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We consider the two-variable fragment of first-order logic with counting, subject to the stipulation that a sin-
gle distinguished binary predicate be interpreted as an equivalence. We show that the satisfiability and finite
satisfiability problems for this logic are both NEXPTIME-complete. We further show that the corresponding
problems for two-variable first-order logic with counting and fwo equivalences are both undecidable.
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1 Introduction

The two-variable fragment of first-order logic, here denoted L2, is the set of function-free, first-order formulas
(with equality) featuring at most two variables. The two-variable fragment with counting, here denoted C?, is
the set of function-free, first-order formulas featuring at most two variables, but with the counting quantifiers
Jdi<my> 3> and J— ), (for every M > 0) allowed. It is impossible, in either logic, to express the fact that a
given binary relation is an equivalence (i.e. is reflexive, symmetric and transitive). This suggests the possibility of
enriching these logics by adding such a facility. We denote by £2kE the extension of £2 in which k distinguished
binary predicates are required to be interpreted as equivalences, for any k& > 1; and we denote by C2kE the
analogous extension of C2.

The following facts are known. The logic £2 has the finite model property [1], and its satisfiability (= finite
satisfiability) problem is NEXPTIME-complete [2]. The logic C? is expressive enough for the finite model prop-
erty to fail; nevertheless, its satisfiability and finite satisfiability problems remain NEXPTIME-complete [3-5].
The logic £21E retains the finite model property, and its satisfiability problem remains NEXPTIME-complete [6].
The logic £22E lacks the finite model property, and its satisfiability and finite satisfiability problems are both
2-NEXPTIME-complete [7]. The satisfiability and finite satisfiability problems for £2kE are both undecidable
when k > 3 [8]. In this paper, we investigate C2kE—the two variable fragment with counting and k equivalences.
We show that the satisfiability and finite satisfiability problems for C21E are both NEXPTIME-complete. We also
show that the satisfiability and finite satisfiability problems for C22E are both undecidable. Note that the undecid-
ability of the corresponding problems for C2kE where k > 3 follows anyway from the above-mentioned results
on L£2kE. Almost all of the paper is devoted to showing that the satisfiability and finite satisfiability problems
for C21E are in NEXPTIME. The technique involves reduction to integer linear programming, along the lines of
the treatment of C? in [5]. A significant innovation of the present paper, however, is the use of Hilbert bases (of
systems of linear Diophantine equations) to construct succinct certificates for finitely satisfiable C21E-formulas.

A closely related family of logics is obtained by considering transitive relations in place of equivalences. We
denote by L2kT the extension of £2 in which k distinguished binary predicates are required to be interpreted as
transitive relations, for any k& > 1; and we denote by C2kT the analogous extension of C2. It is easy to show
that £21T lacks the finite model property, and it is known (but by no means easy to show) that its satisfiability
problem is in 2-NEXPTIME-time [9]. (No matching lower bound has yet been obtained, and the decidability
of the finite satisfiability problem is still open.) The satisfiability and finite satisfiability problems for £2kT are
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2 I. Pratt-Hartmann: Counting and Equivalence

undecidable when & > 2 [6, 10]. In fact, the satisfiability and finite satisfiability problems for the weaker two-
variable fragment with one equivalence and one transitive relation are also both undecidable [11]. In the context
of logics with counting quantifiers, however, the satisfiability and finite satisfiability problems for C2kT are both
undecidable for all £ > 1 [12]. (Essentially the same result is obtainable from [13] by a simple adaptation.) It is
possible to restore decidability—even in the presence of an arbitrary number of transitive relations—by restricting
the underlying logical syntax. A great variety of such languages have been studied under the rubric of description
logics, perhaps the best-known examples being SHZQ [14] or SHOZQ [15].

In the complexity-theoretic analysis of fragments of first-order logic, it is common to consider the restriction
to guarded quantification [16], since doing so typically yields satisfiability problems (and finite satisfiability
problems) with lower complexity. For example, the satisfiability problem for the guarded sub-fragment of £2
is EXPTIME-complete [17]; likewise, although the guarded sub-fragment of C? is still expressive enough for
the finite model property to fail, its satisfiability and finite satisfiability problems are again both EXPTIME-
complete [18, 19]. On the other hand, it is easy to see that, in the presence of a single equivalence relation,
restriction to guarded quantification produces no complexity-theoretic gains, since, within any equivalence class,
all elements are accessible using guarded quantification (assuming that £/ may be used as a guard). In effect, the
guarded fragment of C21E enjoys the full power of C2.

Of some historical interest in this connection is the first-order theory of k equivalence relations. Here, we
have full-first-order logic at our disposal (not just C?), but no non-logical predicates other than those denoting
equivalences. It is reported in [20] that membership of a sentence in the first-order theory of one equivalence is
decidable (even with equality); however, the first-order theory of two equivalences is undecidable (even without
equality).

The structure of the paper is as follows. Section 2 establishes basic concepts and notation. Section 3 constructs
the apparatus required to describe certain local configurations occuring in structures; this apparatus will allow us
to apply techniques from linear integer programming to analyse of models of C21E-formulas. Section 4 shows
how, given a formula ¢ of C 21E, a data-structure can be constructed which, on the assumption that ¢ is satisfiable,
is guaranteed to satisfy a collection of algorithmically checkable properties. We refer to such a data-structure as
a certificate. If  is in fact finitely satisfiable, this data-structure satisfies additional properties, and is referred
to as a finite certificate. Section 5 establishes the converse: if a (finite) certificate for ¢ satisfies the requisite
properties, then ¢ is (finitely) satisfiable. Section 6 establishes that if ¢ has a (finite) certificate, then it has one
of exponentially bounded size, and that the properties it is required to satisfy can be checked in exponential time,
as a function of the size of . This establishes that the satisfiability and finite satisfiability problems for C>1E are
both NEXPTIME-complete. Section 7 shows that the satisfiability and finite satisfiability problems for C22E are
undecidable, by computable reduction to the halting problem for deterministic 2-counter machines.

A table listing the most common mathematical symbols that occur throughout the paper is given at the end.

2 Preliminaries

2.1 Logic

We employ standard terminology and notation from model-theory. Structures are denoted by (possibly decorated)
fraktur letters %A, B, and their domains by the corresponding Roman letters. Unless explicitly indicated to the
contrary (as we do occasionally in the sequel), structures are assumed to have non-empty domains. If r is a
symbol of the signature of 2, we denote its interpretation by r®. If ¢ is a formula, with free variables included
in the list 21, . .., Z,, 2 is a structure and @ = ay, . . ., a, a tuple of elements of A, we write 2 = [ay, ..., ay)
to indicate that a satisfies o(x1,...,2,) in 2A; where ¢ is a sentence (i.e. has no free variables), we simply
write 20 = ¢ to indicate that ¢ is true in 2. We say ¢ is satisfiable if, for some 2( and some a1,...,a, € A,
A = plai,...,ay]; if, in addition, A is finite, we say  is finitely satisfiable. If —y is not satisfiable, we say
@ is valid, and write = . If £ is a set of formulas, the (finite) satisfiability problem for L is the problem of
determining whether a given ¢ € L is (finitely) satisfiable. A set of formulas has the finite model property if its
satisfiability and finite satisfiability problems coincide.

The two-variable fragment with counting, C?, is the set of function-free, first-order formulas (with equality),
featuring only the variables x and y, but with the counting quantifiers 3;< 571, J>as) and 3=y, for every M > 0,
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allowed. Formally, the subscripts M are bit-strings; however, we equivocate in the natural way between these bit-
strings and the non-negative integers they encode. We read Jj< 7. as “There exist at most M x such that ¢”,
and similarly for the other counting quantifiers. The formal semantics are as expected. Evidently, 3/_qz.¢ and
J[<o)- are logically equivalent to V., while J(>q)x. is trivially true. We allow equality in C2-formulas;
this represents no increase in expressive power, since the identity relation is anyway definable by the formula
Va.r(x,z) AVeI=yy.r(z,y). We do not allow individual constants in C2%-formulas; this represents no effective
decrease in expressive power, since we can always declare a unary predicate p to be uniquely instantiated by
writing J_jj2z.p(x). Likewise, the use of predicates of arity greater than two adds no effective increase in
expressive power, and we therefore assume, for simplicity, that all predicates are unary or binary. It is easy to see
that C? lacks the finite model property: the formula 32Vy—r(y, ) AVz3y.r(z,y) AVzI<1y.r(y, x) is satisfiable,
but only over infinite domains.

The two-variable fragment with counting and one equivalence, C21E, employs the same syntax and semantics
as C2, but with the restriction that, in any structure 2, the distinguished binary predicate F be interpreted as an
equivalence. Where 2 is clear from context, we refer to the cliques of E* simply as equivalence classes, and we
say elements a,b € A are equivalent if 2 = Ela, b].

A formula v of C?1E is in normal form if it conforms to the pattern:

VaVy(z =y Va) A )\ VeI, w(Br Az # ), §))
h=1

where « and the 3, are quantifier-free, equality-free £2-formulas, m is a positive integer, and the Mj, are (bit-
strings representing) positive integers. We refer to the integer M = max{Mp, | 1 < h < m} as the ceiling of 1.
Observe that v is not satisfiable over any domain of cardinality less than or equal to M.

The following lemma uses a familiar technique originally employed in [21] to reduce the depth of quantifica-
tion in £2-formulas.

Lemma 2.1 Given a C21E-formula o, we can compute, in polynomial time, a normal-form C?1E-formula 1),
with ceiling M, such that, for any set A of cardinality greater than M, 1) is satisfiable over the domain A if and
only if p is.

Proof. We may assume without loss of generality that ¢ is a universally quantified sentence. (Apply up to
two existential quantifiers and a redundant universal quantifier if necessary.) We build v in three stages.

