prevarieties
by Corollary 6.2, each disjunct is the intersection of a single language in LP,(C) with a
single language in RP,(C). Altogether, it follows that L; is a finite union of languages
P,NQ; with P, € LP,(C) and @; € RP,(€). Moreover, since L; C H; € C, we may assume
without loss of generality that all languages P; and @); are included in H; as well (otherwise
we may replace them by P; N H; and Q; N H;). Consequently, since marked concatenation
distributes over union, we obtain that L = LgaiLq---a,L, is a finite union of products
(PyNQo)ai(PrNQ1)---an(P,NQy) such that P; € LP,(C) and Q; € RP,(C) are included
in H; for every ¢ < n. It now suffices to prove that every such marked product belongs to
LP,11(C)VRP,+1(C). Since Hyai H; - - - an H, is mixed deterministic, it is also unambiguous.
Hence, since P; and @; are included in H; for every i < n, one may verify that the language
(PoNQo)a1(PLNQ1)---an(P,NQy) is equal to the intersection,

(PoairPr---an,Pp) N (Qoa1Q1 -+ - anQy) .

Finally, it is clear that Pyai1Pi---a,P, and Qpa1@Q1 - a,@Q, are mixed deterministic
marked products since this is the case for Hpa1H1---a,H,. By definition, it follows
that they both belong to M Pol(LP,(€)) and M Pol(RP,(€)) respectively. Thus, we obtain
Pyar Py ---an P, € RP,+1(C) and Qpa1Q1 -+ - anQyn € LP,4+1(C) by Lemma 6.4. Hence, the
intersection of these two languages belongs to LP,4+1(C)VRP,+1(C) as desired. ]
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7. TWO-VARIABLE FIRST-ORDER LOGIC

We now look at quantifier alternation hierarchies for two-variable first-order logic over words
(FO?). We characterize several hierarchies of this kind with mixed polynomial closure.

7.1. Definitions. We first recall the definition of first-order logic over words. We view
a word w € A* as a logical structure. Its domain is the set P(w) = {0,...,|w|+ 1} of
positions in w. A position ¢ such that 1 < i < |w]| carries a label in A. On the other
hand, 0 and |w|+ 1 are artificial unlabeled positions. We use first-order logic (FO) to
express properties of words w: a formula can quantify over the positions in w and use a
predetermined set of predicates to test properties of these positions. We also allow two
constants “min” and “maxz” interpreted as the artificial unlabeled positions 0 and |w| + 1.

Given a formula ¢(z1,...,z,) with free variables x1,...,z,, w € A* and 41, ...,i, € P(w),
we write w = (i1, ...,i,) to indicate that w satisfies ¢ when x1,...,z, are interpreted as
the positions 41, ...,4,. As usual, a sentence ¢ is a formula without free variables. It defines

the language L(p) = {w € A* | w = ¢}. We use standard predicates. For each a € A, we
use a unary predicate (also denoted by a) selecting all positions labeled by “a”. We also use

“__

three binary predicates: equality “=", the (strict) linear order “<” and the successor “+1”.

Example 7.1. The language A*aA*bA*c is defined by the following sentence fo first-order
logic: (FxJy (z <y) ANa(z) ANb(y)) A (Fz c(z) A (x4 1 = max)).

A fragment of first-order logic consists in the specification of a (possibly finite) set
V of variables and a set JF of FO formulas using only the variables in V' which contains
all quantifier-free formulas and is closed under disjunction, conjunction and quantifier-free
substitution (if ¢ € F, replacing a quantifier-free sub-formula of ¢ with another quantifier-
free formula in JF yields a new formula in F). If § is a set of predicates and F is a fragment,
we let F(5) be the class containing all languages L(¢) where ¢ is a sentence of F using only
the predicates in 5, equality and the label predicates.

In this paper, we use generic sets of predicates which are built from an arbitrary input
class €. There are two of them. The first one, written Ie, contains a binary “infix” predicate
It (z,y) for every L € €. Given w € A* and two positions i, j € P(w), we have w |= Ir(i, )
if and only if i < j and w(i,j) € L. The second set, written Pe, contains a unary “prefix”
predicate Pr(x) for every L € €. Given w € A* and a position i € P(w), we have w |= Pr,(4)
if and only if 0 < ¢ and w(0,4) € L. The predicates in Pe can be expressed by those in Ie:
Pr(x) is equivalent to Ir,(min,z). In practice, we consider the sets Pe when C is either a
group prevariety G or its well-suited extension G. This is motivated by the following lemma.

Lemma 7.2. If G is a group prevariety and F is a fragment of FO, then F(Ig) = F(<,Pg)
and EF(]Ing) = JF(<, +1, Pg)

Proof. We first prove the inclusions F(<,Pg) C F(Ig) and F(<,+1,Pg) € F(Ig+). The
formula x < y is equivalent to Ia«(x,y) (14~ belongs to Ig and Ig+ since G is a prevariety
which yields A* € G). Moreover, for all L € G, the formula Py (z) is equivalent to I, (min, x)
(again, I7, belongs to both Ig and Ig+). It follows that F(<,Pg) C F(Ig). Finally, the
formula x + 1 = y is equivalent to It.y(z,y) (which is available in Ig+ as {e} € §* but not
necessarily in Ig). Thus, we get F(<,+1,Pg) € F(Ig+). We turn to the converse inclusions.

Let us start with F(Ig) C F(<,Pg). By definition of fragments, it suffices to prove
that for each L € G, the atomic formula I (z,y) is equivalent to a quantifier-free formula
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of F(<,Pg). Proposition 2.7 yields a §-morphism 7 : A* — G recognizing L. We have
L = a '(F) for some FF C N. Since § is a group prevariety, G is a group by Lemma 2.8. Let
T ={(g,a,h) € G x Ax G| (gafa))"'h € F}. Since a~'(g) € §, we know that P,-1(,) is a

predicate in Pg for all g € G. Hence, the following is a quantifier-free formula of F(<, Pg):

@y i= @< AV (Par(@) Aa(@) A Poray(®) )
(g,a,h)eT

One may now verify that Ir(z,y) is equivalent to (x = min A Pr(y)) V ¢(x,y) which is a
quantifier-free formula of F(<,Pg). This concludes the proof for F(Ig) C F(<,Pg).
Finally, we prove that F(Ilg+) C F(<,+1,Pg). By definition, it suffices to show that for
every language K € G, the atomic formula Ik (x,y) is equivalent to a quantifier-free formula
of F(<,+1,Pg). By definition of G, there exists L € § such that either L = {¢} UK
or L = AT N K. Consequently, Ix(z,y) is equivalent to either Ity (z,y) V Ir(x,y) or
Iz+(z,y) A Ip(x,y). Since, L € G, we already proved above that Iy (z,y) is equivalent to
a quantifier-free formula of F(<,Pg) C F(<, +1,Pg). Moreover, I;.1(z,y) is equivalent to
x4+ 1=y and I+ is equivalent to x < y A =(z + 1 = y). This concludes the proof. []

Lemma 7.2 covers many important sets of predicates. If G is the trivial prevariety
ST = {0, A*}, all predicates in Pgr are trivial. Hence, we get the classes F(<) and F(<, +1).
We also look at the class MOD of modulo languages: the Boolean combinations of languages
{w e A* | |lw| = k mod m} with k,m € N such that & < m. One may verify that in this case,
we obtain F(<, MOD) and F(<,+1, MOD) where “MOD?” is the set of modular predicates
(for all k,m € N such that k < m, it contains a unary predicate Mj, ,, selecting the positions
i such that i = k mod m). Finally, consider the class AMT of alphabet modulo testable
languages. If w € A* and a € A, we let #,(w) € N be the number of occurrences of “a” in w.
AMT contains the Boolean combinations of languages {w € A* | #,(w) = k mod m} where
a € A and k,m € N such that £ < m (these are the languages recognized by commutative
groups). In this case, we get F(<, AMOD) and F(<,+1, AMOD) where “AMOD” is the
set of alphabetic modular predicates (for all a € A and k,m € N such that k& < m, it contains
a unary predicate My = selecting the positions i such #,(w(0,7)) = k mod m).

Quantifier alternation in FO?. We now present the particular fragments that we consider.
First, we write FO? for the fragment consisting of all first-order formulas which use at most
two distinct variables (which can be reused). In the formal definition, this boils down to
picking a set V of variables which has size two. We do not look at FO? itself. Instead, we
consider its quantifier-alternation hierarchy. We first present the one of full first-order logic.

For every n € N, we associate two fragments ¥, and BY,, of FO. We present the
definition by induction on n € N. When n = 0, we let 3y = BXg as the fragment containing
exactly the quantifier-free formulas of FO. Assume now that n > 1. We let ¥, as the least
set of expressions which contains the BY.,,_; formulas and is closed under disjunction (V),
conjunction (A) and existential quantification (3). Moreover, we let B3, as the set of all
Boolean combinations of Y,, formulas, i.e. the least one containing ,, and closed under
disjunction (V), conjunction (A) and negation ().

For every n € N, we define 2 (resp. BX2) as the fragment containing all formulas
which belong simultaneously to FO? and ¥,, (resp. BX,,). In this paper, we look at classes
of the form BY2(I¢) where C is a prevariety. Our results only apply in the case when € is
either a group prevariety G or its well-suited extension G+ (in which case Lemma 7.2 applies).
Yet, we shall use the following general result which is specific to the first non-trivial level.
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Theorem 7.3. Let € be a prevariety. Then, BX2(Ie) = B (L) = BPol(C).

Proof. That BY;(Ie) = BPol(C) is proved in [PZ19a]. This is a specific case of the generic
correspondence between the quantifier alternation hierarchies of FO and concatenation
hierarchies (which are built with Pol and Bool). The inclusion BX3(Ie) C BXy(Ie) is
trivial. Hence, it suffices to show that BPol(€) C BX2(I¢). By definition, BPol(€) contains
all Boolean combinations of marked products LoaiL1 - - - anLy with Lg, ..., L, € C. Since
BE%(]IG) is closed under Boolean operations, it suffices to prove that all marked products
of this kind belong to ¥?(I¢). We use induction to build a formula ¢y (z) of X2(I¢) for
each k < n which has one free variable z and such that for all w € A* and i € P(w), we
have w |= g (7) if and only if 0 < i and w(0,¢) € Loa1L; - - - apLy. It will then follow that
LoaiLy - - a, Ly, is defined by the sentence ¢, (maz) of ¥2(I¢), completing the proof. If
k = 0, it suffices to define po(z) := I, (min,z). Assume now that &k > 1. It suffices to
define @y (x) := Jy (pr—1(y) Nar(y) AN, (y,x)) (the definition involves implicit renaming of
the variables in ¢y _1, this is standard in FO?). Clearly ¢ (x) is a formula of ¥?(I¢). [

7.2. Properties of the quantifier alternation hierarchy of FO?. We present results
that we shall need to prove the language theoretic characterization of the quantifier alternation
hierarchy of FO? by mixed polynomial closure. First, we recall standard notions from finite
model theory (yet, our terminology is tailored to the generic signatures I¢). For a morphism
n:A* — N and k,n € N, we associate an equivalence =, ; ,, on A*. Given a prevariety C
and n € N, we use the equivalences =, ;. ,, where 7 is a C-morphism to characterize BZ%(]I@).
Then, we present properties of these preorders which are specific to the paper.
Definitions. We start with two preliminary notions. The first one is standard. Given a FO?
formula ¢, the quantifier rank of ¢ is defined as the maximal nesting depth of quantifiers
in ¢. Moreover, for each morphism 1 : A* — N, we associate a set I, of predicates. For
each language L C A* which is recognized by n, the set I, contains the binary predicate I7..
Recall that w |= I1(7,7) if and only if i < j and w(i, j) € L. Note that L, is a finite set.
Let n : A* — N be a morphism, k € N and n > 1. We associate a preorder =, 1,
which compares pairs (w,i) where w € A* and i € P(w). Consider w,w’ € A*, i € P(w)
and i/ € P(w’). We let w,i <, ., w',i" if and only if for every formula ¢(z) of ¥2(I,) with
quantifier rank at most k£ and at most one free variable “x” the following implication holds:

w k(i) = w' [ o().
By definition, =, 1. , is a preorder and has finitely many upper sets. This is standard: one may

verify that there are finitely many non-equivalent formulas of E%(]In) with quantifier-rank at
most k (here, it is important that I, is finite). Moreover, one may verify the following fact.

Fact 7.4. Let n: A* — N be a morphism, k € N, n > 1, w € A* and i € P(w). There
exists a formula p(z) of ¥2(L,) with quantifier rank at most k such that for all w' € A* and
i' € P(w'), we have w' |= (i) if and only if w,i =y pn w', 7.

We restrict the preorders <, 1. , to single words in A*. Let w,w’ € A*. Welet w =, 1, v’
if and only if w,0 =<, 1, w',0. This is a preorder on A*. Finally, we write =, ;. ,, for the
equivalence associated to =, pn: W =y kp w’ if and only if w =nkn w' and w’ =nkn W.
Clearly, this equivalence has finite index. We use it to characterize the classes BY:2 (I¢).

Lemma 7.5. Let C be a prevariety, n > 1 and L C A*. Then, L € BX2(I¢) if and only if
there exists a C-morphism n: A* — N and k € N such that L is a union of =, ), -classes.
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Proof. For the “only if” direction, assume that L € BY.2(I¢) and let ¢ be the sentence of
BY2(Ie) which defines L. Let k € N be the rank of . Proposition 2.7 yields a C-morphism
n: A* — N such that ¢ is a formula of BX2(I,)). One may now verify that L is a union of
=, kn-classes. For the “if” direction, consider a C-morphism 7 : A* — N and k € N. We
prove that every union of =, ;. ,-classes belongs to BY2(Ie). As =, kn has finite index, it
suffices to show that all 2, j ,-classes belong to BY2(I¢). For every u € A*, Fact 7.4 yields
a formula v, (z) of ¥2(I,) with rank at most k such that for every v € A* and j € P(v), we
have v |= 1, (j) if and only if u,0 <, 1, v,j. Let w € A*. We define,

Ow = Yy (min) A /\ =)y (Min)
W=y k,nt and u¥, k. pw
Note that the conjunction boils down to a finite one since there are finitely many non-
equivalent X2 () of rank at most k. One may now verify that ¢, defines the 2, ;. ,-class of
w which concludes the proof: this is a B2 (I¢) sentence since 7 is a C-morphism. ]

We complete the definitions with an alternate inductive definition of the preorders =, . ..
Roughly, it is inspired from Ehrenfeucht-Fraissé games. Yet, formulating it as an inductive
definition rather than a game is more convenient. We start with a preliminary notion. Let
n: A* — N be a morphism, w,w’ € A*, i € P(w) and i’ € P(w). We say that (w,) and
(w',4') are n-equivalent if and only if one of the three following conditions holds:

e i =i =0, and n(w) = n(w') or,

o i=|w|+1,i7=w|+1and n(w) =n(w') or,

e i € P (w), i € P.(w), the positions i and i’ have the same label, n(w(0,7)) = n(w'(0,i"))
and n(w(i, [uw] +1)) = n(w'(, '] + 1))

Proposition 7.6. Let nn: A* — N be a morphism, k € N, n > 1, w,w’ € A*, i € P(w) and

i" € P(w'). Then, we have w,i =y, w' 3" if and only if the four following properties hold:

(1) (w,4) and (w',i") are n-equivalent.

(2) If n > 2, then w',i’ =y pn—1 w,i.

(3) If k > 1, then for all j € P(w) such that i < j, there exists j' € P(w') such that i’ < j’,
n(w(i, j)) = n(w'(@, j') and w,j 2y k-1, w', j".