Stage 1: Write ©(©) = ¢, and suppose first that ©(°) contains a subformula m(u) = J<njv.y, where u, v are

the variables x, y in some order, and  is quantifier-free. Let p be a new unary predicate, let (1) be the result of
replacing 7(u) in ¢ by the atomic formula p(u), and define

¢ =W A Vudi<no(p(u) Ay) AVudpsvenv(p(u) V).

It is routine to check that Vu3;< njv(p(u) A y) AVudpsv41yv(p(u) V) entails Vu(p(u) < 3j<njv.7); hence,
¢’ entails p. Moreover, if 2l = ¢ with |A] > N, then we may expand 2 to a model 2" of ¢’ by setting
p® = {a € A| 2 = w[a]}. On the other hand, if (®) does not contain a subformula 7(u) = Ji<nv.7, then it
contains a subformula having one of the forms 3[2 NJVYs H[: NIUYs Jv.7y or Vv., and we may proceed similarly,
subject to the obvious adjustments. Now apply the same process to the subformula ¢(*) and continue until we
obtain a universally quantified formula, say »(*), in prenex form with quantifier depth at most two. Collecting
©®) together with all the added conjuncts, and applying trivial logical manipulations, we obtain a formula

/

1/}* = V.’Evyal A\ /\ VxH[MhM,’l]yﬂllw
h=1

where: (i) o and the f3j, are quantifier-free, (ii) the symbol p<y, stands for any of <, > or =; (iii) ¥* |= ¢; and
(iv) if A |= ¢ with |A| > max;, Mj, then A may be expanded to a model of ¢*.
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4 I. Pratt-Hartmann: Counting and Equivalence

Stage 2: Replace any conjunct of the form Vz3<,y y.55 by VxEI:M;Ly.q(x, y), where ¢ is a new binary pred-
icate, and add the conjunct VaVy (5 — q(x,y)); similarly, mutatis mutandis, for the case where <, is >. By
rearranging conjuncts again, we may henceforth assume that each of the symbols >y, in ¥* is in fact =.

Stage 3: Over domains of size at least 2, the formulas VzVy.o/ (x,y) and VaVy(x = y V (o' (z,y) A o/ (z, x)))
are logically equivalent. Let o be the result of eliminating equalities from (a/(z,y) A &/(z,)) in the obvious
way: i.e. replace any subformula v = u by T and any subformula v = v, with u, v different, by L. Thus, over
domains of size at least 2, VaVy.o/(z, y) is logically equivalent to VzVy(x = y V «). Similarly, replace each of
the conjuncts Va3_; y. By, (assuming M; > 1) with the corresponding conjunction

VaI— o —y(a(z,y) Ax # y) AVaT—pmy(d (v, y) Az # y)A
Vavy (z =y V [(Br(z,2) = (B (z,y) ¢ a(z,9)) A (=B (. 2) = (By(2,y) < d'(z,9)))])

where ¢ and ¢’ are fresh binary predicates. Modulo trivial logical manipulations, the resulting formula v is of the
form (1), and is satisfiable over the over a set A with |A| > M if and only if ¢ is. O

2.2 Linear algebra

We write N for the set of natural numbers, {0,1,2,...}. If A is a matrix, we write Al j] to denote the (i, j)th
entry of A, and similarly for vectors. A matrix or vector (or indeed any collection of numbers) is bounded by a
quantity M if each of its entries is, and absolutely bounded by M if the absolute value of each of its entries is.
Matrices, vectors and scalars that it is helpful to think of as constants will frequently be indicated in bold type. If
m, n are natural numbers with m < n, we write [m, n] for the set {m,m + 1,...,n}.

A linear Diophantine equation is a linear equation a - w + b = f - w + g, where all coefficients are (possibly
negative) integers. In this paper, we drop the modifier “linear” in the sequel, and simply speak of Diophantine
equations. As long as variables take only finite values, any system £ of Diophantine equations may without loss
of generality be written in matrix form: Aw = b. We occasionally write £(w) to make the tuple of variables in
& explicit. We refer to the elements of A as the variable coefficients of £ and the elements of b as the constant
coefficients of £. If b = 0, we say that £ is homogeneous. If £ is any system of Diophantine equations, we write
I€|| to denote the size of &, i.e. the total number of bits required to write all its coefficients; and we write |£] to
denote the cardinality of £, i.e. the number or rows in A.

We consider also Diophantine inequalities a-w < b, where, coefficients are again (possibly negative) integers.
Any such inequality can be converted into an equivalent (in the obvious sense) Diophantine equation a-w+y = b,
where y is a fresh variable, usually referred to as a slack variable. Thus, a mixed system of r Diophantine
equations and inequalities can be converted into an equivalent system of r Diophantine equations by the addition
of at most r slack variables. At various points in the sequel, we shall need to consider disjunctions of Diophantine
equations and inequalities. We call such a disjunction a Diophantine clause.

We employ two basic results on systems of Diophantine equations, given in Propositions (2.2) and (2.4). Given
two vectors over N, say a and b, we write a < b if, for every i (1 < i < n), afi] < b[¢]. Thus, < is a partial order;
we refer to it as the pointwise order. And if £ is any homogeneous system of Diophantine equations, we define
its Hilbert basis, denoted H (E), to be the set of solutions of £ over N that are minimal in the pointwise order. It
is obvious that every solution of £ over N is a non-negative integer linear combination of vectors in H(£). The
following bound on H () can be established by a remarkably simple combinatorial argument.

Proposition 2.2 (Pottier [22], Theorem 1) Let £ : Az = Q be a homogeneous system of linear Diophantine
equations, with A absolutely bounded by M, and having dimensions r x k. Then every vector in H (£) is bounded
by (kM 4+ 1)".

The restriction to the homogeneous case is easily lifted.

Corollary 2.3 Let £ : Az = b be a system of Diophantine equations, with A and b absolutely bounded by
M, and A of dimensions r X k. Then the set of solutions of £ over N can be written as

{M0+<1ﬂ1+"'+<LEL|MQEW, <17'-'7<L6N}7

Copyright line will be provided by the publisher



mlq header will be provided by the publisher 5

where W is a finite set of vectors over N, and w, . .., W a list of vectors over N. Each vector in W and each of

the vectors W, . .., W is bounded by ((k-++1)M +1)"; hence |W | and L are bounded by (14 ((k+1)M +1)")*.

X

Proof. Let &’ be the homogeneous system of Diophantine equations (A | —b) = 0, where y is a new

variable. The solutions of £ are evidently those of £’ in which y = 1 (with the final 1 projected out). Now divide
H(&') into sets of vectors W/, W” and W, according as the last element is 0, 1 or greater than 1, and enumerate

W' as w),...,w’. Thus, any solution of £ in which y = 1 has the form w{| + (W} + -+ + (LW, where
wj € W” and (1, ..., are non-negative integers. Now let W and w,, ..., w be the result of projecting out
the last components of all the vectors in W and w/, ..., w’, respectively. The final statement then follows
from Proposition 2.2. O

Note that the bounds in Corollary 2.3 imply the familiar fact that, if a system of Diophantine equations £
has a solution over N, then it has such a solution in which all values are bounded by 2r(I€1) | where pis a fixed
polynomial [23, Theorem 2], (see also [24]). This in turn implies that the problem of determining whether £ has
a solution is in NPTIME; indeed, the problem is easily seen to be NPTIME-complete.

In the sequel, we shall require a slightly sharper complexity bound when £ has many more variables than
equations. If g is a solution of £(w) over N, and w is a subset of the variables in w, we say that a has foorprint
w if all variables outside w are assigned the value O in a. The next result yields a bound on the cardinality of this
set.

Proposition 2.4 ( [25], Theorem 1(ii)) Let £ : Ax = b be a system of Diophantine equations with A
absolutely bounded by M and of dimensions r X k. If £ has a solution over N, then it has a solution over N with
Sootprint of size at most 2r log(4rM).

Strikingly, the bound obtained in Proposition 2.4 is independent both of the number of variables, k, and also
of the constant coefficients, b. This feature will figure crucially in the argument of Sec. 4.4 and Sec. 6.

2.3 Extended linear algebra

We write N* for the set of extended natural numbers, {0,1,2,...,Xy}. We interpret the arithmetic operations +
and - as well as the ordering < over N* as expected. Specifically: Ng+n = n+8y = Ry +RXg = Ny foralln € N;
Np-0=0-Ry=0,and Ry -n =n-Vy = Ng - Ny =Ry for all n € N with n > 0. The operations + and - are
associative and commutative, and satisfy the familiar distribution rule. We count X as positive. These definitions
allow us to use extended natural numbers to reason about (possibly infinite) countable sets in the natural way.
For brevity, we occasionally refer to tuples of values over N* as N*-vectors (and similarly for N-vectors). This
section shows how results on linear Diophantine equations in Sec. 2.2 can be adapted to the extended natural
numbers. Readers interested only in the finite satisfiability problem for C21E may skip this material, ignoring all
references to infinite values in the sequel.

When dealing with extended natural numbers, it is more convenient to present equations in a slightly different
form. A positive integer equation is an equation of the form a-w+b = f - w + g, where the variable coefficients
a, f are natural numbers, and the constant coefficients b, g are extended natural numbers. (We allow O as a
coefficient.) Note that we again suppress the word “linear” here, as it is simply assumed. A system &£ of positive
integer equations may thus be written in matrix form: Aw +b = Fw + g, where A, F are matrices over N
and b, g are N*-vectors. Typically, we are interested in solutions over N*. Notice that, in this case, systems
of positive integer equations cannot straightforwardly be re-written in the form Aw = b. For instance, the
single equation wy + we = w; has solutions (m,0) and (Xg, n), for m,n € N*; but the system ws = 0 has
only the solutions (m,0). We use the terms positive integer inequality and positive integer clause to generalize
Diophantine inequalities and Diophantine clauses in the obvious way.