(4) If k > 1, then for all j € P(w) such that j < i, there exists j' € P(w') such that j' < ',
D3, 1)) = 1w/ (7)) and 0,3 Zgi1.0 0,7

Proof. We start with the “only if” implication. Assume that w,i <, 1, w’,i'. We show that
the four conditions in the lemma are satisfied. The first one is immediate as one may check
n-equivalence using quantifier-free formulas in $2(I,)). We turn to Condition 2. Assume that
n > 2. We prove w', i’ <, pn—1 w,i. Given a formula ¢(z) of X2_;(I,) with rank at most k,
we show that w' = (i) = w | (). By definition, ~p(z) € ¥2(I,) and it has rank at most
k. Hence, since w,i =, 1, w', 7, we have w = —p(i) = w' |= =p(i'). The contrapositive is
exactly the desired implication. It remains to handle Conditions 3 and 4. By symmetry,
we only detail the former. Assume that £ > 1 and let j € P(w) such that i < j. We have
to exhibit j° € P(w’) such that ¢/ < j/, n(w(i, j)) = n(w'(7, 7)) and w,j <yp—1, @', 7"
Fact 7.4 yields a formula ¢(z) of X2 (I,) with rank at most k — 1 such that for all u € A* and
h € P(u), u |= p(h) if and only if w,j <, p—1,n u, h. Moreover, we let s = n(w(i,j)) € N
(recall that i < j) and L = n~1(s). Let ¢(z) be the formula 3y (I1(x,y) A ¢(y)) of X2(L,).
Clearly, ¢ (x) has rank at most k. Moreover, w |= (i) (one may use j as the position
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quantified by y). Since w,i =, ., w', 4, we get w’ |= (7). This yields j° € P(w’) such that
i' < j',w'(i,j') € L and w' |= ¢(j'). Since L =n~1(s), we get n(w(i’,5")) = s = n(w(i, 7)) .
Finally, since w’ |= (j'), we obtain w,j <, p—1,, w’, j' by definition of ¢.

We turn to the “if” implication. Assume that the four conditions are satisfied. We
show that w,i <, 1, w',7’. We have to prove that given a ¥2(I,) formula ¢(z) with rank at
most k, the implication w = ¢(i) = w’ = ¢(i’) holds. First, we put ¢(z) into normal form.
The following lemma can be verified from the definition of ¥2 and DeMorgan’s laws.

Lemma 7.7. The formula ¢(x) is equivalent to a formula of rank at most k belonging to the
least set closed under disjunction, conjunction and existential quantification, and containing
atomic formulas, their negations and, if n > 2, the negations of 2121—1(]177) formulas.

We assume that ¢(x) is of the form described in Lemma 7.7 and use structural induction
on ¢ to prove that w = ¢(i) = w' | ¢(i'). If p(z) is an atomic formula of its negation,
the implication can be verified from Condition 1. We turn to the case when ¢(z) := —(z)
where () is a X2_,(I,) formula (this may only happen when n > 2). Clearly, ¢(z)
has rank at most k by hypothesis on ¢(x). Since w’,7 =, n—1 w,i by Condition 2,
w' = (') = w E(i). The contrapositive yields w | ¢(i) = w' | ¢(i'). We turn to
conjunction and disjunction. If ¢ = 1)1 X 19 for X € {V, A}, we get w = ¥y (i) = w' | 1y (7)
for h = 1,2 by structural induction. Hence, w |= ¢(i) = w’ | ¢(i') as desired.

It remains to handle existential quantification. Assume that ¢(z) = Jy ¢ (x,y) (since
variables can be renamed, we may assume that y # x). By hypothesis on ¢, we know that
1 has rank at most k — 1. Assume that w = ¢(i). We show that w |= ¢(i'). By hypothesis
on ¢, we get j € P(w) such that w = (i, 7). We use it define 5/ € P(w’). There are several
cases depending on whether j =4, ¢ < j or j < i. By symmetry, we only treat the case
when i < j. In this case, Condition 3 yields j' € P(w’) such that ¢ < j', w,j < p—1, @', j’
and n(w(i, 7)) = n(w(i’,j")). We use a sub-induction on the structure of ¥ (x,y) to show
that w' = (7', 7') which implies that w’,i’ = ¢(i') as desired. If x is the only free variable
in 4, then our hypothesis states that w = 1 (i) and the main induction yields w’ = (i)
as desired. If y is the only free variable in v, then our hypothesis states that w = 1(j).
Hence, since w, j <y -1, w',j" and 9 has rank at most k — 1, we obtain w’ = (') has
desired. If ¥ (z,y) is an atomic formula or its negation involving both z and y (i.e. x =y,
—(x = vy), I(z,y) or ~Iy(z,y) with L recognized by 7), since w = ¥(i,7), i < j, i’ < j’
and n(w(i, 7)) = n(w(i,j")), one may verify that w = ¥ (7, ;). Finally, disjunction and
conjunction are handled by sub-induction as in the main induction. []

Properties. We now present important properties of these relations. First, we have the
following simple property of the preorders =, ;. ,, which can be verified using Proposition 7.6.

Lemma 7.8. Let n: A* — N be a morphism, k € N and n > 1. Let x1,x2,y1,y2 € A* and
a € A such that x1 =y kn Y1 and T2 =, 1 n y2. Moreover, let i = |z1|+ 1 and j = |yi| + 1.
Then, x1x2 =y kn Y1y2 and T1aT2,7 =y kn Y1ay2,7 .

We turn to properties that are specific to morphisms 7 : A* — N such that the set n(A™)
is a finite group. This reflects the fact our characterization of the quantifier-alternation
hierarchy of FO? is restricted to the sets of predicates I and Ig+ when G is a group prevariety.
We first present two preliminary results for the preorders <, 1. The first one considers the
case when 7 is a morphism into a group.
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Lemma 7.9. Consider a morphism n: A* — G into a group and p a multiple of w(G). Let
u,v,2,y € A* and £ € N such that n(u) = n(v). Then, v =, 1 u(yv)? and v =, 01 (vE)Pu.

Proof. By symmetry, we only prove v =, ¢1 u(yv)P. Since G is a group, n((vy)?) = lg.
Since n(u) = n(v), this yields n(uy(vy)?~!) = 1g. Thus, one may verify from Proposition 7.6
that € <, 01 uy(vy)?~!. Hence, Lemma 7.8 yields v <, 1 u(yv)P as desired. ]

We now consider the case of morphisms 7 : A* — N such that n(A™) is a group. We
prove a slightly weaker result.

Lemma 7.10. Consider a morphism n: A* — N such that G = a(A™") is group, £ € N and
p a multiple of w(G). We consider u,v,w,x € A* such that |w| > £ and n(u) = n(v). We
have wv =<, o1 wu(zwv)? and vw =2, 01 (vwz)Puw.

Proof. By symmetry, we only prove that wv =<, ¢1 wu(zwv)?. We consider a slightly more
general property that we prove by induction. We let z = wv and 2’ = wu(zwv)?. Let
m = |wu(xwv)Px|. Clearly, if i € P(z), then m + ¢ is the corresponding position in the suffix
z = wv of 2 = wu(zwv)P. We prove the two following properties for every h < £:
o if i </ —h,then z,i <51 2, i.
o if i > —h, then z,i <, 1 2',m +1.
In the case when h = ¢ and i = 0, the first assertion yields wv =, ¢1 wu(zwv)? as desired.
We now prove that the two above properties hold for every i € P(wv) and h < ¢. We
proceed by induction on h. By symmetry, we only consider the first property and leave
the other to the reader. Thus, we assume that ¢ < ¢ — h and show that z,i <, 1 2/, 1.
We use Proposition 7.6. There are only three conditions to verify: Condition 2 is trivial
since we are in the case n = 1. Moreover, it is straightforward to verify Condition 1 from
our hypotheses. We turn to Conditions 3 and 4. By symmetry, we only detail the former.
Assume that A > 1 and let j € P(v) such that i < j, we show that there exists j' € P(w)
such that i < j', n(2(4,7)) = n(2'(4,7")) and z,j =<, n-11 2,7 There are two sub-cases
depending on j. First, assume that j < ¢ — (h — 1). In this case, we let j/ = j. Clearly,
we have 7(z(i, 7)) = n(2'(4,5)) since z(i,5) = 2'(i,7) (this is because w is a common prefix
of z and 2/, and |w| > ¢). Since j < £ — (h — 1), we get v,j =, p—1,1 w,j by induction on
h. We turn to the second sub-case. Assume that £ — (h — 1) < j. We define j' = m + j.
Clearly, i < j’ since we have i < j. Moreover, since j > £ — (h—1) and j' = m + j, induction
on h yields z,j =, p—1.1 2, 5. We show that n(2(7,7)) = n(2'(,5')). By definition j’ is the
position corresponding to j € P(z) in the suffix 2 = wv of z’. Hence, there exists y € A*
such that z(i,|z| + 1) = 2(4, j)y and 2'(i, |2'| + 1) = 2/(i, j')y. Moreover, by definition of 2/,
we have 2/(i,|2'| + 1) = 2(i, |z| + 1) (zwv)P. Since p is a multiple of w(G) and zwv € AT (we
have |w| > £), we get n(zwv) = 1g. Moreover, z(i, |z| +1) € AT since we have i < £ — h and
h > 1. Altogether, it follows that n(z(i, 7)y) = n('(i,j")y). If y = €, this concludes the proof.
Otherwise, y € AT and since i < ¢ = h and £ — (h—1) < j, we also have z(i, j), 2'(i,j') € A™.
Since G = a(A™) is a group, we get n(z(i,j)) = n(2'(i,j')) as desired. ]

We are ready to present the main property. We state it in the following proposition.

Proposition 7.11. Consider a morphism n: A* — N such that G = a(A™) is a group. For
all k € N, we have p > 1 such that if n > 1 and u,v,z,y,z € A satisfy u =, k0 U 2y k1 2,

(z2)Pulyz)” 2y kntr (22)P0(y2)".
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Proof. We fix k € N. Let us first define p > 1. By Lemma 7.8 the equivalence =, ;1 is a
congruence of finite index. Hence, the quotient set A*/=, ;. ; is a finite monoid. We now
define p = w(G) x w(A* /= .1). By definition, we have the following key property of p:

for every £ < k and w € A*, w? =2, ;1 wP. (7.1)

Let n > 1 and z,y,z € A*. Moreover we write w; = (zx)P and wy = (yz)P. We prove a
more general property.

Lemma 7.12. Let £ <k, 1 <m <n and u,v € A* such that u <, 01 2 and v <, 01 z. Let
w = wiuws and w' = wivwy. The three following properties hold:
(1) if 0 <i <|wi| and u <y 0.m v, then w,i =y ¢my1 W', 0.
(2) if1 <i<|wa|+1 and u =2y pm v, then
w, [wiu] +1i 2y gmi1 W, Jwiv| + 1.
(3) if i € Pe(u) and V' € Pc(v) satisfy u,t <y om v,7, then w, |wi| + 1 =y mi1 W', |wr] + 7.

Let us first apply the lemma to compete the main argument. Consider u,v € A* such
that u =<, k. n v 2y k1 2. The first assertion in Lemma 7.12 yields wiuwg, 0 =, ¢ nt1 wivwe, 0.
This exactly says that wiuws =, x nt1 wivwe by definition and Proposition 7.11 is proved.
It remains to prove Lemma 7.12.

We fix £ <k, 1 <m < nand u,v € A* such that v <, 1 z and v =,01 2. We
write w = wiuws and w’ = wijvws. We use induction on ¢ and m (in any order) to prove
that the three properties in the lemma hold. Since the three of them are handled using
similar arguments, we only detail the third one and leave the other two to the reader.
Hence, we consider ¢ € P.(u) and i € P.(v) such that w,i =<, ¢, v,i'. We show that
w, |wi| + 1 =y m+1 W', |wi| + 4. The argument is based on Proposition 7.6. There are four
conditions to verify. For Condition 1, that (w, |w1| + %) and (w', |w;| + i') are n-equivalent
can be verified from wu,i <, ;s v, which implies that (u,) and (v,?’) are n-equivalent. We
turn to Condition 2. we have to prove that w', |wi| 4+ ¢ =, ¢m w,|w1| + ¢. There are two
sub-cases depending on m. First, assume that m > 2. Since u,? =<, ¢, v,%’, Proposition 7.6
implies that v,i" =, ¢m—1 u,i. Hence, by induction on m, the third assertion in Lemma 7.12
yields w', |wi| 4+ =y ¢.m w, |wi| + i as desired. We now assume that m = 1: we prove that
w', |wi| 414" =01 w,|w| 4 i. Consider the decompositions u = ujauy and v = viave where
the positions carrying the highlighted letters “a” are i and . We prove that wjv; =n,0,1 W11
and vows =, 01 ugws, Since w = wiuauswe and w' = wyiviavaws, it will then follow from
Lemma 7.8 that w', |wi| + 7' =<,01 w,|wi| + i as desired. By symmetry, we only prove
that vows =, 01 ugwe. If up = ve, this is trivial. Hence, we assume that us # vs. Since
U, % =01 0,7, one may verify from Proposition 7.6 that n(u2) = n(vy). We prove that
v =pe1 u2(yv)P. Let us first explain why this implies the desired result. By (7.1), we
have (yv)? =<, 01 (yv)P. Together, with vy =, 01 u2(yv)? and Lemma 7.8, this implies
v2(yv)?P =01 ug (yv)?P =01 u2(yv)P as desired. It remains to prove that va =, 41 ua(yv)®.
Let y' = yvia. Clearly, we have yv = y'vo. Thus, we have to show that vy =, 01 u2(y'v2)P.
There are two cases depending on 7. If n(A*) = G, the result is immediate from Lemma 7.9
since n(uz) = n(v2) and p is a multiple of w(G). Assume now that n(A*) # G. Since
n(A*) = G, it follows that n~'(1x) = {e}. Hence, since u,i =<, ¢1 v,i and uy # vs, one
may verify from Proposition 7.6 that |ug| > ¢, |ve| > ¢ and ug(0,£ + 1) = v2(0, ¢+ 1). Hence,
we may apply Lemma 7.10 to obtain vy =, 41 u2(y've)? since p is a multiple of w(G). This
completes the proof for Condition 2.
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It remains to handle Conditions 3 and 4. Since those are symmetrical, we only present an
argument for the former. Let j € P(w) such that |w;i|+i < j. We have to exhibit j' € P(w’)
such that |wi| 4+ < 7, n(w'(jwi|+7',5")) = n(w(|wi| +1,7)) and w, j <y -1, m+1 W', 5. We
distinguish two sub-cases depending on j. First, assume that |w;|+i < j < |wyu|. In this case,
there exists a position h € P;(u) such that j = |w;|+ h. In particular, we have i < h. Hence,
since u,i =y ¢,m v, 1, Proposition 7.6 yields h’ € P.(v) such that n(u(i, h)) = n(v(i', h')) and
u,h <y —1.m v, . We now define j' = |w;| + /. Clearly, w'(jwi| + 7', j") = v(, 1) and
w(|wy| +14,7) = u(i, h). Hence, it is immediate that n(w'(|w1| + 7', 5")) = n(w(|wi| + 4, 5)).
Moreover, since u, h =, ¢—1,,m v, }, it follows from induction on ¢ that we may apply the
third assertion in Lemma 7.12 to get w,j =, 1—1,m+1 w’, 7. We turn to the second sub-
case: j > |wiu|. In this case, there exists a position 1 < h < |wy| + 1 of we such that
Jj = |wiu|+h. Welet j' = |wiv|+h. Clearly, we have |wq|+4" < j'. Tt is also immediate that
w' (w1 +4',5") = v(@, |v] + Dw2(0, k) and w(|wy|+14,7) = u(s, |u| + 1)we(0, h). Additionally,
since u, ¢ <y ¢m v, one may verify from Proposition 7.6 that n(u(i, |u|+1)) = n(v(?, [v|+1)).
Hence, we get n(w'(Jwi| + 14, 7")) = n(w(|w1| + 4, )). Finally, it follows from induction on £
that we may apply the second assertion in Lemma 7.12 to get w,j = ¢—1 m+1 W', 5" []

Finally, we complete Proposition 7.11 with a useful corollary.

Corollary 7.13. Consider a morphism n: A* — N such that G = a(A™") is a group. For
all k € N, we have p > 1 such that for n > 1 and u,v,z,y € A* satisfying u =, 1, v, we
have (v2)Pu(yo)? =y pnst (v)P0(yo)?.

Proof. We fix k € N and define p > 1 as the number given by Proposition 7.11. Since
U =y kn U =nk1 U, the case z = v in the proposition yields (va)Pu(yv)? =y knt+1 (vT)Pv(yv)P.
Moreover, v <, k. n u =, k1 v. Thus, we may apply Proposition 7.11 in the case when u and v
have been swapped and z = v. This yields (vz)Pv(yv)P <, kn+1 (vE)Pu(yv)P as desired. []

7.3. Characterization. We show that for a set of predicates built from a group prevariety,
one may “climb” the quantifier alternation hierarchy of FO? with mixed polynomial closure.

Theorem 7.14. If § is a group prevariety, then we have BX2 | (Ig) = M Pol(BX2(Ig))
and B2 | (Ig+) = M Pol(BX2(Ig+)) for every n > 1.