We apply the notions of boundedness and footprints to the extended natural nubers as follows. A matrix or
vector of extended natural numbers is said to be finitely bounded by M if each of its finite entries is bounded by
M. (Thus, any infinite entries do not affect the bound.) Given a system & (w) of positive integer equations, having
some solution g over N*, we say that a has footprint w, where w is a subset of the variables in w, if all variables
outside w are assigned the value 0 in a. (Thus, infinite entries in the solution do contribute to the footprint.)
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6 I. Pratt-Hartmann: Counting and Equivalence

Suppose £(w) is a system of positive integer equations having solutions a, b over N*. By re-ordering variables
if necessary, write w = w’, w” where w’ is the tuple of variables that take finite values in both @ and b, and
w" is the tuple of variables that take infinite values in either @ or b. Now consider the system of equations
&' (w') C &(w) featuring only the variables w’ (i.e. all coefficients of variables in w” are 0) and no infinite
constant coefficients. Thus, £’(w’) is a system of Diophantine equations with a solution, say a’, over N; and it is
then obvious that setting all variables in w” to Xy yields a solution a’, R, of £. (The argument relies at this point
on the restriction of variable coefficients to N.) Applying this argument to exhaustion, there is a unique smallest
collection of variables w,, from w, such that, re-ordering variables if necessary and writing w = w,, w;, we see
that £(w) has a solution a, X, where g, is an N-vector and X, a tuple of Rgs. We call such a solution minimally
finite. Of course, the same argument applies when confining attention to solutions with a particular footprint. For
any subset w of the variables w, if there is a solution of £ over N* with footprint w, then we can speak of the
minimally finite solutions of £ with footprint w. Notice that what is unique about minimally finite solutions (with
a particular footprint) is the set of variables taking finite values: there may of course be more than one minimally
finite solution.

In Secs. 4.5 and 5.2 we shall have occasion to deal with equations, inequalities and clauses having infinite
variable coefficients. An extended integer equation is an equation of the forma-w + b = f - w + g, where all
coefficients are extended natural numbers. A system of such equations will again typically be written in matrix
form: Aw+b = Fw+ g where A, F are matrices over N*, and b, g are N*-vectors. We use the terms extended
integer inequality and extended integer clause in the expected way. Corollary 2.3 has the following consequence.

Corollary 2.5 Let £ be a system of r extended integer equations in k variables, with all coefficients finitely
bounded by M. If €& has a solution over N*, then £ has a solution over N* finitely bounded by
((2k + 1)M + 1)(r+k),

Proof. Suppose &(w,w,, w*) has a solution a, 0, X,, with all values in a finite and positive. Let &' C &
be the set of equations featuring no infinite terms in this solution (i.e. both sides of the equation are finite), and
let £T(w) be the result of removing all terms featuring the variables w, from &’. Let £”(w, z) be the set of
equations w = z + 1, where w is a variable in w, and z is a fresh variable. Thus, £” asserts that the vector w
has only positive entries, and (€T U £”)(w, z) is a system of at most r + &k Diophantine equations featuring at
most 2k variables with solution, say, a, b over N. Corollary 2.3 then ensures that (€7 U £”)(w, z) has a solution
a’, b’ bounded by ((2k + 1)M + 1)(T+k). But in that case, @', 0, X, is a solution of £, since both sides of every
equation in & \ &’ will evaluate to Ny. O

Extending the notion of footprint to solutions of systems of extended integer equations in the obvious way,
Proposition 2.4 has the following generalization.

Corollary 2.6 Let & be a system of r extended integer equations, with all variable coefficients finitely bounded
by M. If € has a solution over N*, then it has a solution over N* with footprint of size at most 2r log(4r M).

Proof. Take any solution a of £ over N*. For each equation in &, if both sides of that equation evaluate
to Ng, mark that equation, pick one infinite term on each side, and, if that term involves a variable, mark that
variable. Let £’ be the set of marked equations and &” the set of unmarked equations. Let w’ be the tuple of
marked variables and w” the tuple of unmarked variables (in some order). Now write w” = w, w™, w*, where
all variables in w, take value O in g, all variables in w™ take a positive, finite value in @, and all variables in
w* take value Ng in a. Write ¢ = d/, 0, Q+,ﬁ0 corresponding to the decomposition w = w’, wy, wt, w*. Let
r’ =|&’|. Thus, |E"| = (r — '), and w’ is of length at most 2¢'. If v’ = r, then @', 0, 0, 0 is evidently a solution
of £ with footprint of size at most 2r, and we are done. So we may assume r’ < r.

Notice that it is perfectly possible for £” to contain marked variables. (This might occur if, for example, some
equation in £’ involves a term Ngwy, where w; takes a finite, non-zero value in a.) Let us freeze these values.
Formally, let £ (w,, w",w*) be the result of fixing all values of the variables w’ in £” to the corresponding
values in a’. In fact, by construction of £”, we know that no variables w* occur in £’ (i.e. they have zero-
coefficients). Moreover, the variables w, do not contribute to the solution; so let £ (w™) be the result of
removing from £” all terms involving the variables in w,,. Thus, £ (w™) is a system of Diophantine equations
with solution @t over N. By Proposition 2.4, £ +(Q+) has a solution b over N with footprint of size at most
2(r — ") log(4(r — ") M). Tt follows that £ (w,, w, w*) has a solution 0, ™, 0 for tuples 0 of the appropriate
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length. But then a’, 0, Q+, 0 is a solution of &, since all equations in £ are trivially secured by the fixed values a’.

Clearly, this solution has footprint of size at most 21’ 4+ 2(r — ') log(4(r — ') M). O
We finish this section with an easy observation:
Lemma 2.7 Let £ be a system of extended integer equations, and wy), . . ., W, N*-vectors. The following are
equivalent:

(i) wy is a solution of £ and, for all ¢ (1 < { < L), w, + w, is a solution of &;

(@ii) forall (1, ...,Cr, € N*, wo + 1wy, ..., LWy, is a solution of £.

Proof. The implication (ii) = (i) is trivial. For the converse, suppose (i) holds, write £ as Az+b = Fz + g
and let (1, ..., (r, be extended natural numbers. We wish to establish the vector equation:

Aw+b+GAwW, + -+ (AW, =Fw+g+ GFw, + -+ (LFw,. 2

Consider the jth entry of this vector equation. If (Aw, + b)[j] = (Fw, + g)[j] is infinite, then the jth entry
of (2) is trivial. On the other hand, if (Aw,+b)[j] = (Fw,+g)[/] is finite, then (i) implies (Aw,)[j]= (Fw,)][j]
forall £ (1 < ¢ < L), from which the jth entry of (2) again follows. O

2.4 Combinatorics

The following fact will be used in Sec. 5.

Lemma 2.8 Let {V, }.cx be a finite family of disjoint (possibly infinite) sets, and let V = |
that:

wex V- Suppose

(i) |V | is either even or infinite;

Then the elements of V can be arranged in pairs so that no pair has both its elements from the same V.

@ii) forally € X,

We might express condition (i) of the lemma by saying that no set V}, contains an absolute majority of elements
in the family.

Proof. If any of the sets V;, is infinite, then, by (ii), at least two are, and the existence of the required pairing
is again immediate. Therefore, we may assume that V' is finite, and proceed by induction on |V|. If |V| = 0,
there is nothing to show. Otherwise, let y € X be such that |V| is largest, and choose u € Vj,. By (ii), there
exists z # y such that V, # (), so choose z such that |V, | is largest (for z € X \ {y}), and choose v € V,. Now
define the family {V, }.ex by setting V) = V;, \ {u}; V] =V, \ {v}; and V; = V. for any other x € X. Then
{V; }zex satisfies (i). To see that it also satisfies (ii), we observe that, if V] is strictly largest among the sets {V;/ },
then the result is immediate since [Vj| = [V, =1 < 3" v\ (3 Vel =1 =22, cx\ 4y [Val- So we may assume
that there exists some w € X \ {y, z} such that V, is largest among the sets V,: |V, | = |V,,| = |V,| = |V.| = F,
say. Now if & = 1, by (i), there exists z € X \ {y, z,w} with V] = V,, # () and it is immediate that V,, does not
have an absolute majority. And if k > 1, |V | = [V,| = [V, | = [Vj| + 1 < |V| + [V/], so that V,, again does
not have an absolute majority. By inductive hypothesis, the family {V}.c x has a pairing in which no pair has
both its elements from the same set V). Now add (u, v) to this pairing. O

The following lemma will be used in Sec. 4.5.

Lemma 2.9 Let (uy,...,uy,) and (vy,...,v,) be N-vectors such that y ., u; = > ., v;. The following
are equivalent:

(@) forallk (1 <k < n), up < Z#k Vi)

(b) there exists k (1 < k < n) such that: (i) Z?:_ll wi < i @) Mg wi < Zf:l viand
(i) up < S0 v S il

Copyright line will be provided by the publisher



8 I. Pratt-Hartmann: Counting and Equivalence

We might express condition (a) of the lemma by saying that no integer u; constitutes an absolute skew-majority.

Proof. Suppose (a)holds, and write S = Y, u; = >, v;. If n < 2, putting k = 1 evidently secures (b);
thus, we may assume that n > 2. From (a), u; < Z?:Q v;; 0 let k be the largest number (2 < k < n — 1) such
that 35 w; < 307, v;. This secures (i). If k < n — 1, then we have 327, u; > 320", | v; by the maximality
of k; and, using the fact that > w; = S — S0, wjand Y0, v, = S — Y0 vy, we certainly obtain
(ii). On the other hand, if &k = n — 1, then Z?: k41 Wi = Unp, so that (a) immediately implies (ii). Finally, the
inequality (iif) is likewise an immediate consequence of (a). Conversely, suppose (b) holds, and choose any ¢
(1 <4 < n). Then i is in one of the intervals [1, k — 1], [k + 1, n] or [k, k], so that one of the inequalities (i)—(ii)
certainly implies u; < >,/ i Vi, a8 required by (a). O

Lemma 2.9 guarantees that the n inequalities in (a), if true, are always ‘witnessed” by some value of k£ (1 <
k < n) satisfying the three inequalities in (b).

3 Local configurations in structures

In the sequel, we fix a normal-form C21E-formula . We use the symbols «, m, M}, 3}, throughout to refer to
the parts of ¢ as indicated in (1), and we aditionally define M to be the ceiling of . We denote the number of
symbols occurring in ¢ by ||¢|, it being understood that a counting subscript M}, contributes [log M}, | symbols.
In this section, we construct the basic apparatus required to describe certain local configurations in structures
interpreting the signature of . This apparatus, which is essentially the same as that presented in [5], will allow
us to characterize collections of elements in these structures using non-negative integer vectors, and thence to
apply techniques from integer linear programming to analyse them.

For technical reasons, we shall work with a signature featuring a number of unary predicates not occurring in
. Henceforth, let

Z = max(3mM + 1,(mM +1)* + 1). 3)

and fix ¥ to be the signature of ¢ together with (||| + 5[log Z]) additional unary predicates, which we shall
refer to as spare predicates. Since  is fixed in the sequel, we refer to any quantity bounded by p(||¢||), where p is

a fixed polynomial, as polynomially bounded, or simply polynomial. Likewise, quantities bounded by 2P(1#I) are

said to be (singly) exponentially bounded or (singly) exponential; and quantities bounded by 92" are said to

be doubly exponentially bounded or doubly exponential. Thus, || is polynomial, while M and Z are exponential.
The quantity Z will feature at various points in the sequel as a ‘moderately large’ number.

3.1 Basic definitions

A I-type is a maximal consistent set of literals over X involving only the variable z. Likewise, a 2-fype is a
maximal consistent set of literals over X involving only the variables x and y and containing the literal x # y.
Here, consistency is understood to take account of the requirement that F is interpreted as an equivalence: every
1-type contains the literal F(x, x); every 2-type contains E(x, x) and F(y, y); and every 2-type contains E(z, y)
if and only if it contains E(y,z). We denote by 7! the 2-type obtained by exchanging the variables = and y
in 7, and call 77! the inverse of 7. We denote by tp, () the 1-type obtained by removing from 7 any literals
containing y; and we denote by tp, (7) the 1-type obtained by first removing from 7 any literals containing x, and
then replacing all occurrences of y by z. Evidently, tp,(7) = tp, (77!). We equivocate freely between finite sets
of formulas and their conjunctions.

Let 2 be any structure interpreting X. If a € A, then there exists a unique 1-type () such that 2 |= 7[al; we
denote 7 by tp*[a]. If, in addition, b € A \ {a}, then there exists a unique 2-type 7(x, ) such that 2 |= [a, b];
we denote 7 by tp®[a, b]. Evidently, 7! = tp®[b, a; tp, (7) = tp*[a]; and tpy(7) = tp®[b]. If 7 is a 1-type, we
say that 7 is realized in 2 if there exists a € A with tp®[a] = 7. If 7 is a 2-type, we say that T is realized in 2 if
there exist distinct a, b € A with tp*[a, b] = 7.

We call a 2-type 7 galactic if it contains the atom E(x,y), and cosmic otherwise, i.e. if it contains the atom
—E(x,y). For any 2-type 7, 7 is galactic (cosmic) if and only if 7! is. Recalling the form (1) of , we call the
2-type T a ray-type if = 7 — 3, for some h (1 < h < m). If p is a ray-type such that p~! is also a ray-type,
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we say that p is invertible. A ray-type p is polarized if it is either non-invertible or if tp; (p) # tp,(p). It will be
convenient, in the sequel, to pair polarized, invertible, cosmic ray-types with their inverses: if p is a polarized,
invertible cosmic ray-type, we refer to the unordered pair (p, p~!) as a symmetrized cosmic ray-type. (We do
not require a corresponding notion for other sorts of ray-types.) If 7 is a 2-type such that neither 7 nor 7! is a
ray-type, we say that 7 is dark.

Informally, if tp®[a, b] = p is a ray-type, we speak of the ordered pair {a,b) as a ray of type p, and we are
invited to imagine that this ray is emitted by a and absorbed by b. If p is invertible, then b reciprocates with a
ray of type p~!. Accordingly, we refer to the 1-types tp, (p) and tp,(p) as the emission-type and absorption-type
of p, respectively. Polarized ray-types (galactic or cosmic) are thus ray-types which are either non-invertible or
whose emission and absorption types are distinct. If tp®[a, b] is dark, then neither element emits a ray that is
absorbed by the other. By inspection of (1), we see that, if 24 = ¢, and a € A, then a emits at least one ray. On
the other hand, a cannot emit more than M rays of any given type, and indeed cannot emit more than Mm rays
in total. The diagram in Fig. la illustrates a pair of elements @ and b in such a structure 2(, with the first sending
aray to the second.

Enumerate the 1-types as 7y, ...,77. Notice that the number of 1-types, I = 2/*I=1, is singly exponen-
tially bounded. We fix this enumeration for the remainder of this paper. Enumerate the polarized ray-types as
P1,---,psJ.- We may choose the enumeration so that the ray-types p1, ..., p2s are all galactic and invertible,
the ray-types p2+1,- .., psag are all galactic and non-invertible, the ray-types p4j+1, .- -, pgJ are all cosmic and
invertible, and the ray-types pgs+1, - - -, pgs are all cosmic and non-invertible, thus:

Pls- s PTsPI+1y- -3 P2T5 P2J415 -5 PATs P4T+1s - -+ P5T5 P5T+15 -5 P65 P6J+15- -5 P8T -
galactic, invertible galactic cosmic, invertible cosmic,
non-invertible non-invertible

We need not worry that there are more invertible than non-invertible ray-types: we can simply ‘pad out’ the latter
with unrealized dummy types. Notice that the quantity J (approximately one eighth the number of polarized
ray-types) is singly exponentially bounded. Since the rays in question are polarized, we certainly have p; # p;l
for all invertible ray-types p; (galactic or cosmic); hence we may unproblematically arrange the enumeration so
that pj_1 = pj4; forall jintheranges 1 < j < Jand4J +1 < 5 < 5J. It follows that the symmetrized cosmic
ray-types are exactly the pairs (pajj,pss4;), where 1 < j < J. We fix the enumeration p1, ..., ps; for the
remainder of this paper. The following notation will be used later in the paper for j in the range 1 < 57 < 2J. We
write:

L Jit+T if1<i<y
- J ifJ<j<2dJ.

Thus, for j in the range in question, p4y4; and p4 ;4 ;+ are mutually inverse cosmic ray-types, and j** = j.

3.2 Differentiation and polarization

Recall that X features (||¢|| + 5[log Z) spare unary predicates, not occurring in . We proceed to introduce a
class of X-structures in which the 1-type of each element encodes useful information about that element’s locality.
We show that we may without loss of generality restrict attention to such structures.

Say that a 3-structure 2 is polarized if no element sends an invertible ray to any other element with the same
1-type as itself—equivalently, if every ray in 2 is polarized. Likewise, say that 2( is 2-polarized if it is polarized,
and no element sends invertible rays to any two elements with the same 1-type as each other. A moment’s thought
shows that 2 is 2-polarized just in case no two elements with the same 1-type are joined by a chain of at most
two invertible rays—i.e. just in case, for all distinct a, b such that tp®[a] = tp®[b], the ray-type tp*[a, b] is not
invertible and, moreover, there exists no c, distinct from @ and b, such that tp®[a, ¢] and tp®[c, b] are invertible
ray-types.

Recalling the quantity Z defined in (3), say that a X-structure 2 is differentiated if, for every 1-type 7:

(i) for every equivalence class B of 2, 7 is realized either by at most one or by at least Z elements of B;
(if)  is realized either in at most one or in at least Z equivalence classes of 2.
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10 I. Pratt-Hartmann: Counting and Equivalence

Lemma 3.1 If ¢ has a model over some domain A, then o has a 2-polarized, differentiated model interpreting
3 over A.

Proof. Let 2 be a model of ¢ interpreting ¥. Without loss of generality, we can assume that all spare
predicates have empty extension in 2. We first construct a 2-polarized model 21’. Consider the graph (A, E),
where F is the set of pairs of distinct elements of A joined by a chain of one or two invertible rays:

E ={(a,b) € Ax A|a# band tp*[a, b] is an invertible ray-type}U
{(a,b) € A x A|a+#band, for some c € A\ {a,b},
tp®[a, c] and tp*[c, b] are invertible ray-types}.

This graph has degree at most (mM )2. Hence its vertices may be coloured using (mM)? + 1 colours in such a
way that no two vertices joined by an edge have the same colour. Now take [log((mM)? + 1)] < [log Z] spare
predicates, and re-interpret them so as to encode these colours in the obvious way. The resulting structure, 2, is
evidently 2-polarized.

We next construct a 2-polarized model 2(”, in which every 1-type is realized in every equivalence class either
at most once or at least Z times. Let B be an equivalence class of ', and suppose 7 is any 1-type realized in
A’ by at least two, and fewer than Z elements of B. Colour these elements with at most Z — 1 colours in such
a way that each has a different colour. Re-using the same colours, do the same for every 1-type in 2(’, and every
equivalence class. Colour any remaining elements uniformly with any colour. Take [log(Z — 1)| additional spare
predicates and re-interpret them so as to encode these colours, denoting the resulting structure by 21”. Evidently,
if B is an equivalence class, then every 1-type in 2 is realized either by at most one or by at least Z elements of
B. In addition, 21" is 2-polarized, since it was obtained from 21’ by further differentiating the realized 1-types.