Theorem 7.3 and Theorem 7.14 imply that for every group prevariety G, if € € {G, G},
then all levels BY2 (I¢) are built iteratively from BPol(C) by applying M Pol. By Propo-
sition 3.1, BPol(C) is a prevariety. Moreover, Theorem 4.10 and Corollary 5.8 imply that
when M Pol is applied to a prevariety, it outputs a prevariety and preserves the decidability
of membership. It follows that when membership is decidable for BPol(C), this is also the
case for all levels BY.2(Ie). Since € € {G, T}, it follows from Theorem 3.2 that membership
is decidable for BPol(C) provided that separation is decidable for G. Finally, we have
BY2(Ig) = BX2(<,Pg) and BY2(Ig+) = BX2(<,+1,Pg) by Lemma 7.2. Altogether, we
obtain the following corollary.

Corollary 7.15. Let G be a group prevariety with decidable separation. For everyn > 1,
membership is decidable for BX2(<,Pg) and BY2(<, +1,Pg).

Corollary 7.15 reproves earlier results. Separation is clearly decidable for ST = {(), A*}.
Hence, BY:2(<) and BX2(<,+1) have decidable membership for all n > 1. For BY2(<),
this was first proved independently by Kufleitner and Weil [KW12b] and Krebs and Straub-
ing [KS12]. For BX2(<,+1), this was first proved by Kufleitner and Lauser [KL13].
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Remark 7.16. In [KW12b)], it is also shown that BX.2(<) = LP,(PT)NRP,(PT) for every
n > 1 (with PT = BPol(ST)). This can be reproved using Theorem 6.5, Theorem 7.14 and
the fact that PT = LPol(PT) N RPol(PT). This is specific to BY.2(<): this fails in general.
This is because the equality PT = LPol(PT) N RPol(PT) is specific to PT = BPol(ST).

Additionally, it is known that separation is decidable for the group prevarieties MOD and
AMT. This is straightforward for MOD and proved in [Del98] for AMT (see also [PZ22d]
for recent proofs). Hence, we also obtain the decidability of membership for all levels
BY2(<,MOD), BX2(<,+1,MOD), BY2(<,AMOD) and BX2(<,+1, AMOD). Note
that this was already known for the levels BY.2 (<, +1, MOD). This was proved in [DP15]
using a reduction to the levels BX2 (<, +1) which is based on independent techniques

Theorem 7.14 also yields characterizations of FO%. Indeed, one may verify from The-
orem 6.1 that given a prevariety D, the union of all classes built from D by iteratively
applying M Pol is U Pol(D). Hence, we obtain the following corollary.

Corollary 7.17. If G is a group prevariety, then FO?(<,Pg) = UPol(BPol(S)) and FO?*(<
,+1,Pg) = UPol(BPol(5)).

Since UPol preserves the decidability of membership by Theorem 3.10, the above
argument also implies that for all group prevarieties G with decidable separation, FO?(<, Pg)
and FO?(<, +1,Pg) have decidable membership. This yields known results [TW98, DP13]
in the cases G = ST and § = MOD.

Remark 7.18. Another proof of Corollary 7.17 is available in [PZ22a]. It is more direct
(and simpler) since it considers the classes FO*(<,Pg) and FO*(<, +1,Pg) directly without
looking at their quantifier-alternation hierarchies. In fact, specialized characterizations of
FO?(<,Pg) and FO*(<,+1,Pg) are also presented in [PZ22a).

Proof of Theorem 7.14. We fix a group prevariety § and let € € {G,G"}. We use induction
on n to show that B2 (I¢) is a prevariety and B2, (Ie) = M Pol(BX2(I¢)) for all n > 1.
We fix n > 1 for the proof. We first show that BY:2(I¢) is a prevariety. If n = 1, then
BY2(Ie) = BPol(€) by Theorem 7.3 and BPol(€) is a prevariety Proposition 3.1. Otherwise,
induction on n yields that B2 (I¢) = M Pol(BX2_,(I¢)) and BX2 ,(I¢) is a prevariety.
Hence, we obtain from Theorem 4.10 that BY:2(Il¢) is a prevariety. It remains to prove the
equality B2, | (Ie) = M Pol(BX2(Ie)). We start with the left to right inclusion.
Inclusion BY2_ | (I¢) C M Pol(BX?(Ie)). The argument is based on the algebraic character-
ization of M Pol. Let L € BX2_ ,(I¢). Since BX2(I¢) is a prevariety, Proposition 2.6 yields
that it suffices to prove that the syntactic morphism « : A* — M of L is an M Pol(BY2(I¢))-
morphism. By Theorem 5.7, this boils down to proving that for every q,r,s,t € M such
that (s,t) € M? is a BY:2 (Ie)-pair, we have (sq)“s(rs)* = (sq)“t(rs).

Since L € BX2 | (I¢), Lemma 7.5 yields a C-morphism 1 : A* — N and k € N such
that L is a union of =, ;. 1 1-classes. Let K be the union of all =, ;. ,,-classes which intersect
a~1(s). By Lemma 7.5, we have K € BX.2(I¢). Moreover, a~!(s) C K by hypothesis. Thus,
since (s,t) € M? is a BY.2(I¢)-pair, we have K Na~!(t) # 0. We get u,v € A* such that
a(v) =s, a(u) =t and u =, ., v. We also let z,y € A* such that a(z) = ¢ and a(y) =r.
Since € € {G,97} and n: A* — N is a C-morphism, Lemma 2.8 implies that G = n(A™") is
a group. Hence, since u =, ;. , v, Corollary 7.13 and Lemma 7.8 yield p > 1 such that,

w(vz)Pu(yv)Pw’ =, g1 wlve)Po(yv)Pw for all w,w' € A*.
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Since L is union of 22, j, , 1 1-classes, it follows that (va)Pv(yv)P and (ve)Pu(yv)? have the same
image under the syntactic morphism « of L. Hence, (sq)Ps(rs)P = (sq)Pt(rs)P. It now suffices
to multiply by the right amount of copies of sq on the left and of rs on the right to obtain
(sq)“s(rs)” = (sq)“t(rs)“. This completes the proof that BX2 ;(I¢) C M Pol(BX2(Ie)).

Inclusion M Pol(BY2(I¢)) C BE%H(]IG). This part of the proof is based on a key property
of M Pol that we present first. We say that a marked product LoaiLq---amLy is C-
pointed if for all 1 < i < m, there are K;, K] € BPol(C) such that K,a; K is unambiguous,
LoaiLy---aj—1L;—1 C K; and Lja;41Liq1 - - am Ly, € K. We now use the hypothesis that

€ € {9,5"} to apply Proposition 4.11 and prove the following lemma.

Lemma 7.19. Every language in M Pol(BY:2(I¢)) is a finite union of C-pointed marked
products of languages in BY2 (I¢)

Proof. We fix L € M Pol(BX2(I¢)). Since BX:2(I¢) is a prevariety, Proposition 4.8 yields
a BX2 (Ie)-morphism « : A* — M and k € N such that L is a finite union of i, g-classes.
Hence, it suffices to prove that every <, j-class is a finite union of C-pointed marked products
of languages in BY:2 (I¢). First, we associate a language U, to every word w € A*.

Let 1 be the morphism 7 : [Je o o : A* — M/~ppy ). We know that 7 is a BPol(C)-
morphism by Lemma 2.14. Moreover, observe that BPol(C) C BY2(I¢) C U Pol(BPol(€)).
Indeed, we know that D1 = BPol(C) by Theorem 7.3 and induction in Theorem 7.14 implies
that BX2 (Ie) is built from Dy by applying M Pol iteratively. Therefore, Lemma 4.1 implies
that Pu(a, k,w) C Pug(n, k| M|, w). Finally, since € € {G,§1} and § is a group prevariety,
it follows from Proposition 4.11 that there exists another BPol(€C)-morphism, v : A* — @
such that Pu(n, k| M|, w) C Pu(y, 1, w). We define,

(SO,CLl,Sl,...,CLh,Sh) - O-Oé(w)Ple(aakaw))’
(QO7a17q17"‘7ahaqh) - O-’y(vabd(a)kvw))'

For all i < h, we let V; = a~!(s;) Ny~ !(g). Finally, we define U, = Voa1Vi---apVi.
By definition, h = |Pu(a, k,w)| < 2|M|¥. Thus, there are finitely many languages U,
even though there infinitely many w € A*. Moreover, it is clear that w € U,. We
now prove that U, is included in the >q, j-class of w and that Vpha1Vi---apV) is a C-
pointed marked product of languages in BY2 (I¢). It will then follow that each b<, g-class
is the finite union of all languages U,, for the words w in the <, j-class, i.e. a finite
union of C-pointed marked product of languages in BY2(I¢) as desired. We first show
that if u € Uy, then u <, w. By definition of U,, there exists P C P(u) such that
oa(u, P) = (s0,a1,51,-..,an, Sp) = 0a(w, Ps(a, k,w)) and Corollary 4.6 yields u >, w.
It remains to show that Vhai Vi ---apVy, is a C-pointed marked product of languages in
BY2(Ie). As ais a BY2(Ie)-morphism, v is a BPol(€)-morphism and BPol(C) C BX2(Ie),
it is immediate by definition that V; € BX2(Ie) for all i < h. We prove that Voai Vi ---apVj
is C-pointed. We fix i < h for the proof. Let r; = qoy(a1)q1 - - y(ai—1)gi—1 and K; = v~ 1(r;).
Moreover, we let i = ¢;y(ai+1)git1 - v(an)gn and K/ = y71(r!). One may verify that
VoarVi -+ - ai—1Vi1 C K and Viai+1Visr -+ - ap Vi, € K. Hence, we have to prove that K;a; K
is unambiguous. We have Py(a, k, w) C Py(y, 1, w) by construction of 7. Therefore, all
letters in the v-snapshot o, (w, Pu(ar, k,w)) = (qo, @1, 41, - - -, an, qn) correspond to positions
in Pog(7,1,w). By definition, this implies that either r;y(a;) <g r; or y(a;)r} <z ri. By
symmetry, we assume that the former holds and prove that K;a; K is left deterministic. By
contradiction, assume that there exists x € K; N K;a;A*. Since K; = fy_l(m), this yields
y € A* such that r; = r;v(a;)y(u), contradicting the hypothesis that ry(a;) < r. ]
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We now prove that M Pol(BX2(Ie)) € BX2,(Ie). In view of Lemma 7.19, it suffices
to show that if Lo, ..., Ly, € BX2(Ie) and Loay Ly - - - @y Ly, is a C-pointed marked product,
then Loai Ly -+ - am Ly € BE2(Ie). We do so by building a BY2 | (I¢) sentence defining
Loai Ly -+ - amLy. We have Kp, K € BPol(C) for every h < m such that Kja,Kj is
unambiguous, Loa1 Ly ---ap—1Lp—1 C Ky, and Lpapy1Lpt1 - amL; C K;L Hence, for all
w € A*, we have w € Loai L1 - - - am Ly, if and only if the two following properties hold:

a) There are 49,41, ., im,im+1 € P(w) such that 0 =ip < i1 < -+ <y < bppy1 = |w| + 1
and for all h such that 1 < h < m, iy, has label ap, w(0,i) € K} and w(ip, jw|+1) € K.
Observe that these positions must be unique since Kpa, K}, is unambiguous.

b) For 0 < h < m, we have w(ip,ipt1) € Lp.

We show that both properties can be expressed in BY?2_(I¢). First, we build BX3(Ie)
formulas that we shall use to pinpoint the positions g, 1, .- ., im, tm+1-

Lemma 7.20. For 1 < h < m, there exists a formula 1¥y(z) of BX3(I¢) with one free
variable = such that for every w € A* and i € P(w), we have w |= ¥y (3) if and only if i has
label ap, w(0,1) € K}, and w(i,|w|+ 1) € K.

Lemma 7.20 holds since K}, K} € BPol(C) (the argument is identical to the one used in
Theorem 7.3 to prove that BPol(€) C BY2(I¢)). We fix the BX?(I¢) formulas vy, . . ., 1y, for
the proof. We use them to define new formulas I'y(z) for 1 < h < m. We let T'1(x) := ¢1(z).
Additionally, for h > 1, we define I'y(z) := ¢p(x) Ay (y < 2 ATh_1(y)) (the definition
involves implicit variable renaming, this is standard in FO?). Finally, we let T := 3z T',,,(2).
By definition, I" is a sentence of BY3(Ie) € BX2 (Ie) and it expresses Condition a) above.

We turn to Condition b). We define ¢g(x) := (z = min) and ¢¥,11(z) := (x = max)
for the construction. For every h such that 0 < A < m, we construct a BZ% +1(]Ie) sentence
o, which satisfies the following property: for every word w € A* such that w =T (which
yields unique positions iy, ip+1 € P(w) such that w = (i) and w = ¥p41(ip41)), we have
w = pp if and only w(ip,ipr1) € Lp. It will then be immediate that LoajLq - - @y Ly, 18
defined by the sentence ¢ :=T' A \gcp<m ©n of BE2 1 (Ie), completing the proof.

We now fix h such that 0 < h < m and construct ¢,. By hypothesis, we have
Ly € BY2(Ie) = BX2(Ie). Hence, we get a sentence &;, of BX.2(I¢) defining Lj,. We build
wp from &y by applying two kinds of modifications. First, we restrict the quantifications
in §;, to the positions that are in-between the two unique ones satisfying v, and 1. We
recursively replace each sub-formula of the form Jx ¢ by the following (we write “x < y” for
the formula “z <y Va =y"):

Jz (CA Py W) ANy <2)) APy (W) Az <y))).

Intuitively, we are using the unique positions satisfying ¢, and 11 as substitutes for the
two artificial unlabeled positions. Hence, we also need to tweak the atomic sub-formulas in
Op. First, we replace all atomic sub-formulas b(x) with b € A by,

b(x) A By (Yn(y) Ay <)) A (Fy (Yna(y) Ao < y).

We also need to modify the atomic sub-formulas involving the constants min and max.
All sub-formulas &(min, z) with {(min,x) := (min = z) or {(min,x) := I (min, z) where
L € @ are replaced by Jy(vn(y) A &(y,x)). Symmetrically, all sub-formulas &(z, maz)
with {(z,maz) := (x = max) or {(x,maz) := I (x,max) where L € C are replaced by
Jy(Yn+1(y) A &(x,y)). Finally, all sub-formulas I7,(min, max) for L € € are replaced by the
formula 323y (Y (z) AYpt1(y) AlL(z,y)). There can be other atomic sub-formulas involving
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min and mazx such as b(min), (min = max) or I,(max,z). We do not modify them since
they are equivalent to L (i.e., false).

By definition, ¢, is built by nesting the BX2(I¢) formulas v, and )41 under the
sentence &y, of B2 (I¢). Thus, one may verify that ¢y, is a sentence of BX2 | (I¢) as desired.
One may also verify that ), satisfies the desired property: for every word w € A* such that
w =T (we get unique positions iy, ip4+1 € P(w) such that w = ¢, (ip) and w = Yp41(int1)),
w = ¢y, if and only if w(ip, ip+1) = Op (i.e., w(in,ip+1) € Lp). This concludes the proof. []

8. COVERING FRAMEWORK: RATING MAPS

We now consider separation and covering. In the paper, we mostly work with covering (it is
more general by Lemma 2.5). In particular, all results that we present are formulated and
proved within a tailored framework that was introduced in [PZ18a]. The purpose of this
preliminary section is to recall this framework. It is based on algebraic objects called “rating
maps” that we first define. Then, we connect them to covering. At the end of the section,
we present additional terminology designed to handle the particular classes that we shall
consider. Namely, those built with LPol, RPol and M Pol from a single finite prevariety.

8.1. Rating maps. A semiring is a tuple (R, +,-) where R is a set and “+” and “” are
two binary operations called addition and multiplication, which satisfy the following axioms:

e (R,+) is a commutative monoid, whose identity element is denoted by 0.

e (R,-) is a monoid, whose identity element is denoted by 1g.

e Multiplication distributes over addition: for r,s,t € R, r-(s+t) = (r-s)+ (r-t) and
(r+s)-t=(-t)+(s-t).

e Op is a zero for (R,-): Op -r =1 -0r = Og for every r € R.

A semiring R is idempotent when r + r = r for every r € R, i.e., when the additive monoid

(R, +) is idempotent (there is no additional constraint on the multiplicative monoid (R, -)).

Given an idempotent semiring (R, +, -), one may define a canonical ordering < over R:

Forallr,se R, r <swhenr+s=s.

One may verify that < is a partial order which is compatible with both addition and
multiplication. Moreover, every morphism between two such commutative and idempotent
monoids is increasing for this ordering.

Example 8.1. A key example of idempotent semiring is the set of all languages 2. Union
is the addition and language concatenation is the multiplication (with {€} as the identity
element). Observe that in this case, the canonical ordering is inclusion. More generally, if
M is a monoid, then 2M is an idempotent semiring whose addition is union, and whose
multiplication is obtained by lifting the one of M to subsets.

When dealing with subsets of an idempotent semiring R, we shall often apply a downset
operation. Given S C R, we write [ pS = {r € R | r < s for some s € S}. We extend this
notation to Cartesian products of arbitrary sets with R. Given some set X and S C X x R,
we write |rS = {(z,7) € X X R | 3s € R such that r < s and (z,s) € S}.

Multiplicative rating maps. We define a multiplicative rating map as a semiring morphism
p:(247,U,-) = (R, +,-) where (R,+,") is a finite idempotent semiring, called the rating set
of p. That is, p is a map from 24" to R satisfying the following properties:



40 THOMAS PLACE

(1) p(0) = 0g and p(K1 U K2) = p(K1) + p(K2) for every K, Ka C A™.
(2) p({e}) = 1r and p(K1K3) = p(K1) - p(K2) for every K1, Ky C A"

For the sake of improved readability, when applying a multiplicative rating map p to a
singleton set {w}, we shall write p(w) for p({w}). Additionally, we write p, : A* — R for
the restriction of p to A*: for every w € A*, we have p,(w) = p(w) (this notation is useful
when referring to the language p;'(r) C A*, which consists of all words w € A* such that
p(w) = 7). Note that p, is a morphism into the finite monoid (R, -).

Remark 8.2. As the adjective “multiplicative” suggests, a more general notion, the “rating
maps”, is defined in [PZ18a]. These are morphisms of idempotent and commutative monoids
(R needs not be equipped with a multiplication). We do not use this notion in the paper.

Most of the theory makes sense for arbitrary multiplicative rating maps. Yet, in the
paper, we work with special multiplicative rating maps satisfying an additional property.

Nice multiplicative rating maps. A multiplicative rating map p : 24" — R is nice
when, for every language K C A*, there exist finitely many words wy, ..., w, € K such that
p(K) = plwr) + -+ + plwy).

A nice multiplicative rating map p : 24" — R is characterized by the canonical monoid
morphism p, : A* — R. Indeed, for K C A* we may consider the sum of all elements
p(w) for w € K: while it may be infinite, this sum boils down to a finite one since R is
commutative and idempotent for addition. The hypothesis that p is nice implies that p(K)
is equal to this sum. The key point here is that nice multiplicative rating maps are finitely
representable: clearly, a nice multiplicative rating map p is characterized by the morphism
px  A* — R, which is finitely representable since it is a morphism into a finite monoid.
Hence, we may speak about algorithms taking nice multiplicative rating maps as input.

Canonical multiplicative rating map associated to a monoid morphism. Finally,
one may associate a particular nice multiplicative rating map p, to every monoid morphism
«: A* — M into a finite monoid. Its rating set is the idempotent semiring (2M ,U, ), whose
multiplication is obtained by lifting the one of M to subsets of M. Moreover, for every
language K C A*, we let po(K) be the direct image a(K) C A*. In other words, we define:
pa: 247 = oM
K ~ {aw)|we A*}.

Clearly, p, is a nice multiplicative rating map.

8.2. Imprints, optimality and application to covering. We may now define imprints.
Let p : 24" — R be a multiplicative rating map. For every finite set of languages K, we
define the p-imprint of K. Intuitively, when K is a cover of some language L, this object
measures the “quality” of K. The p-imprint of K is the subset of R defined by:

Iol(K) = Lr{p(K) | K € K}.

We now define optimality. Consider an arbitrary multiplicative rating map p : 24” — R and
a lattice D. Given a language L, an optimal D-cover of L for p is a D-cover K of L having
the smallest possible imprint among all D-covers, i.e., which satisfies the following property:

I[p](K) C I[p](K') for every D-cover K’ of L.

In general, there can be infinitely many optimal D-covers for a given multiplicative rating
map p. Yet, there always exists at least one, if D is a lattice (see [PZ18a, Lemma 4.15]).
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Lemma 8.3. Let D be a lattice. For every language L and every multiplicative rating map p,
there exists an optimal D-cover of L for p.

Clearly, given a lattice D, a language L and a multiplicative rating map p, all optimal
D-covers of L for p have the same p-imprint. Hence, this unique p-imprint is a canonical
object for D, L and p. We call it the D-optimal p-imprint on L and we write it Ip [L, pl:

Jp [L, p] = I[p](K) for any optimal D-cover K of L for p.

An important special case is when L = A*. In this case, we write Jp [p] for Jp [A*, p].

Connection with covering. We may now connect these definitions to the covering problem.
The key idea is that solving D-covering for a fixed class D boils down to finding an algorithm
that computes D-optimal imprints from nice multiplicative rating maps given as inputs.
In [PZ18a], two statements are presented. The first is simpler but it only applies Boolean
algebras, while the second is more involved and applies to all lattices. Since all classes
investigated in the paper are Boolean algebras, we only present the first statement.

Proposition 8.4. Let D be a Boolean algebra. There exists an effective reduction from
D-covering to the following problem:

Input: A nice multiplicative rating map p : 2 — R and F C R.

Question: Is it true that Jp [p) N F =0?

Proof sketch. We briefly describe the reduction (we refer the reader to [PZ18a] for details).
Consider an input pair (Lg,{L1,...,Ly}) for D-covering. Since the languages L; are
regular, for every ¢ < n, one may compute a morphism «; : A* — M; into a finite monoid
recognizing L; together with the set F; C M; such that L; = o 1(E) Consider the associated
nice multiplicative rating maps pg; : 24" 5 9Mi Moreover, let R be the idempotent semiring
2Mo 5 ... x 2Mn equipped with the componentwise addition and multiplication. We define
a nice multiplicative rating map p : 24" — R by letting p(K) = (pag(K), - -, pa, (K)) for
every K C A*. Finally, let F* C R be the set of all tuples (Xo,...,X,) € R such that
X; N F; # 0 for every i <n. One may now verify that (Lo, {L1,...,L,}) is D-coverable if
and only if Jp [p] N F = . Let us point out that this equivalence is only true when D is a
Boolean algebra. When D is only a lattice, one has to handle the language Lo separately. []

We complete Proposition 8.4 with a second statement which handles the converse
direction. We prove that if D-covering is decidable, then one may compute the set Ip [L, p]
associated to a regular language L and a nice multiplicative rating map p.

Proposition 8.5. Let D be a Boolean algebra, L C A* and p : 24" — R a nice multiplicative
rating map. Then,

Ip [L,p] =R Z q | Q C R such that (L, {p;l(q) | q € Q}) s not D-coverable
q€Q

Proof. We first prove the left to right inclusion. Let r € Ip [L, p]. We exhibit @ C R such
that r <> o qand (L, {p71(q) | ¢ € Q}) is not D-coverable. Let 7 : 24" — 27 be the map
defined by 7(K) = {p(w) | w € K}. One may verify that 7 is a nice multiplicative rating
map. Let K, be an optimal D-cover of L for 7. Since r € Jp [L, p|, we have r € I[p](K;)
and we get K € K such that r < p(K). Let Q@ = 7(K) C R. Since p is nice, one may verify
that p(K) =3 co¢q- Thus, 7 <} ¢ and it remains to prove that (L, {p:t(q) | ¢ €Q})
is not ‘D-coverable. We proceed by contradiction. Assume that there exists a D-cover H of
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L which is separating for {p;'(q) | ¢ € Q}. For every H € H, we know that there exists
q € Q such that H N p;'(¢q) = 0. By definition of 7, this implies that Q ¢ 7(H) for every
H € H. Consequently, @ € J[7](H) which yields Q ¢ Jp [L, 7]. This is a contradiction since
@ = 7(K) by definition and K € K, which is an optimal D-cover of L for 7.

It remains to prove the right to left inclusion. Since Jp [L, p] is an imprint, we have
IrIp [L, p] = Ip [L, p] by definition. Hence, it suffices to prove that for every @ C R such
that (L, {p;'(q) | ¢ € Q}) is not D-coverable, we have > g € Ip[L,p]. Let K, be an
optimal D-cover of L for p. Since (L, {p;'(q) | ¢ € Q}) is not D-coverable, K, cannot be
separating for {p;1(¢) | ¢ € Q} and we get K € K, such that K N p;1(q) # 0 for every
q € Q. It follows that > o q < p(K). We get >_ o q € I[p](K,) = Ip [L, p| as desired. []

8.3. Application to the classes considered in the paper. Proposition 8.4 implies that
given a Boolean algebra D, deciding D-covering boils down to computing Jp [p] from a nice
multiplicative rating map p. We use this approach for several classes D. Roughly, all of
them are levels in the deterministic hierarchy built from an arbitrary finite prevariety C.
Hence, an algorithm computing Jp [p] should be parameterized by € in some way. Let us
explain how. We first present a key property of the finite prevarieties.

Canonical morphism of a finite prevariety. Consider a finite prevariety C (i.e., C
contains finitely many languages). Proposition 2.7 implies that there exists a C-morphism
recognizing all languages in €. The next lemma implies that it is unique (up to renaming).

Lemma 8.6. Let C be a finite prevariety and let o : A* — M and n : A* — N be two
C-morphisms. If a recognizes all languages in C, then there exists a morphism v : M — N
such that n = v o a.

Proof. For each s € M, we fix a word ws € a~!(s) (recall that C-morphisms are surjective)
and define v(s) = n(ws). It remains to prove that « is a morphism and that n = yo«a. It
suffices to prove the latter: since « is surjective, the former is an immediate consequence. Let
v € A*. We show that n(v) = y(a(v)). Let s = a(v). By definition, v(s) = n(ws). Hence,
we need to prove that 7(v) = n(w;). Since 7 is a C-morphism, 7! (n(w;)) € €. Hence, our
hypothesis implies that 7~ (n(w;)) is recognized by a. Since it is clear that ws € n~!(n(ws))
and a(v) = a(ws) = s, we get v € 71 (n(ws)) which exactly says that n(v) = n(ws). ]

By Lemma 8.6, if € is a finite prevariety and o : A* — M and n : A* — N are two
C-morphisms which both recognize all languages in €, there are morphisms v : M — N and
B : N — M such that n = yo«a and a = fon. Since « and n are surjective, 5oy : M — M
is the identity morphism. Hence, 8 and = are both isomorphisms which means that « and n
are the same object up to renaming. We call it the canonical C-morphism and denote it by
ne : A® — Ne. Let us emphasize that this object is only defined when C is a finite prevariety.

Pointed optimal imprints. We now come back to covering and optimal imprints. The
key idea is that when dealing with a Boolean algebra D built from some finite prevariety €,
an algorithm which computes Iy [p] € R from a nice multiplicative rating map p : 24" — R
does not consider this set directly. Instead, it looks at a more general object that records
more information (the idea being that this extra information is required in the computation).
More precisely, we shall use an algorithm which computes all sets Jp [776 1(s), p] for s € Ne
where ne : A* — N is the canonical C-morphism (as seen in Lemma 8.7 below, their union
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is the desired set Jp [p]). Yet, it will be more convenient to represent this family of sets by a
single set of pairs. Here, we introduce terminology for this purpose.

Let D be a Boolean algebra, 17 : A* — N a morphism and p : 24" — R a multiplicative
rating map. The n-pointed D-optimal p-imprint is the following set Pp[n, p] C N x R:

Poln,p)={(s,r) e NxR|reIp [n_l(s),p] }.

Clearly, Pp[n, p] € N x R encodes all sets Jp [n7'(s), p] for s € N. The following statement
implies that this suffices in order to compute Jp [p] (see [PZ18a, Lemma 4.15] for the proof).

Lemma 8.7. Let D be a Boolean algebra, n: A* — N be a morphism into a finite monoid
and p : 24" — R be a multiplicative rating map. Then,

Ip [p] = U Jp [n71(s),p] = {r € R| there exists s € N such that (s,r) € Pp[n, p}.
seN

In the sequel, we shall present algorithms which compute the sets Pp[ne, p] € Ne x R
from a nice multiplicative rating map p where C is a finite prevariety and D is a class built
from € using LPol, RPol and M Pol.

Properties. We present a few useful generic properties of these sets. Let n: A* — N be a
morphism and p : 24" — R a multiplicative rating map. We say that a set S C N x R is
saturated for n and p to indicate that it satisfies the three following properties:

(1) Trivial elements. For every w € A*, we have (n(w), p(w)) € S.
(2) Downset. We have [pS = S.
(3) Multiplication. For every (s,q), (t,r) € S, we have (st,qr) € S.

We have the following lemma (see [PZ18a, Lemma 7.7] for the proof).

Lemma 8.8. Let D be a prevariety, n : A* — N a morphism and p : 24" — R a

multiplicative rating map. Then, the set Pp[n, p] C N X R is saturated for n and p.

We now present two technical lemmas. When put together, they characterize the sets
Ppn, p] in terms of D-morphisms. This will be useful in proof arguments.

Lemma 8.9. Let D be a prevariety, n : A* — N a morphism and p : 24" — R a
multiplicative rating map. Moreover, let o : A* — M be a D-morphism. For every

(s,r) € Ppln, p], there exists w € A* such that n(w) = s and r < p([w]y)-

Proof. We fix (s,r) € Ppn, p] for the proof. By definition r € Jp [77*1(5),7“]. Since « is a
D-morphism, the set K = {[w] | w € n71(s)} is a D-cover of n~1(s). Hence, r € J[p](K) by
hypothesis. By definition of K, this yields w € A* such that n(w) = s and r < p([w]s). [

For the second lemma, we need a preliminary definition. Let € be a finite prevariety
and o« : A* — M a morphism. We say that « is C-compatible to indicate that the morphism
[Jeoa : A" — A*/~¢e (which is a C-morphism by Lemma 2.14) is exactly the canonical
C-morphism ne : A* — Ne (up to renaming).

Lemma 8.10. Let C be a finite prevariety and D a prevariety such that ¢ C D. Let
n: A* — N be a morphism and p : 24" — R a multiplicative rating map. There exists a
C-compatible D-morphism o : A* — M such that for every w € A* and r < p([w]a), we

have (n(w),r) € Pp[n, p].
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Proof. For every s € N, we let K, as an optimal D-cover of n71(s). Since D is a prevariety
and C is a finite prevariety such that ¢ C D, Proposition 2.7 yields a D-morphism «
recognizing all languages in € and all languages K € K, for s € N. It follows from
Lemma 2.14 that [-]e o v is a C-morphism which recognizes all languages in C. Hence, it is
the canonical C-morphism by Lemma 8.6 and we conclude that « is C-compatible. It remains
to prove that for w € A* and r < p([w]a), we have (n(w),r) € Pp[n, p]. Let s = n(w). Since
w € n71(s), there exists K € K such that w € K. Moreover, since K is recognized by «,
we have [w], C K. Hence, r < p([w]a) < p(K). Since Kg is an optimal D-cover of n~1(s),
it follows that r € Jp ['(s), p] which exactly says that (s,7) € Pp[n, p] as desired. []

9. COVERING FOR LEFT AND RIGHT POLYNOMIAL CLOSURE

We consider covering for the classes built with left /right polynomial closure. We prove
that if C is a finite prevariety and D is a prevariety with decidable covering such that
C C D CUPOI(C), then covering is decidable for LPol(D) and RPol(D). This can be lifted
to all levels LP, (D) and RP,(D) in the deterministic hierarchy of D by induction.

The results are presented using rating maps and the framework introduced in Section 8:
we give effective characterizations of LPol(D)- and RPol(D)-optimal imprints. In particular,
we rely on the additional notions designed to handle classes built from an arbitrary finite
prevariety €. We work with ne-pointed optimal imprints where ne : A* — N is the canonical
C-morphism. Given a multiplicative rating map p : 24" — R, we characterize the subsets
Prro(o)ne, pl and Prpoypy[ne, p] of Ne X R. Both characterizations are parameterized by
the set Pp[ne, p] € Ne X R (this is how they depend on D). When p is nice, they yield least
fixpoint algorithms for computing the sets P py(p)[ne, o] and Prpon)[ne, p] from Pp(ne, p]
(which is computable when D-covering is decidable by Proposition 8.5). Consequently,
LPol(D)- and RPol(D)-covering are decidable in that case by Proposition 8.4. We first
present the characterizations. The remainder of the section is then devoted to their proof.