We next construct a 2-polarized differentiated model 2"/, by modifying 2"’ so as to ensure that every 1-type is
realized in either at most one or in at least than Z equivalence classes. Since we assumed all spare predicates to
have empty extensions in 2, and re-interpreted at most 2[log Z of these to form 2", we know that 2" realizes
at most 2(/1#+21oe Z1) different 1-types. Let BB be the set of equivalence classes in 2l (equivalently, in 2”'), and,
for any 1-type 7 realized in 21", let B, be the set of those equivalence classes in which 7 is realized. We first
claim that there exists a subset B* of B with |B*| < 2(l#ll+2[leg Z1)) . (7 _ 1) such that, for every 1-type T, either
B, C B* or |B, \ B*| > Z. To see this, start with B* = @; if any  fails to satisfy the required condition, add all
the elements of B to B*, proceeding until there are no more 1-types to consider. This process must terminate in
at most 2(/1#ID+2M1°e Z1) rounds, in each of which at most (Z — 1) equivalence classes are added to B*. Having
obtained B*, take |B*| < 2(llel)+2Mlog 21) . (7 — 1) colours, and modify the structure 2"’ as follows. For each
equivalence class B € B*, pick a fresh colour, and colour all elements of B uniformly with that colour. Then pick
any colour (not necessarily fresh) and use it to colour all other elements of A uniformly. Encode these colours
using at most [log(2(I#I+2MeeZ1) . 77 = (||¢|| + 3[log Z]) additional spare predicates. Let the resulting
structure be 2", Since each equivalence class is coloured uniformly, the previous step in the construction is not
undone, whence 21"’ is differentiated. In addition, 2" is 2-polarized, since it was obtained from 2[” by further
differentiating the realized 1-types. The number of spare predicates required in the entire construction is at most
([log Z1) + ([log Z7) + (||l + 3[log Z]) = |||l + 5[log Z], so we do not run out. O

3.3 Coupling: galactic and cosmic

Fix 1-types 7 and 7/, not necessarily distinct. Recalling the form (1) of ¢, we see that the conjunct VaVy(z =
y V «) might force a pair of distinct elements realizing these 1-types to be joined by a (galactic or cosmic) ray-
type. This situation will careful treatment in the sequel, and we need a mechanism to describe it. Define 7 to be
the formula

(m(@) A7 (y) A alz,y) Aaly, ) =\ (Bu(z,y) V Buly, 2)) .
h=1

Informally, for pairs of distinct elements, y(x, y) expresses the condition that, if 2 and y have respective 1-types
7 and 7/, and are related in both directions by «, then one of them emits a ray absorbed by the other. We say
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that 7 and 7’ are galactically coupled, and write 7 £ 7', if = Va¥Vy(E(x,y) Az # y — 7); and we say that
and 7’ are cosmically coupled, and write 7 ~ 7', if = VaVy(=F(z,y) — ). Galactic and cosmic coupling are
important for the following reason. Suppose 2 |= ¢, and a, b are equivalent but distinct elements of A such that
tp%[a] = 7 and tp2[p] = 7. If 7 L 7/, then either tp*[a, b] or tp*[b, a] (possibly both) is a galactic ray-type.
Similarly, suppose a, b are non-equivalent elements of A such that tp*[a] = 7 and tp*[b] = 7. If 7 ~ 7/, then
either tp™[a, b] or tp®[b, a] (possibly both) is a cosmic ray-type.

A pair of 1-types that are both numerous in some equivalence class cannot be galactically coupled, with
corresponding remarks applying to cosmic coupling. This is shown in the next two lemmas.

Lemma 3.2 Suppose 2 |= ¢, and let B be any equivalence class of . If m and 7' are I-types both realized
at least Z times in B, then 7 and 7' are not galactically coupled.

Proof. Certainly, from (3), Z > mM (mM + 1) + 1. Suppose the conditions of the lemma hold, and let
D C Bbeaset of exactly mM + 1 elements with 1-type 7’. Mark every element of B which absorbs a (galactic)
ray emitted by any element of D. There can be at most mM (mM + 1) marked elements, so choose an unmarked
element a € B having 1-type w. Since a emits only mM galactic rays, there exists b € D such that neither
tp*[a, b] nor tp*[b, a] is a galactic ray-type. O

Lemma 3.3 Suppose A = ¢, and 7, 7' are I-types for which either of the following holds:
(i) = is realized in at least Z different equivalence classes of 2, and 7' is realized at least 7 times in 2U;

(ii) 7 is realized in some equivalence class B at least 7 times, and 7' is realized in some equivalence class B’
at least Z times, where B #+ B’.

Then 7 and 7' are not cosmically coupled.

Proof. From (3), Z > (mM +1)? + 1. For condition (i), take a collection D of exactly (mM + 1) elements
realizing 7/, and for each element b in this collection, mark the equivalence class of b, and mark every equivalence
class containing some element a such that tp®[b, a] is a cosmic ray-type. The total number of marked equivalence
classes is thus at most (mM + 1)2. Now choose an element a realizing , and lying in an umarked equivalence
class. Since a emits at most m.M cosmic rays, there exists b € D such that tp®[a, b] is a dark cosmic 2-type.

For condition (ii), take a collection D C B’ of exactly (mM + 1) elements realizing n’. For each b € D,
mark any element a of B such that tp®[b, a] is a cosmic ray-type. The number of marked elements is at most
mM (mM + 1), so choose some unmarked a € B with 1-type 7. Since a emits at most mM cosmic rays, there
exists b € D such that tp*[a, b] is a dark cosmic 2-type. O

3.4 Local finiteness and star-types

We now construct apparatus for describing the ‘local environment’ of elements in polarized structure interpreting
Y. A star-type is a pair 0 = (7, (v1,...,vs7)) Where 7 is a 1-type and the v; are cardinal numbers such that
v; # 0 implies tp, (p;) = 7 forall j (1 < j < 8J). We write tp(c) = 7 and, abusing our vector notation slightly,
o[j] = v;. To motivate this terminology, suppose 2l is a polarized structure interpreting ¥. For any a € A, we
define

st?[a] = (tp?[a), (v1,...,v87)), “4)

where v; = [{b € A : b # aand tp™[a,b] = p,}| forall j (1 < j < 8J). Evidently, st®[a] is a star-type. We
call st*[a] the star-type of a in A. If o = st®[a] for some a € A, we say o is realized in 2. We say that 2
is locally finite if for all @ € A and all j (1 < j < 8J), the number of rays of type p; emitted by a—i.e., the
quantity [{b € A : b # a and tp®[a,b] = p, }|—is finite. By inspection of (1), if 2 = ¢, then 2 is locally finite:
indeed, the quantities in question are all uniformly bounded by M. Thus, we will only ever need to deal with
locally finite structures in the sequel, and we will only ever encounter star-types with finite entries. Notice that
this applies even when 2/ is infinite.

It is often useful to regard a star-type o as a finite multiset over the list of polarized ray-types p1, ..., pss, with
multiplicities indicated by vy, ..., vgy. Accordingly, we speak informally of o emitting o[j] rays of type p;, for
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tp*[a] = tp; (p) tp®[b] = tpy(p)

(a) (b)

Fig. 1 Depiction of: (a) an element a sending a ray of type p to an element b in a structure 2; and (b) a star type
(m, (v1,v2,...,v87)), emitting v; rays of type p; forall j (1 < 7 < 8J).

all j (1 < 5 < 8J), as depicted in Fig. 1b. We remark in passing that, even in a locally finite structure, there is no
bound on the number of non-invertible rays absorbed by an element: indeed, it may be that an element absorbs a
ray emitted by every other element.

Later in the paper, it will be useful to consider a truncated form of star-types featuring only galactic rays. Re-
calling that p;,...,pss are the galactic polarized ray-types, we say that a galactic star-type is a pair
(m, (v1,...,vay)) where 7 is a 1-type and the v; are cardinal numbers such that v; > 0 implies tp, (p,;) = = for
all j (1 < j < 4J). If 2 is a structure interpreting 3, and a € A, define

st?[a] = (tp?[a), (v1,...,v47)), Q)

where the v; are as in (4). We call st®[a] the galactic star-type of a in 2. Evidently, st?[a] is a galactic star-type.
Galactic star-types are simply projections of star-types in which cosmic rays are ignored. They will not be used
until Sec. 5. Again, if 2 is locally finite, all values occurring in the realized galactic star-types in 2l will be finite.

A star-type o = (tp*[a], (v1,...,vss)) is 2-polarized if it does not emit two invertible rays (galactic or
cosmic) with the same absorption-type as each other—that is to say, if, for every 1-type 7,

D {vj 1< <2 tpy(py) =7h+ > {v; 14 <j<6J, tpy(p;) =7} < 1.

A polarized structure interpreting Y is thus 2-polarized if and only if every star-type it realizes is 2-polarized.

Recalling the form (1) of ¢, we say that a 2-type 7 is compatible with ¢ if = 7 — (a(x,y) A aly, x)).
(Remember that 7 by definition contains the literal x # y.) Evidently, in any model of ¢, all realized 2-types are
compatible with . Similarly, we say that a star-type o is compatible with o if:

() forall j (1 <j <8J),ifo[j] > 0, then p; is compatible with ¢; and
@) forallh (1 <h<m),> {olj] |1 <j<8J, E=p; = Bn} =M.

Informally, o is compatible with ¢ if it emits no rays forbidden by the conjunct VaVy(x = y V «), and emits the

right numbers of rays required by the conjuncts Yx3_,1y(8r A« # ). Evidently, if 2( is a polarized structure

interpreting ¥, then 2 |= ¢ if and only if every star-type and every dark 2-type realized in 2 is compatible with

. Finally, we observe that, if o is compatible with ¢, then o[j] < M for all j (1 < j < 8J). It follows that the

number of star-types compatible with ¢ is at most (M + 1)”—i.e., is doubly exponentially bounded.
Henceforth, we silently assume all star-types to have finite entries.