9.1. Statement. Consider a morphism 7 : A* — N and a multiplicative rating map
p:24" = R. For every set P C N x R, we define the (LPol, P)-saturated subsets and the
(RPol, P)-saturated subsets of N x R for n and p. We fix § C N x R for the definition. We
say that S is (LPol, P)-saturated for n and p when it is saturated for n and p, and satisfies
the following additional property:

for every pair of multiplicative idempotents (e, f) € S and every (s,r) € P

such that e <g s, we have (es, fr) € S. (9-1)

Symmetrically, we say S is (RPol, P)-saturated for  and p when it is saturated for n and p,
and satisfies the following additional property:

for every pair of multiplicative idempotents (e, f) € S and every (s,r) € P

such that e <z s, we have (se,rf) € S. (9-2)

We are ready to state the characterization. We present it in the following theorem.

Theorem 9.1. Let C be a finite prevariety and D a prevariety such that € C D C UPol(C).
Let p: 24" = R be a multiplicative rating map and P = Pp[ne, p|. Then,

o Prpoi)[ne, p] is the least (LPol, P)-saturated subset of Ne x R for ne and p.
® Prpoi(o)lne, pl is the least (RPol, P)-saturated subset of Ne x R for ne and p.
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Clearly, when p : 24" — R is a nice multiplicative rating map, Theorem 9.1 provides
algorithms for computing the sets Pr,po()[ne, p| and Prpon)ne, p] from P = Pplne, p].
Indeed, the least (LPol, P)-saturated (resp. (RPol, P)-saturated) subset of Ne x R can
be computed using a least fixpoint procedure. It starts from the set of trivial elements
(ne(w), p(w)) € Ne x R and saturates it with the three operations in the definition: downset,
multiplication and (9.1) (resp. (9.2)). It is immediate that these operations can be imple-
mented (for (9.1) and (9.2), this is because we have the set P in hand). Once P, poi(p)[ne; o]
and P ppoy(m)[ne, p] have been computed, it follows from Lemma 8.7 that the sets I, py(p) (o]
and Jrpei(p) [p] can be computed as well. In view of Proposition 8.4, being able to compute
these two sets is enough to decide covering for LPol(D) and RPol(D). Thus, it follows that
covering is decidable for LPol(D) and RPol(D) if one may compute the set P = Pp[ne, p)
from a nice multiplicative rating map p. Finally, Proposition 8.5 implies that this set can be
computed provided that D-covering is decidable.

Corollary 9.2. Let € be a finite prevariety and D a prevariety with decidable covering such
that € €D C UPol(C). Then, LPol(D)- and RPol(D)-covering are decidable.

Moreover, by definition of deterministic hierarchies, one may lift Corollary 9.2 to all
levels LP,(D) and RP, (D) using induction. This yields the following corollary.

Corollary 9.3. Let C be a finite prevariety and D a prevariety with decidable covering such
that € CD C UPol(C). Then, LP,(D)- and RP,(D)-covering are decidable for all n € N.

An interesting application of Corollary 9.3 is the special case when € = D. Since C is
finite, C-covering is decidable (one may use a brute-force approach which consists in testing
all the finitely many possible C-covers). Hence, we obtain that for every finite prevariety C,
covering is decidable for all levels LP,(C) and RP,(C) for n € N.

A key application: the alphabet testable languages. Let AT be the class containing
the Boolean combinations of languages B* where B C A. One may verify that AT is a
prevariety. Moreover, it is clearly finite by definition. The class AT is particularly important
in the literature because there are many operators Op such that Op(AT) = Op(PT) where
PT = BPol(ST) is the class of piecewise testable languages. For example, it is well-
known [PS85] that Pol(AT) = Pol(PT) (see also [PZ19a] for a recent proof). This kind of
result is important because finite prevarieties (such as AT) are often simpler to handle than
infinite ones (such as PT). This connection also holds for LPol, RPol and U Pol.

Lemma 9.4. For every n € N, we have UPol(AT) = UPol(PT), LP,(AT) = LP,(PT)
and RP,(AT) = RP,(PT).

Remark 9.5. On the other hand, Lemma 9.4 fails for M Pol: we have the strict inclusion
MPol(AT) C M Pol(PT). This point will be important in Section 10.

Proof. Clearly, it suffices to show that LPol(AT) = LPol(PT) and RPol(AT) = RPol(PT).
That LP,(AT) = LP,(PT) and RP,(AT) = RP,(PT) for every n € N, it then immediate by
induction on n. Moreover, the equality U Pol(AT) = UPol(PT) also follows since U Pol(C)
is exactly the union of all levels LP,(C) (for every prevariety C) by Theorem 6.1.

By symmetry, we only prove that LPol(AT) = LPol(PT). Since AT C PT by definition,
the left to right inclusion is immediate. We prove that PT C LPol(AT). This will imply
that LPol(PT) C LPol(LPol(AT)) = LPol(AT) as desired. Every language in PT is
a Boolean combination of marked products A*a; A*---a,A*. Therefore, since LPol(AT)
is a prevariety by Theorem 4.10, it suffices to prove that every such marked product
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belongs to LPol(AT). Observe that A*a; A* - --a,A* is also defined by the marked product
(A\{a1})*a1(A\{a2})*az--- (A\{an})*anA*. One may verify that this a left deterministic
marked product of languages in AT. Thus, A*a1 A*---a,A* € LPol(AT) as desired. ]

Clearly, Corollary 9.3 implies that LP,(AT)- and RP,(AT)-covering are decidable for
all n € N. Hence, in view of Lemma 9.4, we obtain that LP,(PT)- and RP,(PT)-covering
are decidable for all n € N. Naturally, this extends to separation by Lemma 2.5.

Corollary 9.6. For every level n € N, LP,(PT) and RP,(PT) have decidable separation
and covering.

Corollary 9.6 is important since, as mentioned in Section 6, the deterministic hierarchy
associated to the class PT is prominent in the literature. Actually, there exists an alternate
independent proof of the decidability of covering for all levels LP,(PT) and RP,(PT) by
Henriksson and Kufleitner [HK22]. It is based on techniques tailored to this hierarchy.

9.2. Proof argument. We now prove Theorem 9.1. It involves two independent statements
which correspond respectively to soundness and completeness in the least fixpoint procedures
computing P, poypy[ne, p] and Prpeyn)lne, p|. We first prove soundness.

Proposition 9.7. Let C be a finite prevariety and D a prevariety such that € C D C
UPol(@). Let p : 24" — R be a multiplicative rating map and P = Pplne,p]. Then,
Prpro(p)lne, pl is (LPol, P)-saturated for ne and p, and P gpay(py[ne, p) is (RPol, P)-saturated
for ne and p.

Proof. We prove that Pppyx)[ne, p] is (LPol, P)-saturated. We leave the symmetrical
argument for Prpyp)[ne, p] to the reader. By Theorem 4.10, LPol(D) is a prevariety.
Hence, Lemma 8.8 implies that P, poi(p)[ne, p] is saturated for ne and p. Let us prove (9.1).
We use Lemma 8.10 which yields a C-compatible LPol(D)-morphism « : A* — M such
that for every w € A* and 7 < p([w]a), we have (ne(w),r) € Prpoo)[ne, p]. We may now
prove (9.1). Let (e, f) € Prpoym)ne, p] be a pair of multiplicative idempotents and (s, r) € P
such that e <g s. We show that (es, fr) € Prpop)[ne, p|. By definition of «, it suffices to
exhibit w € A* such that ne(w) = es and fr < p(Jw]s). We write k = w(M) for the proof.
Since (e, f) € Prpop)lne, p], Lemma 8.9 yields u € A* such that ne(u) = e and
f < p(Ju]a). Consider the congruence ~q on M and let v = []p o v : A* — M /~q which is
a D-morphism by Lemma 2.14. Thus, as (s,7) € P = Pp[ne, p], Lemma 8.9 yields v € A*
such that ne(v) = s and r < p([v],). We let w = uFv. Since e is an idempotent, we have
ne(w) = es by definition. Let us show that fr < p([w],). We prove that ([u]s)*[v]y C [w]a-
Since f < p([ula), 7 < p([v]y) and f is an idempotent, this yields fr < p([w]a) as desired.
We fix z € ([u]a)*[v]y and show that a(z) = a(w). Let g = (a(u))* which is idempotent
by definition of k. We have a(w) = ga(v) by definition. Moreover, the definition of z yields
v" such that y(v) = v(v') and a(z) = ga(v'). It remains to prove that ga(v) = ga(v’).
By definition of v, we have a(v) ~p a(v'). Moreover, recall that ne(u) = e which yields
ne(u*) = e and ne(v) = s. Hence, since a is C-compatible (which means that []e o a = 7¢),
we have [g]le = e and [a(v)]e = s which yields [g]e <z [@(v)]e by hypothesis on e and s.
Altogether, since « is an LPol(D)-morphism and € C D C UPol(C), it follows from the first
assertion in Lemma 5.6 that ga(v) = ga(v') which completes the proof. ]

We turn to completeness in Theorem 9.1. We use the following proposition.
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Proposition 9.8. Let C be a finite prevariety and D a prevariety such that C C D C

UPol(C), n : A* — N a C-morphism, p : 24" & R a multiplicative rating map and

P = ?D[TLP]'

e I[f S C N x R is (LPol, P)-saturated for n and p, then, for each s € N, there exists an
LPol(D)-cover Ky of n71(s) such that (s, p(K)) € S for every K € K.

e I[f S C N x R is (RPol, P)-saturated for n and p, then, for each s € N, there exists an
RPol(D)-cover K of n71(s) such that (s, p(K)) € S for every K € K.

Proof. By symmetry, we only prove the first assertion. Hence, we consider S C N x R which
is (LPol, P)-saturated for n and p. Note that by closure under multiplication, we know
that S is a monoid for the componentwise multiplication (the neutral element is the trivial
element (1x,1r) = (n(¢),p(e))). The argument is based on the following lemma. We say
that a cover K of a language L is tight if K C L for every K € K.

Lemma 9.9. Let s € N and (t,q) € S. There exists a tight LPol(D)-cover of n7(s) such
that (ts,qp(K)) € S for every K € K.

We first use Lemma 9.9 to complete the main proof. Let s € N and (¢,q) = (1ny,1r) € S.
The lemma yields a tight LPol(D)-cover K of n71(s) such that (s, p(K)) € S for every
K € K; and the first assertion in Proposition 9.8 is proved.

It remains to prove Lemma 9.9. Let s € N and (¢,q) € S. We construct the tight
LPol(D)-cover K of n71(s) by induction on two parameters which depend on the Green
relations J and R of the monoids IV and S. They are as follows, listed by order of importance:

(1) The J-rank of s € N: the number of elements s’ € N such that s <j s’

(2) The R-index of (t,q) € S: the number of pairs (¢',¢') € S such that (¢',q") <z (¢, q).
We say that (¢,q) € S is stabilized by s € N to indicate that there exists (t,¢’) € S such
that ¢/ R s and (tt',qq") R (t,q). There are two cases depending on whether this holds.

Base case: (t,q) is stabilized by s. We define K as an optimal D-cover of () for p.
Note that we may assume without loss of generality that K is tight as 7 is a C-morphism and
C C D. It remains to prove that (ts,gp(K)) € S for every K € K. We fix K for the proof.
Since P = Pp[n, p], and K is an optimal D-cover of n71(s), we know that (s, p(K)) € P.

By hypothesis, there exists (¢',q’), (t”,¢") € S such that ¢’ R s and (tt't", q¢'q") = (¢, q).
We define (e, f) = ((#'t")¥,(¢'q")¥) € S which is a pair of multiplicative idempotents.
Clearly, (te,qf) = (t,q). Moreover, since t' R ¢, it is immediate that e <g s. Hence,
since S is (LPol, P)-saturated, (5.1) yields (es,sp(K)) € S. Since (t,q) € S, this yields
(tes,qfp(K)) € S. Finally, since (ge,tf) = (q,t), we get (ts,qp(K)) € S as desired.
Inductive case: (t,q) is not stabilized by s. Let T be the set of all (s, a, s2) € Nx AXN
such that sin(a)sy = s and s R s1n(a) <g s1. For every such triple (s1,a,s2) € T, we use
induction to build tight LPol(D)-covers of n~1(s1) and = !(s2). We then combine them to
construct K. We fix a triple (s1,a, s2) € T for the definition.

We have s < s; by definition. This implies that s <5 s; by Lemma 2.2. Hence, the
J-rank of s is strictly smaller than that of s. Hence, induction in Lemma 9.9 (for s = s; and
(t,q) = (1n,1g) € S) yields a tight LPol(D)-cover U, of n~!(s1) such that (s1,p(U)) € S
for every U € U,,. We now use our hypothesis in the inductive case to build several tight
LPol(D)-covers of =1 (t3): one for each U € Uy,. We fix U for the definition. We know that
sin(a)sy = s by definition. Hence, s <j so: the rank of s9 is smaller than or equal to the one
of s (our first induction parameter has not increased). We also know that (s1,p(U)) € S by
definition of Uy, and (n(a), p(a)) € S (this is a trivial element). Hence, (sin(a), p(Ua)) € S.
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Moreover, s R sin(a) by definition of 7. Thus, since (t,q) is not stabilized by s, we get
(tsip(a),qp(Ua)) <z (t,q). It follows that the R-index of (ts1p(a), gp(Ua)) is strictly smaller
than the one of (¢,q). Thus, induction on our second parameter in Lemma 9.9 yields a
tight LPol(D)-cover Vg, 45,y of 17 (s2) such that (tsip(a)sz,qp(UaV)) € S for every
V € V(4 a,50),0- We are ready to construct K. We define,

K= |J {UaV|U€eU, andV €V, 400}
(s1,a,s2)€T

It remains to verify that K is a tight LPol(D)-cover of n71(s) and that (ts,qp(K)) € S
for every K € K. We first show that K is a cover of n71(s). Let w € n71(s). We exhibit
K € K such that w € K. Let v’ € A* be the least prefix of w such that n(u') R n(w) =
and v € A* the corresponding suffix: w = w/v. Observe that u’ # €. Indeed, otherwise we
have 1y R s and since (t1y,qlgr) R (¢, q) this contradicts the hypothesis that (¢, ¢) is not
stabilized by s. Thus, we get u € A* and a € A such that ' = ua. Moreover, n(ua) < n(u)
by definition of v’ = wa. Let s; = n(u) and so = n(v). Clearly, (s1,a,s2) € T: we have
sin(a)se = n(uav) = n(w) = s, s <g s1 = n(u) and s R sin(a) = n(ua). Finally, since
Uy, and Vg, 4, v are covers of - '(s1) and ! (s2) respectively, we obtain U € Uy, and
V' € V(4 a,s,),v such that w € U and v € V. It follows that w = uav € UaV which is a
language in K by definition. Thus, K is a cover of n~1(t). Moreover, it is simple to verify
that that it is tight. If K € K we have K C n~!(s1)an~!(s2) for (s1,a, s2) € T by definition
of K. Since s1n(a)ss = s, this yields K C n~1(s).

We now prove that every K € K belongs to LPol(D) and satisfies (ts,gp(K)) € S. By
definition, K = UaV for U € Uy, and V € V(y, 44,)v With (s1,a,s2) € T In particular,
U,V € LPol(D). Hence, it suffices to show that UaV is left deterministic. This is because
U C n71(s1) since Uy, is tight and sin(a) <x s; which implies that UaA* NU = 0. It
remains to prove that (¢s,gp(K)) € S for every K € K. This is immediate since K = UaV,
s = s11(a)s2 and (ts1p(a)s2, gp(UaV)) € S by definition of V(q, 4 ,) - This concludes the
proof of Lemma 9.9. L]

We are ready to prove Theorem 9.1. The argument is standard: we merely combine
Proposition 9.7 and Proposition 9.8.

Proof of Theorem 9.1. Let € be a finite prevariety and D a prevariety which satisfies the
inclusions € € D C UPol(C). Let p : 24" — R be a multiplicative rating map and
P = Pplne, p|]. By symmetry, we only prove the first assertion: Prpyp)[ne, p] is the least
(LPol, P)-saturated subset of Ne x R for ne and p. By Proposition 9.7, P1,pgn)[ne, p] is
(LPol, P)-saturated for ne and p. It remains to show that it is the least such set. Hence, we
let S C Ne x R which is (LPol, P)-saturated for ne and p. We show that Py pe(y[ne, p] €S-
Let (s,7) € Prpoi(p)[ne, pl- Since ne is a C-morphism, Proposition 9.8 yields an LPol(D)-
cover K of n7!(s) such that (s, p(K)) € S for every K € K. Since (s,7) € Pppon)lne. o,
and K is a LPol(D) cover of 71(s) we know that there exists K € K, such that r < p(K).
Hence, closure under downset for S yields (s,r) € S as desired. L]

10. COVERING FOR MIXED POLYNOMIAL CLOSURE

We now consider covering for the classes built with mixed polynomial closure. In this case
as well, we prove that if C is a finite prevariety and D is a prevariety with decidable covering
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such that € C D C UPol(C), then covering is decidable for M Pol(D). Using induction, this
can be lifted to all classes built from D by applying M Pol recursively. In particular, we
use this result to show that covering is decidable for all levels BX.2(<) in the quantifier
alternation hierarchy of FO?(<) (the link with M Pol is established with Theorem 7.14).
In this case as well, we rely on the framework of Section 8: we present an effective
characterizations of M Pol(D)-optimal imprints. More precisely, given a multiplicative rating
map p : 24" — R, we characterize the set P, Pol(D)[Me; Pl € Ne x R. The characterization
is quite involved. In particular, it depends on three auxiliary sets Pp[ne, p] (which can be
computed when D-covering is decidable by Proposition 8.5) and the two sets P py () [ne, p]
and Prpoyp)[ne; p] (which can also be computed if D-covering is decidable by Theorem 9.1).

Remark 10.1. The characterization of M Pol(D)-optimal imprints is more involved than
most of the typical results of this kind. Roughly, it directly describes the image under p of
the languages inside an optimal M Pol(D)-cover. Intuitively, this can be explained by the
discussion following Lemma 8.7: contrary to most of the operators that are typically consid-
ered, there exists no definition of M Pol describing M Pol(D) as the least class containing D
and closed under a list of operations involving concatenation and union.

10.1. Statement. We first present the property characterizing M Pol(D)-optimal imprints.
We fix a morphism 7 : A* — N into a finite monoid and a multiplicative rating map
p: 24" = R for the definition. Moreover, we consider three subsets P, P;, P, C N x R (in
the characterization, they are Pp[ne, pl, Prpo()[ne, p] and Prpon)[ne, p] respectively). We
define the (M Pol, Py, P, P»)-saturated subsets of N x R for n and p. First, we say that a
pair (s,7) € N x R is a (P1, P, P»)-block when there exist (s1,r1), (e1, f1) € P1, (s3,73) € P
and (s2,72), (e2, f2) € Py such that (e1, f1), (e2, f2) are pairs of multiplicative idempotents,
e1 d ea J s, s = s1e183eas2 and r < ryfirsfore. We may now define (M Pol, Py, P, P;)-
saturated sets. Consider a set S C N x R. We say that S is (M Pol, Py, P, P;)-saturated for
n and p when it is saturated for 7 and p, and satisfies the following additional property:
for every n € N, if the pairs (sg,70), ..., (Sn,m) € N X R are (Py, P, Py)-blocks

and (s},7)),...,(s),,r),) € P satisfy s;_1s, J s;—1 and s}s; J s; for 1 <i <mn, (10.1)

n»'n
then (sos)s1 - s, sp, rorT1 - Thrn) € S.
Note that in particular, (10.1) implies that S contains all (Pp, P, P»)-blocks (this is the
special case n = 0). We may now state the characterization of M Pol(D)-optimal imprints.

Theorem 10.2. Let C be a finite prevariety and D a prevariety such that € C D C UPol(C).
Let p: 24" — R be a multiplicative rating map. Let P=Pp[ne, p|, Py =Prpoi(n)[ne; pl and
Po=Prpoyne, pl.- Then, Prrpoipy[ne, p) is the least (M Pol, Py, P, Py)-saturated subset of
Ne X R for ne and p.

Theorem 10.2 yields an algorithm which computes the set Py;pyp)[ne, p] associated a

nice multiplicative rating map p : 24" — R provided that we have the sets P = Pp [ne, pl,
P = Prpomylne, p] and Po = Prpoypylne, p] in hand. Indeed, the least (M Pol, P)-saturated
subset of Ne x R can be computed using a least fixpoint procedure. It starts from the
set of trivial elements (ne(w), p(w)) € Ne x R and saturates it with the operations in
the definition: downset, multiplication and (10.1). It is simple to verify that these three
operations can be implemented. In particular, this is possible for (10.1) as we have P, P;
and P in hand (the number n € N in (10.1) can be bounded using a standard pumping
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argument). Once P/ pep)[7e, p| has been computed, it follows from Lemma 8.7 that the set
In Poi(D) [p] € R can be computed as well. By Proposition 8.4, being able to compute this
set is enough to decide M Pol(D)-covering. Thus, it follows that covering is decidable for
M Pol(D)-covering are if one may compute the set P = Pp[ne, p|, Pr = Prpoi(p)[ne, p] and
Py = Prpoi()[ne, p| from a nice multiplicative rating map p. It follows from Proposition 8.5
that P can be computed provided that D-covering is decidable. Moreover, we already proved
with Theorem 9.1 that P; and P, can also be computed in this case. Altogether, we obtain
the following corollary.

Corollary 10.3. Let C be a finite prevariety and D a prevariety with decidable covering
such that € €D C UPol(C). Then, M Pol(D)-covering is decidable.

An immediate induction implies that Corollary 10.3 extends to all classes that can
be built from D by applying M Pol recursively. In this context, a key application is the
quantifier alternation hierarchy of two-variable first-order logic equipped with only the linear
ordering (FO?(<)). It follows from Theorem 7.3 and Lemma 7.2 that the first level (i.e.,
BY2(<)) is the class PT = BPol(ST) of piecewise testable languages. Moreover, we proved
in Theorem 7.14 that the quantifier alternation hierarchy can then be climbed with mixed
polynomial closure: BX2 (<) = MPol(BX2(<)) for every n € N. Yet, the situation is
slightly more complicated than what happened in Section 9 for the operators LPol and RPol.
In this case, the class M Pol(PT) is strictly larger than M Pol(AT) where AT is the finite
prevariety of alphabet testable languages (see Remark 9.5). However, AT C PT C U Pol(PT)
and we have UPol(PT) = UPol(AT) by Lemma 9.4. Moreover, it is well-known that PT
has decidable covering (see [PZ18a] for a proof). Altogether, we obtain the following result
from Corollary 10.3 and a simple induction.

Corollary 10.4. For all n € N, covering and separation are decidable for BY2(<).

Remark 10.5. There exists an alternate specialized proof of the decidability of covering for
all levels BY.2 (<) by Henriksson and Kufleitner [HK22].

Remark 10.6. Corollary 10.4 can be lifted to the levels BX2(<,+1) and BX2(<,+1, MOD)
in the hierarchies of F02(<, +1) and F02(<, +1, MOD) using independent techniques. It is
known that BY2 (<), BX2(<,+1) and BY2(<,+1, MOD) are connected by another operator
called “enrichment” or “wreath product” which is used to combine two classes into a larger
one. First, we have BY2(<,+1) = BY2(<) o SU with SU as the class of “suffiz languages”
(the Boolean combinations of languages A*w with w € A*). A proof is available in [Laul4].
Moreover, BY:2(<,+1, MOD) = BX2(<,+1) o MOD (this is a standard property which
holds for many fragments of first-order logic, see [PRW19] for example). Finally, it is
known that the operators € — € o SU and € — € o SU o MOD preserve the decidability of
separation [PZ20, PRW19]. Therefore, Corollary 10.4 also implies that for every n € N,
separation is decidable for both BX2(<,+1) and BX2(<,+1, MOD).

10.2. Proof argument. We now concentrate on the proof of Theorem 10.2. In this case
as well the argument involves two independent directions corresponding respectively to
soundness and completeness. We first handle the former.

Proposition 10.7. Let C be a finite prevariety and D a prevariety such that € CD CU Pol(C).
Let p: 24" — R be a multiplicative rating map. Let P = Pyp[ne, p], P = Prpomylne, p] and
Py = Prpon)lne pl. Then, Parpomylne, pl is (MPol, Py, P, P»)-saturated for ne and p.
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Proof. Since D is a prevariety, Theorem 4.10 implies that M Pol(D) is a prevariety as well.
Hence, Lemma 8.8 yields that P/ pe(p)[ne, p] is saturated for ne and p. It remains to prove
that it satisfies (10.1). We use Lemma 8.10 which yields a C-compatible M Pol(D)-morphism
a: A* — M such that for every w € A* and r < p(Jw]a), we have (n(w),r) € Pp[n, p]. Note
that since « is C-compatible, we have [-]e o @ = ne by definition.

We start with a preliminary lemma concerning (Py, P, Py)-blocks. We say that a word
w € A* is good if there exists an idempotent g € E(M) such that a(w) <j ¢g and ne(w) J [g]e.

Lemma 10.8. Let (s,7) € Ne X R be a (P1, P, P»)-block. There exists a good word w € A*
such that ne(w) = s and r < p([w]a).

Proof. We write Q@ = M/~p, Q1 = M/~ppyp) and Q2 = M/~ppyp). Lemma 2.14
implies that v = []p oa : A* — Q is a D-morphism, that v = []ppypm) o a: A* = Q1
is an LPol(D)-morphism and that vo = []rpeyp) © @ : A* = Q2 is a RPol(D)-morphism.
Moreover, one may verify that v, 1 and 72 remain C-compatible since € C D.

By definition of (P, P, P;)-blocks, we know that s = sje1sgeasy and r < ry firs forg
where (s1,71), (e1, f1) € P1, (s2,72), (€2, f2) € Pa, (s3,73) € P, (e1, f1), (€2, f2) are pairs of
multiplicative idempotents and e; J ea J s. We use these pairs to exhibit elements in @1,
Q2 and Q. First, since we have (s1,71), (€1, f1) € Pr = Prpon)[ne, p] and 71 : A — Q1
is an LPol(D)-morphism, it follows from Lemma 8.9 that there are u;,v; € A* which
satisfy ne(u1) = s1, ne(vi) = e1, 11 < p([ui]y,) and fi < p([v1]4,). Symmetrically, we have
(52,72), (€2, f2) € P2 = Prpoym)lne, p]. Hence, since v5 : A* — Q2 is an RPol(D)-morphism,
Lemma 8.9 yields ug,vo € A* such that ne(uz) = s2, ne(v2) = ez, 2 < p([uzy,) and
f2 < p([valy,). Finally, since (s3,73) € P = Pplne, p] and v : A* — @Q is a D-morphism,
Lemma 8.9 yields ug € A* such that ne(us) = s3 and r3 < p([us]y).

Let £k = w(M) (by definition, k is a multiple of w(Q), w(@Q1) and w(Q2)). We define
w = ulv’fU3v§uQ. Clearly, ne(w) = sle’fs;geész = s1€183€252 = S. Let us now verify that w
is good. Let g = a(v}) € E(M). Since v} is a factor of w, we have a(w) <y g. Finally, since
ne(vl) = e; and a is C-compatible, we have [g]e = e1. Thus, since e1 J s = ne(w), we have
ne(w) d [gle. It remains to prove that r < p([w]s). The argument is based on Lemma 5.6.
We use it to prove the following inclusion for m = |M]:

[y, ([v1)y) ™ [usly ([v2)02) " [uz, € [w]a. (10.2)
Recall that by definition, we have 11 < p([u1]yy), i < p([o1}), 72 < p([uzlon), fo < pl[03]a)
and 73 < p([us],). Hence, it follows from (10.2) that r1 7% firs fi¥ry < p([w]s). Since
f1, f2 € R are idempotents and r = 71 fir3 fore, this yields r < p([w],) as desired.

We now prove (10.2). We fix a word w’ € [ug], ([v1]4,)¥" [us] ([v2]4,)**[ua], and show
that a(w') = a(w). By definition, we have w’ = ujvjujvhvl with u)| € [u1],,, v} € ([v1]y,)*™,
ufy € [usly, vh € ([v2]y,)*™ and uf € [us],,. Recall that e; J e2 § s = sje1s3eas2. Hence, it
follows from Lemma 2.2 that e; R e1s3zeaso and ey £ sie1s3ea. We have the following fact.

Fact 10.9. We have a(ugviug) ~ppoyn)y o(uvhuh).

Proof. By definition of 5 this boils down to proving that yo(uzviug) = yo(ujvhub). Moreover,
since the definitions of u} and v}, imply that vo(u2) = v2(ub) and y2(v§) = v2(v}), it suffices to
show that v (u3v§) = v2(ujvh). By definition of k, we know that y2(v5) € E(Q2). Moreover,
v(u3) = v(uj) by definition of w4 and it follows that y2(ug) ~o y2(ub) by definition of ~.
Finally, since es £ siejsses, ne(v2) = ea and ne(u3) = s3, we know that yo(uzvh) ~e y2(v5).
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Altogether, since € C D C UPol(€) and 2 is an RPol(D)-morphism by definition, the
second assertion in Lemma 5.6 yields yo(u3vh) = y2(ujvh) as desired. ]

We may now prove that a(w) = a(w’). This involves two steps: we prove independently
that a(w) = a(upvfufviul) and a(ugviulvhul) = a(w’). Let us start with the former.
By Fact 10.9, we have a(uzvius) ~RrpPol(D) (usvyus). Moreover, since e; R ejszeass, we
know that [a(vf)]e R [a(vFusvhus)]e. Also, a(vF) is an idempotent of M. Finally, since
MPol(D) C LPol(RPol(D)), we know that a is an LPol(RPol(D))-morphism. Altogether,
it follows from the first assertion in Lemma 5.6 that a(viuzvius) = a(vfujviul). Hence,
multiplying by a(u1) on the right yields a(w) = a(ujvfujvhub).

It remains to show that a(ujvfujviuh) = a(w’). Recall that by definition, we have
vh € ([va],)¥™ for m = |M|. Hence, since (y2(v2))¥ is an idempotent, it follows from

a pumping argument that v, admits a decomposition vy = zyz where z,y,2 € ([v2],)"
and a(yz) = a(z). Let g = (a(y))” € E(M). Since ne(us) = s3, ne(v2) = ez and « is
C-compatible, we have [a(u})]e = s3, [a(x)]e = e2 and [g]e = e2. Thus, as ex £ sjersses,
we get [gle £ [a(urvfulr)gle. Moreover, v1(u1vf) = 41 (ujv}) by definition which yields
Y1 (urvfuhr) = y1(ufviusa). Hence, we get a(urvfubz)g ~ppoyny () viuse)g by definition
of ~1. Finally, since M Pol(D) C RPol(LPol(D)), a is an RPol(LPol(D))-morphism.
Altogether, the second assertion in Lemma 5.6 yields a(ujviujr)g = a(ujvjuiz)g. We may

now multiply by a(yuz) on the right to get a(ujvfufviul) = a(ujviulvhul). This exactly

says that a(ujviujvhul) = a(w’), completing the proof. ]

We may now prove (10.1). We fixn € N, n+1 (Py, P, P»)-blocks (sg,70), - - ., (Sn, ) and

sh,rh), ..., (s,,r) € Psuchthat s;_1s. J s;_1 and ss; J s; for 1 < i < n. Finally, we define
1 n'n 7 7

(5,7) = (508151 "+~ 8,80, 70T 71 - - - 7,7y ) and prove that (s,7) € Paspoi(py[ne, p]. By definition
of «, it suffices to exhibit w € A* such that ne(w) = s such that r < p([w]qy).

It follows from Lemma 10.8 that for every i such that 0 < i < n, there exists a good
word w; € A* such that ne(w;) = s; and r; < p([wi]a). Moreover, let Q = M/~p and
v =[]poa:A* — @ which is a D-morphism by Lemma 2.14. For 1 < i < n, we have
(s,14) € P = Pp[ne, p] by definition. Hence, Lemma 8.9 yields u; € A* such that ne(u;) = s,
and r} < p([u;]y). We define w = wouiwy - - - upwy,. By definition ne(w) = sos|s1---s,s, = s.
It remains to show that r < p([w],). The argument is based on the following inclusion:

[wolalui]y[wila -+ [ui]y[wn]a € [wla- (10.3)

By definition, we have r; < p([w;i]o) for 0 <i <n and 7} < p([u;]y) for 1 <i < n. Hence, it
is immediate from (10.3) that r = rorir1 - v, < p([w]a) as desired.

We now concentrate on proving (10.3). Let w’' € [wola[tu1]y[wi]a -+ [tn]y[wn]a. We
have to show that a(w’) = a(w). By definition, for 1 < i < n, there exists u, € A* such
that y(u}) = v(u;) and a(w’) = a(woujw; - - - u,wy). Moreover, a(w) = a(wouiw; - - - Upwy,)
by definition. Consequently, it now suffices to show that a(w;—juw;) = a(w;—jujw;) for
1 <i < n. This will imply that a(w) = a(w’) as desired. We fix i and write t;—1 = a(w;—_1),
ti = a(w;), pi = o(u;) and p); = a(u}) for the proof. We have to show that ¢;_ip;t; = t;_1pt;.