4 From models to certificates

In this section, we suppose that the C21E-formula ¢ given in (1) has a 2-polarized, differentiated model 2 inter-
preting the signature ¥, featuring (|||l + 5log Z) spare predicates. By the Léwenheim-Skolem-Tarski theorem,
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we may assume without loss of generality that 2/ is finite or countably infinite. Moreover, since 2l = ¢, 2 is
locally finite. Our aim is to construct a certificate for , namely, a data structure satisfying certain conditions
that depend only on ¢ (and not on 2(). In Sec. 5, we show that the existence of such a certificate constitutes a
guarantee that ¢ is satisfiable, and in Sec. 6 we show that this certificate may be assumed to be of size bounded by
an exponential function of ||¢||. This suffices to prove that the satisfiability problem for C?1E is in NEXPTIME.
In the course of the argument, we further show that, if 2{ is finite, the certificate obtained satisfies some simple
additional conditions, and that, conversely, the existence of a certificate satisfying these additional conditions
constitutes a guarantee that ¢ is finitely satisfiable. This suffices to prove that the finite satisfiability problem for
C?1E is in NEXPTIME.

4.1 Numerical characterizations

Let us first enumerate the star-types realized in 2{ as o1, ..., 0x; we fix this enumeration for the remainder of
Sec. 4. Unlike the enumerations {m; }1 and {p, }}”, the enumeration {0} } & depends on 2. However, the number
of 2-polarized star-types compatible with ¢ is doubly exponentially bounded as a function of ||(¢)||; and so,
therefore, is K.

The following notion provides the fundamental numerical characterization of subsets of 2l used in this paper.
Let A’ C A; define the profile of A’ to be the N*-vector

pr[A] =(wy, ..., wk),

where wy, = [{a € A’ : st¥[a] = o} }| forall k (1 < k < K). The profile of A’ thus lists the numbers of each
star-type realized in A’. While it does not tell us how these elements are connected to each other (or to elements
outside A’), it nevertheless gives us relatively detailed information about A’ as a whole. It is easy to see that A’
is finite if and only if pr®[A’] is—i.e. is an N-vector. Of primary interest in the sequel will be the case where A’
is an equivalence class or a union of equivalence classes.

In a similar vein, we define the cosmic spectrum (or c-spectrum) of A’ to be the N*-vector

es¥[A] = (u, ..., uzy),

where u; = |{(a,b) € A’ x A : b # aandtp®[a,b] = pasi;}| forall j (1 < j < 2J). The c-spectrum of A’
thus lists the total number of rays of each invertible cosmic type emitted by elements of A’. If A’ is finite, then
cs¥ [A’] is finite; however, the converse implication does not hold, as elements may emit no cosmic rays at all.
The definition of cs®[A’] takes no account of whether the rays involved are absorbed by other elements of A’ or
by elements outside A’: all that matters is that the rays should be emitted by elements of A’. We may think of the
c-spectrum of A’ as a more laconic version of its profile. In particular, while the length of the vector pr®[A’] is
doubly exponentially bounded (as a function of ||¢||), the length of cs®[A’] is singly exponentially bounded.

The following notation will be useful in the sequel. Define the integer array U, of dimensions (2J x K), as
follows:

Ulj, k] = ox[4J + j] (1<j<2J,1<k<K). (6)
for any A’ C A the following equations relate the c-spectrum of A’ to its profile:

cs¥[A'] = U - pr[4).
Note that this equation holds even when A’ is infinite.

4.2 Special and ordinary elements

Recall that the model 2 is, by hypothesis, differentiated. For all ¢ (1 < 7 < I), execute the following procedure.
If m; is realized in at least Z equivalence classes of 2, select Z of those equivalence classes. If, on the other hand,
m; is realized in just one equivalence class B, select B, and if, in addition, 7; is realized by exactly one element
a of B (and hence by exactly one element in the whole of 20), also select every equivalence class B’ containing
any b such that tp*[a, b] is a cosmic ray-type. Call an equivalence class special if it is selected in this process.
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14 I. Pratt-Hartmann: Counting and Equivalence

Thus, a special equivalence class is one which realizes a 1-type not realized outside that equivalence class, or
which absorbs a cosmic ray emitted by an element whose 1-type is realized uniquely, or which has simply been
chosen as one of Z equivalence classes in which some 1-type is realized. An equivalence-class that is not special
is ordinary, and an element is special (ordinary) if its equivalence class is. Let AT be the set of special elements,
and A* the set of ordinary elements. Thus, A = ATUA* and AT # (). Both AT and A* are unions of equivalence
classes.

Enumerate the special equivalence classes as B, ..., BS. Thus,1 < G < IZ+I(1+mM),i.e. G is (positive
and) singly exponentially bounded. Define Z = {i | m; is realized exactly once in A}. Foralli (1 < i < I) define
G, = {9 € [1,G] | m; is realized at least once in B9}. Thus, Z and the G; are all exponentially bounded. Now
consider the following sets of statements:

(1G] < Dor (iG] 2 2) | 1<i<T) ®)
{G; is a singleton | i € 7} (B2)
{(Gi =0) or (Gir = 0) or (G; = Gy and |G| = 1) | 4,i" € [1, 1]\ Z, m; ~ my}. (Bs)

We write B = B; U By U Bs.

Lemma 4.1 All the statements in B are true.

Proof. The statements in 3; and 35 are immediate by the construction of the sets G; and Z and the fact that
2 is differentiated. For Bs, fix ¢ and ¢/, and suppose that 7; and 7;/ are c-coupled 1-types with 7,7’ ¢ Z. Thus,
if the first two disjuncts are false, then m; and 7; are each realized in 2[ more than once, and hence, since 2l is
differentiated, at least Z times. In that case, suppose first that 7; is realized in more than one equivalence class
of 2. Since 2 is differentiated, m; is realized in at least Z equivalence classes of 2{. By Lemma 3.3(i), then, 7;
and 7} are not c-coupled—a contradiction. If 7;/ is realized in more than one equivalence class of 2, the same
argument applies exchanging ¢ and i’. So we may assume that 7; is realized (at least Z times) in a single special
equivalence class B9 and 7,/ is realized (at least Z times) in a single special equivalence class BY'. Since 7; and
7y are c-coupled, Lemma 3.3(ii) implies that g = ¢’, and the third disjunct holds as required. O

The set Z and the collection of sets G; will form part of the certificate for o, which we assemble in Sec. 4.6.
The statements B will feature among the conditions to which certificates are subject. Note that the bounds given
above on G, 7 and the G; apply to any 2-polarized, differentiated model I, finite or infinite.

4.3 Equivalence classes

Let us remind ourselves that our goal in this section is to construct a certificate guaranteeing the (finite) satisfia-
bility of 2. Our strategy will be to tackle the equivalence classes one at a time. Within each equivalence class,
say B, the equivalence relation referred to in ¢ simply becomes the total relation. Thus, we can think of B as a
model of a modified version of ¢ in which E does not feature, so that we are, in effect, dealing with the logic C 2,
This observation allows us to characterize single equivalence classes by adapting the linear-programming-based
approach used in [5] to show that the (finite) satisfiability problem for C? is in NEXPTIME. Two main technical
hurdles need to be overcome in order to extend this analysis to an algorithm for deciding (finite) satisfiability in
C21E. First, there is no bound on the number of equivalence classes in 21, so that we cannot, for example, simply
assemble a collection of separate linear integer programming problems corresponding to the different equivalence
classes. Second, we need to take into account the constraints which ¢ imposes on the cosmic 2-types. The first
of these hurdles will be overcome in Sec. 4.4; the second, in Sec. 4.5. For the present, we confine ourselves to
the analysis of individual equivalence classes.

Recall the enumeration of the 1-types 71, ..., 7, polarized ray-types p1, ..., pgs and star-types o1, ...,0x.
We define the following integer constants forall ¢, jand k (1 <: < I,1<j<2J,1 <k <K):

- J1 iftp(og) = mi;
Pik = 0 otherwise.

tj.k =ox[j]-
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Thus, the equation p; ;, = 1 states that any element with star-type oy, has 1-type m;, while t; , gives the number
of rays of (invertible galactic) type p; emitted by any element having star-type o.

In a similar vein, for all 4, §, k in the above ranges, all ¢/ (1 <4’ < I),and all ¢, d (1 < ¢,d < mM + 1), we
define the following integer constants:

. 1 iftp(oy) =mand Y {ox[j] |1 < j <4J and tpy(p;) =} > ¢
O,/ =
LYk 0 otherwise.

of . — 1 iftp(oy) = m and > {ox[j] | 2J < j < 4J and tpy(p;) = 7wy } = 0;
HF 10 otherwise.

Q. = 1 iftp(oy) = m and > {ox[j] | 4J < j < 8J and tpy(p;) = msr } > d;
B0 0 otherwise.

. 1 iftp(oy) =m; and > {orlj] | 6J < j < 8J and tp,(p;) =i} =0
Qi k= {O .
otherwise.

Thus, of ;, , = 1 states that any element with star-type oy, has 1-type m; and emits at least ¢ galactic rays
(invertible or non-invertible) that are absorbed by elements with 1-type m;/; and o] ;, , = 1 states that any element
with star-type o has 1-type 7; and emits no non-invertible galactic rays that are absorbed by elements with 1-
type m;s. The corresponding equations involving the constants qi i and g ;. are interpreted analogously, but
with “galactic ray” replaced by “cosmic ray”.