Lemma 10.10. There exist x;,y; € M such that t;_1p;x; = t;—1 and y;p;it; = t;.

Proof. By symmetry, we only prove the existence of y; € M such that y;p;t; = t;. By
definition, ne(u;jw;) = s;s; and a(u;w;) = p;t;. Moreover, we have ss; J s; by hypothesis
which means that ne(u;w;) J ne(w;). Since a is C-compatible, this exactly says that
[pitile d [ti]e. Moreover, w; is good by definition. This yields an idempotent g € E(M) such
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that t; <5 g and [t;]e J [g]e. The former yields z,z’ € M such that t; = zgz’. Moreover,
since [pitile J [ti]e, we obtain [p;t;]e J [g]e. Altogether, we get [p;zgz’]e d [g]e which implies
that [p;zgle J [gle. By Lemma 2.2, this yields [pizgle £ [g]e. We get 2" € M such that
[2"pizgle = [g]e- By definition, « is an M Pol(D)-morphism and therefore a UPol(C)-
morphism as well since D C UPol(€). Thus, it follows from Theorem 3.10 that g = gz"p;zg.
We obtain, t; = 292’ = 292" p;zgz’ = 292" p;t;. Therefore, we have y;p;t; = t; for y; = zg2"
which completes the proof. L]

We now prove that t;_1p;t; = t;i—1pit;. Let z;,y; € M be as defined in Lemma 10.10.
Recall that p; = a(u;) and p, = a(u}) where v(u;) = y(u}). In particular, since v = [-]p o a,
it follows that p; ~p p,. Hence, since « is an M Pol(D)-morphism, Theorem 5.7 yields,

(pis) pi(yipi)® = (pizi)“ i (yipi)*.
We may now multiply by ¢;_1 on the left and ¢; on the right. Since ¢;_1p;x; = t;—1 and
y;pit; = t; by Lemma 10.10, this yields ¢;_1p;t; = ti_lpgti as desired, concluding the proof. []

It remains to handle completeness in Theorem 10.2.

Proposition 10.11. Let € be a finite prevariety and D a prevariety such that CCDCU Pol(C).
Let n : A* — N be a C-morphism and p : 24 — R a multiplicative rating map. Let
P =Ppn,pl, Pr = Prpom)n, pl and P2 = Prpon)n, pl- If S € N xR is (MPol, P1, P, P»)-
saturated for n and p, then, for each s € N, there exists an M Pol(D)-cover K, of n71(s)
such that (s, p(K)) € S for every K € K.

Proof. We first use the sets P, P; and P to construct a special D-morphism « : A* — M.
All languages in M Pol(D) that we build in the proof will be <, -classes for some k € N.

Fact 10.12. There exists a D-morphism o : A* — M, a morphism § : M — N and m € N
such that 7 = 6 o a and the three following properties hold:

e For every w € A*, we have (n(w), p([w]a)) € P.
e For every w € A* and k > m, we have (n(w), p([wlg 1)) € Pr.
e For every w € A* and k > m, we have (n(w), p([w]5 ) € Pa.

Proof. For every element s € N, we let Hy s be an optimal LPol(D)-cover of n~1(s) for
p, Ha s be an optimal RPol(D)-cover of n~1(s) for p and Hy be an optimal D-cover of
n~Y(s) for p. Corollary 4.9 yields two D-morphisms a; : A* — M; and ag : A* — My and
k1, ko € N such that for each s € N, every H € Hj ; is a union of >4, x,-classes and every
H € Hy , is a union of >4, r,-classes. Finally, Lemma 8.10 yields a C-compatible D-morphism
as : A* — Ms such that (n(w), p([w]as)) € P for every w € A*. Let Q = M; x My x M be
the monoid equipped with the componentwise multiplication and v : A* — ) the morphism
defined by v(w) = (a1(w), az(w), a(w)) for every w € A*. Finally, let « : A* — M be
the surjective restriction of «. Since D is a prevariety, one may verify that « remains a
D-morphism. Moreover, one may also verify that « is C-compatible since this was the case
for a3. As 7 is a C-morphism, this yields a morphism ¢ : M — N such that n = § o« by
Lemma 8.6. Finally, we let m = maxz(k1, k2). It remains to prove the three assertions.
First, if w € A*, it is immediate by definition that [w], C [w]as. Thus, since
(n(w), p([w]as)) € P by hypothesis and P = Ppln, p] is closed under downset, we get
(n(w), p(Jw]a)) € P. We turn to the last two assertions. By symmetry, we only prove the
second one. Let w € A* and k > m. We show that (n(w), p([wlg 1)) € P1. Let s = n(w). By
construction Hy g is a cover of n~!(s) which yields H € Hg 1 such that w € H. Moreover, since
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H, , is an optimal LPol(D)-cover of n~!(s), we know that (n(w), p(H)) € Pppen)ln, p] = P1.
Moreover, H is a union of >4, x, by definition which yields [w1]g, ,, € H. Finally, we have
kE > m > ki by hypothesis and one may verify from the definition of o that > j is finer
than >4, x,. Thus, [wi1];  C [wi]s, k, € H and closure under downset now implies that

(n(w), p([w] x)) € P1 as desired. 0

We fix the D-morphism « : A* — M described in Fact 10.12 for the remainder of the
proof. The argument is now based on the following key lemma.

Lemma 10.13. There exists k € N such that (n(w), p([w]3'x)) € S for all w € A*.

Before we prove Lemma 10.13, let us apply it to complete the main proof. Given s € N,
we exhibit an appropriate M Pol(D)-cover K, of n~'(s). We let K, = {[w]7), | w € n7'(s)}
where k£ € N is the number given by Lemma 10.13. Proposition 4.8 implies that K is an
M Pol(D)-cover of n~1(s). Finally, Lemma 10.13 yields (s, p(K)) € S for every K € K.

We now concentrate on proving Lemma 10.13. Let us start with preliminary terminology
that we shall use to decompose arbitrary words in A*. Let p € N. A p-iteration is a word
u € A* which admits a decomposition v = zuy - - - upy with x,y,u1,...,u, € A* such that
n(u;) d n(u) for every i < p. We have the following key lemma concerning p-iterations.

Lemma 10.14. There exist p,h € N such that for all p-iterations v € A*, the pair
(n(w), p([ulzly)) is a (P1, P, P2)-block.

Proof. We use induction to prove a slightly more general property. By Lemma 8.8, the sets
Pr = Prpom)n, p] and Py = Prpe(p) [0, p] are sub-monoids of N x R for the componentwise
multiplication. For each i € {1,2}, if (s,r) € P;, we define the J-depth of (s,r) as the
number of pairs (,q) € P; such that (¢,q) <j (s,7) (note that here, we are considering the
Green relation J of the monoid P;).

Consider (s1,7r1) € Pi1, (s2,72) € Ps of J-depths d; and dy, and ¢ € N such that ¢t J sitss.
We use induction on d; and ds (in any order) to prove that if p > d; +ds and h > dy +da+m,
then for every p-iteration u € n~'(t), the pair (s19(u)s2, r1p([u]}),))r2 is a (P1, P, P)-block.
Clearly, the lemma follows from the special case when (s1,71) = (s1,71) = (1ar, 1) (which
is an element of P; and P» by Lemma 8.8). There are two cases.

First, assume that there exist (t1,q1) € Py and such that ¢ J ¢; and (s1t1,71¢1) d (s1,71),
and (t2,q2) € Py suchthatt g to (tas1, qar2) d (s2,72). We prove that (s1n(u)ss, rlp(([u]ﬁh)rg)
is a (Py, P, P»)-block directly. Lemma 2.2 yields (s1t1,71¢1) R (s1,71). We get (¢},4}) € PA
such that (s1,71) = (s1t1ty, siriry). Let (e, f1) = ((t1t))), (r1r])*) € P1. By definition,
(s1,71) = (s1€1, 81 f1). Moreover, since n(u) =t J t; and t J sitse, we have sje1n(u)ezss J e;.
A symmetrical argument yields a pair of multiplicative idempotents (e2, f2) € P, such that
(s2,7m2) = (€252, fora) and sjein(u)essa J ea. Finally, Fact 10.12 yields (n(u), p([u]a)) € P.
Moreover, [ul3!, C [u]o by definition and since P = Pp[n, p] is closed under downset by
Lemma 8.8, we get (n(u), p([u]3!,)) € P. Hence, since we have e; J ez J s1e1m(u)eass, it
follows that (s1e1m(u)eas2, 71 f1p([ula'y) fare) is a (Pr, P, P2)-block. By hypothesis on (e1, f1)
and (eg, f2), it follows that (s1n(u)s2, r1p([ulaly)r2) is a (P1, P, Py)-block as desired.

We turn to the inductive case. We assume that either (sit1,71¢1) <g (s1,71) for every
(t1,q1) € Pp such that ¢ J t1, or (t2s1,q2m2) <g (s2,72) for every (t2,q2) € P> such that
t d to. We only treat the case when (si1t1,71q1) <j (s1,71) for every (t1,q1) € P; such
that ¢t J t; (the converse case is symmetrical). Since u is a p-iteration, one may verify
that u admits a decomposition u = vau’ where «’ is a (p — 1)-iteration, a(u’) J a(u) and
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n(u) d n(va) <g n(v) (in other words, va is the least prefix of u such that n(u) J n(va)). Let
i € P.(u) be the position carrying the highlighted letter ‘a’ in u = vau'. Since n(va) <z n(v),
we have n(va) <¢ n(v) by Lemma 2.2 which yields a(va) <¢ a(v) by Fact 10.12. Hence,
i € Po(a,1,u) by definition and one may verify from the definition of >, , 5 that,

[wuloty C [vlan a [W]5 1 C valy g W]y (10.4)

Let (s1,71) = (s1n(va),r1p([val; ;). We have h > m, which yields (n(va), p([va]; ;)) € P1
by the second assertion in Fact 10.12. Hence, our hypothesis yields (s}, r]) <j (s1,r1) which
implies that the J-depth d} of (s}, r}) is strictly smaller than the J-depth d; of (s1,71). by
definition, it follows that p—1 > di+da—1 > dj+ds and h—1 > dy+da+m—1 > d}+da+m.
Consequently, since v is a (p — 1)-iteration, induction on the J-depth of (s1,71) yields that
(s1m(u')s2, r1p([u']5),—1))r2) is a (P1, P, Py)-block. By definition of (s,77), this exactly says
that (s1n(u)s2, r1p(rip([valy , [W]ah_1))r2) is a (P1, P, P2)-block. In view of (10.4) and
since the set of (Pp, P, P»)-blocks is closed under downset by definition, it follows that
(s1n(w)s2, r1p([u]5!y)r2) is a (P1, P, P2)-block as desired. []

Unfortunately, given a fixed p € N, not all words are p-iterations. We deal with arbitrary
words using the following notion. Let p, £ € N and w € A*. A p-decomposition of length £
for w is a decomposition w = wgaijws - - - agwy where aq,...,ap € A, every factor w; € A*
for 0 < i < /{is a (p+ 1)-iteration, n(w;—1a;) <g n(w;—1) and n(w;—1a;w;) <g n(w;) for
1 <1 < /. The proof of Lemma 10.13 is not based on the two following statements.

Lemma 10.15. Letp € N. Each w € A* admits a p-decomposition of length £ < (p+1)‘N|—1.

Proof. For every w € A*, we define d(w) € N as the number of elements s € N such
that n(w) <4 s. Clearly, d(w) < |N| for every w € A*. Hence, it suffices to prove that
every w € A* admits a p-decomposition of length at most (p + 2)d(w) — 1. We proceed by
induction on d(w). If d(w) = 0, then n(w) J 1y and w = eePTlw is a (p + 1)-iteration.
In particular, w admits a p-decomposition of length 0 = (p + 1)® — 1 which concludes
this case. Assume now that d(w) > 1. In that case, n(w) <5 1y. This yields n > 1,
ug, ..., Uy € A% and by, ..., b, € A such that w = ugbiui - - - byu, and for all ¢ < n, we have
n(w) J n(ui—1b;) <g n(ui—1) and n(w) <g n(u,). We consider two independent cases. First,
assume that n > p+ 1. In that case, since n(u;—1b;) d n(w) for all i < n, it is clear that w is
a (p + 1)-iteration. In particular, w admits a p-decomposition of length 0 < (p + 1)d(“’) -1
and we are finished. Conversely, assume that n < p + 1. Since n(w) <g n(u;) for every
i < ¢, we have d(u;) < d(w) — 1 by definition. Hence, induction yields that each word
u; admits a p-decomposition of length at most (p + l)d(“’)*1 — 1. We may now replace
each factor u; in w = ugbyuy - - - bpu, by its p-decomposition to obtain a new decomposition
w = vgcqvy - - - ¢pvg where each factor v; for i < £is a (p + 1)-iteration, n(vi—1¢;) <x N(vi—1)
for 1 <i</land? < (p+ 1)1 _14px(p+ 1)1 = (p4+1)¥®) — 1. However,
it may happen that n(v;—1c;v;) £ n(v;) for some i. Yet, it is immediate that in this case
vi—1cv; is a (p + 1)-iteration and v;_jcvicip1 <g vi—1c¢iv;. Hence, we may reduce the
decomposition by making v;_1c¢;v; a single factor. Doing so recursively eventually yields the
desired p-decomposition of length at most (p + 1)%®) — 1 for w. ]

We are ready to prove Lemma 10.13. Let p, h € N be the numbers defined in Lemma 10.14.
We now use induction on ¢ to prove that for every £ € N if £k > h 4+ ¢ and w € A* admitting
a p-decomposition of length ¢, then (n(w), p([w]3x)) € S. By Lemma 10.15, it will then
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follow that Lemma 10.13 holds for k = h 4 (p + 2)¥l — 1. We now fix £ and k > h + £. Let
w € A* admitting a p-decomposition w = wgajws - - - apwy of length ¢. There are two cases.

First, assume that n(agwy) £ n(w,) for all g such that 1 < g < ¢. This is the base
case: we use (10.1) to prove that (n(w),p([w]3'x)) € S directly. Consider an index g
such that 1 < g < £. By definition of p-decompositions, we have n(wy—1a4wy) <z n(wy)
and our hypothesis states that n(agwy) £ n(wy). Hence, there exists a decomposition
Wyg—1 = Ug—1bgvy of wg_1 with uy_1,v4 € A* such that n(byugagw,) < n(vgagwg) L n(wy)
(i.e., vgaqwy is the greatest suffix of wy_1a,w,; whose image under 7 is L-equivalent to
n(wg)). Since wy—1 is a (p + 1)-iteration (this is by definition of p-decompositions), one may
verify that ug_1 is a p-iteration and n(ug—1) R n(wg—1). We write uf = ugbr, u; = agugbgi1
for 1 < g <¢—1 and uj = agup. We have the following fact.

Fact 10.16. For all g such that 0 < g < £, the pair (n(u;), p([u’]a ') is a (P1, P, Py)-block.
Moreover, for all g such that 1 < g <{, we have n(uy_qvg) d n(uy_1) and n(vguy) I n(uy).

Proof. We first fix g such that 0 < g < £ and prove that ug is a p-iteration: since h and p
are the numbers given by Lemma 10.14, this implies as desired that (n(uj), p([ug]5!))) is
a (P, P, Py)-block. We show that 1(ug) d 1(uy). Since ugy is a p-iteration and an infix of
ug, this implies as desired that u; is a p-iteration as well. We only detail the case when
1 <g</{—1 (the cases g = 0 and g = £ are similar). By definition, uy = agugbyi1 and
n(vgagwy) L n(wy) and since ug is an infix of vyagwy, this yields n(w,) <g n(uy). Since we
also know that 7(ug) R n(w,) (by definition of uy), this yields n(u,) <g 7(uy) and since the
converse inequality is trivial, we get 1(ug) d n(uy).

We now fix g such that 1 < g < /. By definition n(vgagwg) L n(wg) which implies that
n(vgagug) L nlagugy) since n(wy) R n(uy). By definition of uj, this yields n(vyuy) £ n(uy).
Moreover, wg_1 = ug,lbgvg and n(ug—1) R n(wy—1) which means that n(ug—1) R n(ug 1bgvg).
By definition of ug 1, this yields n(ufq_lvg) R n(u’g_l), concluding the proof.