For convenience, we collect those constants with indices differing only in the value of k£ (1 < k < K) into
vectors of length K, thus:

P, = (Pi1,-- - Pik) t= (1, t5K)
c _ c c d _ d d
Q; i1 = (Oi,i',p . 701',1",1() 9., = (qi,i’,la . 7qi7i’,K)
* _ * * * _ * *
Q; i = (Oi,z‘/,p e 7Oi,i/,K) gm, = (qi,i/,lv e 7qi,¢/,K)~
Let w = (wy,...,wk) be an N*-vector. Informally, we may think of the values of these variables as the

profile of some equivalence class in 2[. Consider the following sets of positive integer clauses:

{tjw=ty; w[1<j<J} ()]
{(p,w<)V(p,-w>2)[1<i<TI} (C3)
{(Bi w>c)\/(g§,’i-Q:0)|1§i,i’§],c:1,2} (&)
{(p, w>1)V (0§, w=0)V(0,, - w>c)|1<ii <I, 1<c<mM} (&)
{p, w=0)V (0}, w<c)V(of; w>1)|1<ii" <], T Ay, e <mM + 1} (&)
{p,-w<1)|iel} (&)
{df, , w=0)]ieZ 1< <I} (%)
{q;, w=0)]1<ii <I,G; =0} (&9

{(p, w<)V(p, w<1)[1<i,i <I, m Ly} (@3]

We write C° = CY U --- U CJ. Notice that |C°|—that is, the number of clauses in C°—is singly exponentially
bounded, whereas the number K of variables in C° is doubly exponentially bounded.

Lemma 4.2 Suppose B is an equivalence class of 2. Then pr®|B] satisfies C°(w).
We remark that, although all coefficients (variable or constant) mentioned in C° are finite, the solution pr®[B]
need not be. Similar remarks apply to Lemmas 4.3 and 4.4.

Proof. We write w for pr®[B], and consider the sets of clauses C?, ..., CJ in turn.
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16 I. Pratt-Hartmann: Counting and Equivalence

CY: The expression t ; - w gives the total number of invertible galactic rays of type p; emitted by elements of

B. The expression t ;, ; - w gives the total number of invertible galactic rays of type p;1; = p;1 emitted
by elements of B. Since B is an equivalence class, these must be equal.

C9: The expression P, w gives the total number of elements of B having 1-type ;. The statement then follows
from the fact that 2 is differentiated.

CY: 1If there are fewer than c elements in B of 1-type m;, then no element of B (having any 1-type 7;/) emits ¢
or more galactic rays that are absorbed by elements whose 1-type is 7;.

CY: If a € B emits a galactic ray that is absorbed by b € B, then b emits no non-invertible, galactic ray that
is absorbed by a. Hence, if a is in addition the unique element of B with 1-type 7;, then b emits no non-
invertible, galactic ray absorbed by any element whose 1-type is 7;. Therefore, if a in fact emits at least ¢
rays that are absorbed by elements having 1-type m;/, there must exist at least c elements of B having 1-type
m;» and emitting no non-invertible, galactic ray absorbed by any element whose 1-type is ;.

C%: If a € B has l-type 7;, and b € B has 1-type 7;/, where 7; and ;s are galactically coupled, then either
a emits a ray absorbed by b, or b emits a non-invertible ray absorbed by a. Hence, if there is at least one
element a € B having 1-type 7;, and at least c elements of B having 1-type ;s that emit no non-invertible,
galactic ray absorbed by any element of 1-type m; (and hence by a), then a emits at least ¢ galactic rays
absorbed by elements of type ;.

CQ: 1f the 1-type T; is realized exactly once in 2, then it is realized at most once in any equivalence class.

CY: If the 1-type m; is realized exactly once in 2, then no element of B emits two or more cosmic rays absorbed
by elements of type ;.

CY: If the 1-type 7; is not realized in 2, then no element of B emits any cosmic rays absorbed by elements of
type ;.

C3: If m; and 7 are galactically coupled, then, by Lemma 3.2, these 1-types cannot both be realized at least Z
times in B. Since 2 is differentiated, one of them is realized at most once.

O

Focussing specifically on the ordinary equivalence classes of 2, consider the following sets of positive integer
equations:

{p, w=0]1<i<I |G| <1} o

{q , w=0]ieZ 1<i'<I, T~ i} (&)

We write C* = C° U C; U C3. Again, we see that |C*| is singly exponentially s bounded.
Lemma 4.3 Suppose B is an ordinary equivalence class of 2. Then pr®|B] satisfies C* (w).

Proof. We write w for pr®[B]. The constraints in C° are dealt with by Lemma 4.2. We consider the sets of
clauses Cj and C3 in turn.

Cy: If m, is realized in at most one special equivalence class, then it is not realized in any ordinary equivalence
class, since Z > 1.

C3: Suppose 7; is realized exactly once in 2, say by the element a. By definition, no ordinary element absorbs
a ray emitted by a. Hence, if b is an ordinary element, of 1-type m;/, such that 7; and m;; are c-coupled, b
must emit a non-invertible ray absorbed by a. Hence B cannot contain an element of 1-type 7,/ that emits
no cosmic ray absorbed by any element of type ;.

O
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Turning now to the special equivalence classes of 2, namely, B',..., B¢, let w9 be a K-tuple of fresh
variables for all g (1 < g < (). We may think of the values of these variables as the profile of BY in 2(. Write 1
for the vector (1,...,1) of length K. For any g, consider the following sets of positive integer clauses:

{p, w=0[1<i<Tandg¢G} ()
{p,-w?!>1|1<i<Tlandge€ G} (&9)
{p, w>2[1<i<I G ={g}andi¢I} (&9)
{1 -w? >1} (&9,
{a), w=0|1<ii <1 G ={g}} (&)
h#g
(@, - w' =0 Y &, u'zd|ieZ Gi={g} 1<V <L d<mM (%)
’ 1<h<G
h#g
(gji, cw? > 1)V Z g;‘,i~wh <d|1<i, i <I,g€Gi,m ~mp,d<mM+13. (CJ)
’ 1<h<G
We remark that C{—C¢ involve only the variables w?; by contrast, C§ and C¢ involve all the variables w?, . .., w®.

Forall g (1 < g < G), we write CI = Cf U---u C?; again, |CY] is singly exponentially bounded.
Lemma 4.4 Forall g (1 < g < G), the (KG)-tuple pr®[BY], ..., pr®[BY] satisfies CI(w', ..., w%).

Proof. Forall g (1 < g < G), we write w? for pri)1 [BY]. As we observed in the proof of Lemma 4.2, p;- w9
gives the number of elements in BY realizing the 1-type ;. Similarly, the expression Z{gjl ‘w1 <h<
G, h # g} gives the number of elements in special equivalence classes other than BY having 1-type 7;/, and
emitting no non-invertible, cosmic ray absorbed by any element whose 1-type is 7;. Fixing g, we consider the
sets of clauses C{, ..., C? in turn.

C{: If g € G;, then m; is not realized in BY.

C3: If g € G;, then m; is realized in BY.

Ci: If G; = {g}, but i & Z, then m; is realized in BY, but not uniquely.
C{: BY is non-empty.

CJ: If G, = {g}, then ; is realized only in BY, and so no element of BY (of any 1-type 7;/) emits a cosmic

ray absorbed by an element of 1-type ;.

CZ: If a € BY emits a cosmic ray that is absorbed by an element b of a special equivalence class B" (where
h # g), then b emits no non-invertible cosmic ray that is absorbed by a. Hence, if a is in addition the unique
element realizing the 1-type m;, then b emits no non-invertible, cosmic ray absorbed by any element whose
1-type is ;. Therefore, if a in fact emits at least d cosmic rays to be absorbed by elements having 1-type 7,/
(with these elements being special, by definition), there must exist at least d elements in the various special
equivalence classes other than B9 having 1-type «’ and emitting no non-invertible, cosmic ray absorbed by
any element whose 1-type is 7;.

C3: Let m; and ;s be cosmically coupled, and suppose g € G;. Pick a € BY with 1-type 7;. If b is an element
of a special equivalence class B" (h # g), having 1-type m;/, then either a emits a cosmic ray absorbed
by b, or b emits a non-invertible cosmic ray absorbed by a. Hence, if a emits fewer than d cosmic rays
absorbed by elements of type m;/, then there must be fewer than d elements in special equivalence classes
other than BY having 1-type m; that emit no non-invertible, cosmic ray absorbed by a, and hence fewer
than d elements in special equivalence classes other than B9 having 1-type 7,/ that emit no non-invertible,
cosmic ray absorbed by any element of 1-type ;.

O
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18 I. Pratt-Hartmann: Counting and Equivalence

Writing w' to denote the (K G)-tuple w', . .., w®, define the set of positive integer clauses CT to be
G
ctwh) = U (Co(y") UC”(MT)) )
g=1

The tuple (K G)-tuple pr®[B'], ..., pr®[BY] will form part of the certificate for ¢, which we assemble in
Sec. 4.6. The positive integer clauses C'(w') will feature among the conditions to which certificates are sub-
ject. The positive integer clauses C*(w), by contrast, will feature only implicitly in these conditions, as part of
additional machinery constructed in Secs. 4.4-4.5.

4.4 Clusters

We now group the equivalence classes of 2l into larger units, called clusters. The number of clusters will be
bounded as a (doubly exponential) function of ||¢||; the number of equivalence classes within each cluster, by
contrast, will not be bounded a priori. However, within each cluster, any equivalence class will be characterized
by a linear combination of a fixed set of constant N*-vectors (N-vectors in case 2 is finite). These vectors will
form a part of the certificate for ¢, which we assemble in Sec. 4.6. We remind the reader of the notions of profile
and c-spectrum, established in Sec. 4.1, as well as the matrix U relating them, and defined in (6).

We first consider the special elements AT = B'U---UB%. Here, clustering is degenerate: we define a special
cluster to be a special equivalence class, and we list the special clusters as C', ..., C%, where C9 = B9 for all
g (1 < g < G). This completes the definition of the special clusters of 2.