By definition, w = upbiviaiuy - - - beveagwe = ugvi v} - - - veuy. We write i1, ..., i, € P(w)
for the positions carrying the letters aj,--- ,a, and ji,...,j, € P(w) for the positions
carrying the letters by, - - ,b,. By definition of p-decomposition, n(wy—1a4) <x n(wg—1) for
1 < g < (. This yields n(ug—1bgvgay) <x n(ug—1bgvy) and by Fact 10.12, this implies that
a(ug—1bgvgag) <g a(ug—1bgvg). Thus, i1,...,i, € Px(a, £, w). Conversely, we know that
N(bgvgagwg) <z n(vgagwy) and uy R wy for 1 < g < £ by definition. Hence, one may then
verify that n(bgvgagug) < n(vgagug) and Fact 10.12 yields a(bgvgagug) <z o(vgagug) for
1< g </ Thus, ji,...,jJn € Po(a,f,w) by definition. Since k > h + ¢, one may now verify
that [w]5), C [uo] b1 [Vi]a a1 w3l o0 ba [nla an [wRl, by definition of >, k. Since
Dok IS a congruence, this yields,

[wlatk € [uolan [ila []Gh - [nla [w]d - (10.5)
By Fact 10.16, (n(u '),p([u’]a n)) is a (P1, P, Pp)-block for 0 < g < ¢, and n(u;,_yvy) d n(ug_;)
and n(vguy) d n(uy) for 1 < g < £. Finally, Fact 10.12 yields (a( g),p([vg] )) € P for
1<g<Ut. Hence (10.1) in the definition of (M Pol, Py, P, P;)-saturated sets yields,
(p(uyoreds - o), S [orla (45 - [onla [50)) € S.
It then follows from closure under downset and (10.5) that (n(w), p([w]5);)) € S as desired.

It remains to handle the converse case. We assume that there exists g such that
1 < g < ¢ and n(agwy) <g n(wg). Let i € P(w) be the position carrying the letter a4



THE AMAZING MIXED POLYNOMIAL CLOSURE 57

in the decomposition w = wpajwi - - - apwy. By definition of p-decompositions, we have
N(wg—1aqwq) <g n(wy) for 1 < ¢ < £. Hence, since n(agwy) <g n(wy), one may verify
that i € P4(n,¢ — (g — 1), w). Symmetrically, n(wq—1a4) < n(wg—1) for 1 < ¢ < £ which
implies that ¢ € Pr.(n, g,w). Let w’ = wpajwy - - - ag—1wg—1 and w" = wgagyi1wgy1 - - - apwy
(in particular, w = w'agw”). Since i € Pr.(n, g,w) NP 4(n,¢— (g —1), w), one may now verify
from the definition of <, j that,

[wlae € [W' e k—rt(g—1) @9 [W kg (10.6)
By definition w’ admits a p-decomposition of length g — 1 < £. Moreover, since k > h + £,
we have k — £+ (g —1) > h+ (g —1). Hence, induction yields (n(w’), p([w'5x_¢+(4-1))) € S-
Symmetrically, w” admits a p-decomposition of length /—g < ¢. Moreover, since k > h+/{, we
have k — g > h+ (£ — g). Hence, induction yields (n(w"), p([w"]5}_,)) € S. Finally, we have
(n(ag), p(ag)) € S since S is saturated. Hence, since w = w’agw”, closure under multiplication
yields (n(w), p([W']3 ket (g-1) ag [W"]35_g)) € S. It then follows from (10.6) and closure
under downset that (n(w), p([w]3;)) € S which complete the proof of Lemma 10.13. []

We are ready to prove Theorem 10.2. This is now straightforward: we merely combine
Proposition 10.7 and Proposition 10.11.

Proof of Theorem 10.2. Let € be a finite prevariety and D a prevariety such that we have
the inclusions € C D C UPol(@). Let p: 24" — R be a multiplicative rating map. We define
P = Pplne, pl, Pr = Prpoyp)[ne; p] and Py = Prpoi(p)lne, pl. We prove that P pyp)[1e; ]
is the least (M Pol, P;, P, Py)-saturated subset of Ne x R for ne and p. It is immediate
from Proposition 10.7 that Py;pyp)(ne, p] is (M Pol, P1, P, P2)-saturated for ne and p. It
remains to show that it is the least such set. Let S C Ne x R which is (M Pol, Py, P, P,)-
saturated for ne and p. We show that Pprpopy[ne, p] € 5. Let (s,7) € Prrpoyn)[ne; pl, i-e.,
7 € I pol(D) [ne_l(s)] p. Proposition 10.11 yields an M Pol(D)-cover K of 7751(5) such that
(s,p(K)) € S for every K € K. By definition, r € J[p|(K) which yields K € K such that
r < p(K). Since (s,p(K)) € S and S is saturated, closure under downset yields (s,r) € §
which completes the proof. ]

11. CONCLUSION

We investigated the operators LPol, RPol and M Pol, and the associated deterministic
hierarchies. We proved that these three operators preserve the decidability of membership.
Moreover, we used M Pol to characterize the quantifier alternation hierarchies of the variants
FO?*(<,Pg) and FO?(<, +1,Pg) of FO? for a group prevariety §. They imply the decidability
of membership for all levels when separation is decidable for G. Finally, we looked at
separation and covering for our operators and used the results to show that all levels in the
quantifier alternation hierarchy of F02(<) have decidable separation. In particular, M Pol
is the linchpin upon which most of our results are based.

There are several follow-up questions. A first point concerns membership for the levels
LP,(C)V RP,(C) of the hierarchies introduced in Section 6. These are the only levels
which we are not able to handle in a generic manner. Indeed, it follows from Theorems 5.7
and 6.7 that membership is decidable for all these levels as soon as this is the case for
the first one: LPol(C)V RPol(C). Yet, we do not have a generic result for handling this
initial level. Another question is whether our covering results for the levels BY.2 (<) can be
generalized to the variants BY:2 (<, Pg) and BX.2 (<, +1,Pg) for arbitrary group prevarieties
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G. Such a result is proved in [PZ19c] for the first level: if § has decidable separation, then
so BY?(<,Pg) has decidable covering (the proof considers BPol(G) which characterizes
BY?(<,Pg) by Theorem 7.3) Finally, one may also look at the other variants of FO%: the
classes FO?(Ile) for an arbitrary prevariety C. Unfortunately, our results fail in the general
case. An example is considered in [KLPS20]: FO? with “between relations”. Tt is simple
to verify from the definition that this class is exactly FO?*(Iat). The results of [KLPS20]
imply that FO?(Tar) is distinct from U Pol(BPol(AT)) which means that Corollary 7.17
fails in this case.

[AAS9]
[Arf87]
[BCST9?]
[BP91]
[CMM13]

[Del98]
[DP13)]

[DP15)

[HK22]

[KL12a]

[KL12b)

[KL13]

[KLPS20]

[KS12]

[KW10]
[KW12a]
[KW12b)

[Laul4]

REFERENCES

Jorge Almeida and Assis Azevedo. The join of the pseudovarieties of r-trivial and l-trivial monoids.
Journal of Pure and Applied Algebra, 60(2):129-137, 1989.

Mustapha Arfi. Polynomial operations on rational languages. In Proceedings of the 4th Annual
Symposium on Theoretical Aspects of Computer Science, STACS’87, pages 198—206, 1987.
David A. Mix Barrington, Kevin Compton, Howard Straubing, and Denis Thérien. Regular
languages in ncl. Journal of Computer and System Sciences, 44(3):478 — 499, 1992.

Daniéle Beauquier and Jean-Eric Pin. Languages and scanners. Theoretical Computer Science,
84(1):3-21, 1991.

Wojciech Czerwiniski, Wim Martens, and Tomas Masopust. Efficient separability of regular
languages by subsequences and suffixes. In Proceedings of the 40th International Colloguium on
Automata, Languages, and Programming, ICALP’13, pages 150-161, 2013.

Manuel Delgado. Abelian poinlikes of a monoid. Semigroup Forum, 56(3):339-361, 1998.

Luc Dartois and Charles Paperman. Two-variable first order logic with modular predicates over
words. In Proceedings of the 30th International Symposium on Theoretical Aspects of Computer
Science, STACS’13, pages 329-340, 2013.

Luc Dartois and Charles Paperman. Alternation hierarchies of first order logic with regular
predicates. In Adrian Kosowski and Igor Walukiewicz, editors, Fundamentals of Computation
Theory, pages 160-172, 2015.

Viktor Henriksson and Manfred Kufleitner. Conelikes and ranker comparisons. In Proceedings of
the 15th Latin American Theoritical Informatics Symposium, LATIN’22, 2022.

Manfred Kufleitner and Alexander Lauser. The join levels of the trotter-weil hierarchy are decidable.
In Proceedings of the 37th International Symposium on Mathematical Foundations of Computer
Science, volume 7464 of MFCS’12, pages 603-614, 2012.

Manfred Kufleitner and Alexander Lauser. The join of r-trivial and I-trivial monoids via combina-
torics on words. Discrete Mathematics € Theoretical Computer Science, 14(1):141-146, 2012.
Manfred Kufleitner and Alexander Lauser. Quantifier alternation in two-variable first-order logic
with successor is decidable. In 30th International Symposium on Theoretical Aspects of Computer
Science, volume 20 of STACS’13, pages 305-316, 2013.

Andreas Krebs, Kamal Lodaya, Paritosh K. Pandya, and Howard Straubing. Two-variable logics
with some betweenness relations: Expressiveness, satisfiability and membership. Logical Methods
in Computer Science, Volume 16, Issue 3, 2020.

Andreas Krebs and Howard Straubing. An effective characterization of the alternation hierarchy
in two-variable logic. In Proceedings of the 32sd Annual Conference on Foundations of Software
Technology and Theoretical Computer Science, FSTTCS’12, pages 8698, 2012.

Manfred Kufleitner and Pascal Weil. On the lattice of sub-pseudovarieties of da. Semigroup Forum,
81(2):243-254, 2010.

Manfred Kufleitner and Pascal Weil. On logical hierarchies within FO2-definable languages. Logical
Methods in Computer Science, 8(3:11):1-30, 2012.

Manfred Kufleitner and Pascal Weil. The FO2 alternation hierarchy is decidable. In Proceedings
of the 21st International Conference on Computer Science Logic, CSL’12, pages 426—439, 2012.
Alexander Lauser. Formal language theory of logic fragments. PhD thesis, Universitdt Stuttgart,
2014.



[MP71]
[Pin80]
[Pin13]

[Pla22]

[PRW19)
[PS85]
[PSTSS]

[PvRZ13]

[PZ18a]

[PZ18b)

[PZ19a]
[PZ19b)]

[PZ19c]

[PZ20]
[PZ22a]
[PZ22b)

[PZ22c]

[PZ22d]
[Sch65]
[Sch76]
[Sim75]
[TW97]

[TW9S]

THE AMAZING MIXED POLYNOMIAL CLOSURE 59

Robert McNaughton and Seymour A. Papert. Counter-Free Automata. MIT Press, 1971.
Jean-Eric Pin. Propriétés syntactiques du produit non ambigu. In Proceedings of the 7th In-
ternational Colloguium on Automata, Languages and Programming, ICALP’80, pages 483-499,
1980.

Jean-Eric Pin. An explicit formula for the intersection of two polynomials of regular languages. In
DLT 2013, volume 7907 of Lect. Notes Comp. Sci., pages 31-45, 2013.

Thomas Place. The amazing mixed polynomial closure and its applications to two-variable first-
order logic. In Proceedings of the 37th Annual ACM/IEEE Symposium on Logic in Computer
Science, L1ICS’22, 2022.

Thomas Place, Varun Ramanathan, and Pascal Weil. Covering and separation for logical fragments
with modular predicates. Logical Methods in Computer Science, 15(2), 2019.

Jean-Eric Pin and Howard Straubing. Monoids of upper triangular boolean matrices. In Semigroups.
Structure and Universal Algebraic Problems, volume 39, pages 259-272. North-Holland, 1985.
Jean-Eric Pin, Howard Straubing, and Denis Thérien. Locally trivial categories and unambiguous
concatenation. Journal of Pure and Applied Algebra, 52(3):297 — 311, 1988.

Thomas Place, Lorijn van Rooijen, and Marc Zeitoun. Separating regular languages by piecewise
testable and unambiguous languages. In Proceedings of the 38th International Symposium on
Mathematical Foundations of Computer Science, MFCS’13, pages 729-740, 2013.

Thomas Place and Marc Zeitoun. The covering problem. Logical Methods in Computer Science,
14(3), 2018.

Thomas Place and Marc Zeitoun. Separating without any ambiguity. In Proceedings of the 45th
International Colloguium on Automata, Languages, and Programming, ICALP’18, pages 137:1—
137:14, 2018.

Thomas Place and Marc Zeitoun. Generic results for concatenation hierarchies. Theory of Com-
puting Systems (ToCS), 63(4):849-901, 2019. Selected papers from CSR’17.

Thomas Place and Marc Zeitoun. On all things star-free. In Proceedings of the 46th International
Colloquium on Automata, Languages, and Programming, ICALP’19, pages 126:1-126:14, 2019.
Thomas Place and Marc Zeitoun. Separation and covering for group based concatenation hierarchies.
In Proceedings of the 34th Annual ACM/IEEE Symposium on Logic in Computer Science, LICS’19,
2019.

Thomas Place and Marc Zeitoun. Adding successor: A transfer theorem for separation and covering.
ACM Transactions on Computational Logic, 21(2):9:1-9:45, 2020.

Thomas Place and Marc Zeitoun. All about unambiguous polynomial closure. Unpublished, to
appear. A preliminary version is available at https://arxiv.org/abs/2205.12703, 2022.
Thomas Place and Marc Zeitoun. Characterizing level one in group-based concatenation hierarchies.
In Proceeding of the 17th International Computer Science Symposium in Russia, CSR’22, 2022.
Thomas Place and Marc Zeitoun. A generic polynomial time approach to separation by first-order
logic without quantifier alternation. In Proceedings of the 42nd IARCS Annual Conference on
Foundations of Software Technology and Theoretical Computer Science, FSTTCS22, 2022.
Thomas Place and Marc Zeitoun. Group separation strikes back. Unpublished, to appear. A
preliminary version is available at https://arxiv.org/abs/2205.01632, 2022.

Marcel Paul Schiitzenberger. On finite monoids having only trivial subgroups. Information and
Control, 8(2):190-194, 1965.

Marcel Paul Schiitzenberger. Sur le produit de concaténation non ambigu. Semigroup Forum,
13:47-75, 1976.

Imre Simon. Piecewise testable events. In Proceedings of the 2nd GI Conference on Automata
Theory and Formal Languages, pages 214-222, 1975.

Peter Trotter and Pascal Weil. The lattice of pseudovarieties of idempotent semigroups and a
non-regular analogue. Algebra Universalis, 37(4):491-526, 1997.

Denis Thérien and Thomas Wilke. Over words, two variables are as powerful as one quantifier
alternation. In Proceedings of the 30th Annual ACM Symposium on Theory of Computing, STOC’98,
pages 234240, New York, NY, USA, 1998. ACM.

This work is licensed under the Creative Commons Attribution License. To view a copy of this
license, visit https://creativecommons.org/licenses/by/4.0/ or send a letter to Creative
Commons, 171 Second St, Suite 300, San Francisco, CA 94105, USA, or Eisenacher Strasse
2, 10777 Berlin, Germany


https://arxiv.org/abs/2205.12703
https://arxiv.org/abs/2205.01632

	1. Introduction
	2. Preliminaries
	2.1. Finite words and classes of languages
	2.2. Membership, separation and covering
	2.3. C-morphisms
	2.4. Canonical relations

	3. Operators
	3.1. Polynomial closure
	3.2. Deterministic restrictions

	4. Framework
	4.1. Preliminaries
	4.2. Equivalence relations
	4.3. Application to LPol, RPol and MPol
	4.4. The special case of group languages

	5. Algebraic characterizations
	5.1. Left/right polynomial closure
	5.2. Mixed polynomial closure

	6. Deterministic hierarchies
	6.1. Definition
	6.2. Connection with mixed polynomial closure

	7. Two-variable first-order logic
	7.1. Definitions
	7.2. Properties of the quantifier alternation hierarchy of FO2
	7.3. Characterization

	8. Covering framework: rating maps
	8.1. Rating maps
	8.2. Imprints, optimality and application to covering.
	8.3. Application to the classes considered in the paper

	9. Covering for left and right polynomial closure
	9.1. Statement
	9.2. Proof argument

	10. Covering for mixed polynomial closure
	10.1. Statement
	10.2. Proof argument

	11. Conclusion
	References