Now let us turn to the ordinary elements of 2, namely the set A* = A\ A. The argument here is rather
intricate, and so we break it up into three stages.

Hyper-clusters

Lemma 4.3 states that the profile of any ordinary equivalence class satisfies the clauses C*(w). Now replace any
clause in C* by one of its disjuncts, so that a mixed system of positive integer equations and inequalities results.
Enumerate the systems obtained in this way as Qy, ..., Q;. Thus 3 is doubly exponentially bounded. For each
z (1 <z <), let E, denote the set of those ordinary equivalence classes B such that z is the smallest integer
for which pr®[B] satisfies Q.; and let E, = |JE.. Discarding any empty F, and re-numbering if necessary,
we ensure that Iy, ..., F; is a partition of A*. We call any set E, a hyper-cluster. Thus, the hyper-cluster I,
is a union of equivalence classes all of which have profiles satisfying Q.. Hyper-clusters are by construction
non-empty: if A* = (), we have 3 = 0, i.e. there are no hyper-clusters at all. By adding slack variables to w, each
Q. can be written as a system of positive integer equations

(c/‘z : AzM"‘ bz = sz+gz' @)

We may take the dimensions of all the matrices A, and F, tobe Rx K*, where R = |C*|and K < K* < K+R.
Thus, R is singly exponential in ||¢||, and K* doubly exponential. We remark that w features at most R slack
variables.

Super-clusters

Fixing some value z (1 < z < j3), consider any equivalence class B C E,. Thus, pr‘*’1 [B], together with
appropriate values for slack variables, yields an N*-vector satisfying (7). Recall now the matrix U defined in (6),
so that we have U-pr®[B] = cs®[B]. By adding extra columns of zeros to U to accommodate the slack variables,
we see that prQl [B] (together with the chosen values for slack variables) satisfies not only (7), but also:

Uuw = cs¥[B]. (®)

Observe that the total number of equations in the combined system (7)—(8) is R 4+ 2.J. This system has a solution
pr®[B] over N* (over N if 2 is finite), and, by inspection of C* and U, its variable coefficients are bounded by
Mm + 1. Writing

Ko =2(R+2J)log(4(R + 2J)(Mm + 1)),
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Corollary 2.6 guarantees that (7) and (8) have a solution over N* in which at most K values are non-zero—
i.e. with footprint of cardinality at most K. Indeed, if 2l is finite, Proposition 2.4 guarantees that (7) and (8) have a
solution over N with footprint of cardinality at most K. Observe that K|, is singly exponentially bounded. Notice
that it is crucial here that the bound returned by Corollary 2.6 (Proposition 2.4) is independent of the constant
coefficients in the system of equations to which it applies; indeed, equations (8) involve constant coefficients in
cs®[B] on which there is no a priori bound.

Continuing to fix z, list all subsets of the set of variables {w1,...,wx} of size at most Ky as wi, ..., wy.
Thus, vy is doubly exponentially bounded. For all y (1 < y < v), let D, . be the set of equivalence classes
B C E, for which y is the smallest number such that (7) and (8) have a solution with footprint w,; and let
D, . = JD, .. Discarding any empty D, , (notice that this depends on z) and re-numbering if necessary, we
may assume that each D, . is non-empty, whence the sets D1 ., ..., Dy(.) . partition E, where y(z) < 1v. We
call any such set D, . a super-cluster. Thus, if B is an equivalence class included in D, ., then the system
of equations (7) and (8) have a solution with footprint, say, w, . of cardinality at most Ky. We remark that,
while pr®[B] (together with appropriate values for slack variables) is a solution of (7) and (8), it might not have
footprint wy ..

Fixing also the value y (1 < y < n(2)), let &, . be the result of ignoring all terms in &, involving variables
outside the footprint w, .. Thus, &, . is a system of positive integer equations involving at most K variables,
with all coefficients bounded by Mm + 1. (Remember: £, does not include the equations (8).) We now establish
the following: there exist a set of N*-vectors, W and a list of N-vectors w, ... w such that, for any equivalence

class B C D, ., there exists a vector in the set

{wo+Gw, +---+Cwy | wyg € Wand (..., € N}

satisfying (7) and (8). Moreover, for all w, € W and all ¢ (1 < ¢ < L), both w, and w, + w, are solutions
(over N*¥) of the system of equations &, given in (7). In addition, the N*-vectors W¥# are doubly exponentially
finitely bounded and the N-vectors w; doubly exponentially bounded. Finally, 2 is finite, no infinite values
occur: i.e., W¥ 7 is a set of doubly exponentially bounded N-vectors.

We deal first with the case where 2 is finite, since it involves less clutter. Since &, . has a solution over N,
Corollary 2.3 guarantees the existence of a set of N-vectors, W¥* and a list of N-vectors w¥"*, ... w%'* such that
the set of solutions of (7) over N with footprint w,, . is exactly

{wo+Gwi*+ -+ Wy | wy € W¥?and (4,..., ¢ € N}

In particular, for any equivalence class B C D, ., there exists a vector in this set satisfying (7) and (8). Note
that we take vectors w,, wi*, ..., w%”* here to have the same length as w, it being understood that all entries
corresponding to variables lying outside the footprint w, . are zero. All these vectors are non-negative and
bounded by ((Ko + 1)(Mm + 1) + 1)i+2/)_j e are doubly exponentially bounded. It follows that [W¥?|
and L are bounded by (1 + ((Ko + 1)(Mm + 1) + 1)(F+27))Ko__again, doubly exponentially. It immediately
follows from the above observations that, for all w, € W and all £ (1 < ¢ < L), both w;, and w, + w, are
solutions (over N) of the system of Diophantine equations £, given in (7).

Now consider the case where 2 is infinite, so that the combined system of positive integer equations (7)—(8)
has a solution over N* with footprint w, .. Recalling the discussion of minimally finite solutions from Sec. 2.3,
let us identify the collection of variables w, , taking finite values in any minimally finite solution with footprint
wy,z, and let us take £, to be the result of ignoring all those equations in &, . which involve no infinite terms
in any minimally finite solutions (i.e., have no infinite constant coefficients and no non-zero coefficients of any
variables outside w, ). Let us write &, as A, . w™ +b, ., = F, w™ + g, .- Thus, &, , is a system of
Diophantine equations with a solution over N, and by exactly the same reasoning as in the finite case, there exist
a set of N-vectors, W™ and a list of N-vectors w;, ... w/ , all doubly exponentially bounded, such that the set
of solutions of £, over N is exactly

{wg +Gwy +--+Cw, |wyg € Wand (y,...,(, € N}

Notice that, in this case we must have, forall / (1 < ¢ < L), A;’ W, = F; W, . We now provide values to the
remaining variables as expected: we give all entries in the vectors W corresponding to variables of w,, . \ w,,

Copyright line will be provided by the publisher



20 I. Pratt-Hartmann: Counting and Equivalence

cl C? [0S CG+1 CcH
G+1 H
B& BS BSJ BOG'H BC(G)_1 Béf BC(H)_1
< > < >
Special clusters Ordinary clusters

Fig. 2 The organization of equivalence classes into clusters (finite case).

the value Ny, and all entries corresponding to variables outside w,, . the value 0; and we give all entries in the w,
corresponding to variables outside w,, the value 0. That is, we let W = {(w;,®,0) | w, € W'}, and we let
w, = (w,,0,0) forall ¢ (1 < ¢ < L). It is immediate that W and the w, have the properties claimed above.

Ordinary clusters

Continuing to fix z and y, let us enumerate W¥* as wi*, . w7 \where r(y, z) = [W¥*|. For all
z (1 <z <i(yz), let Cyy ., be the set of equivalence classes B C D, , such that x is the smallest value
for which there exists a vector of the form wy'¥* + (i w¥* + -+ + (L w?” satisfying (7) and (8); and let
Coy.» = UCy .- Again, by discarding any empty C, ,, . and re-numbering if necessary, we may assume that
the C1 y -, ..., Cy(z,y),y,- Partition D, .. We call any set Cy , . an ordinary cluster. For notational convenience,
we define, for each z (1 < z < ¢(y,z)) andeach ¢ (1 < ¢ < L), w,"¥"* = w{'®. (That is: when ¢ > 1, we
allow ourselves to add redundant z-superscripts to w*.) It follows that, if B is an equivalence class included in
C,»,y, then there exists a vector of the form

x,Y,z x,Y,z x,Y,z
wo T+ QW A w0

where (q,...,(r € N, satisfying (7) and (8). We remind ourselves at this point that the only infinite values

occurring in this expression are in the vectors ﬂg’y’z; and if 2 is finite, there are no infinite values at all.

Almost there. Let us say that a cluster is a special cluster or ordinary cluster; let us enumerate the ordinary
clusters Cp - (1 <2< 3,1 <y <n(z),1 <z <1y, 2) as CE+1 .., CH; and let us re-index the vectors
w,""% as ﬂ? in a corresponding fashion. In addition, if A (G < h < H) is the new index corresponding to the
triple (x,y, z), we write Q" = Q. and £" = &£.. In this way, the sequence C',..., C%, C%*l .. CH enu-
merates all the clusters of 2A, with the special clusters first. Forall h (G < h < H)andall ¢ (1 < ¢ < L), ﬂg
and wh + EZ are solutions of £". Furthermore, if B is an equivalence class included in the ordinary cluster C*

(G < h < H), then there exists an N*-vector
w=wh+Gwi + -+ Cwh, ©

satisfying £ together with the equations Uw = cs®[B]. If 2 is finite, w is an N-vector. This completes the
definition of the clusters of (. Observe that the total number of clusters, H, is doubly exponentially bounded.

Forallh (1 < h < H),let c(h) be the number of equivalence classes included in C”, and list these equivalence
classes as B" (0 < s < ¢(h)). Note that we allow the possibility that ¢(h) may be R; of course, if 2 is finite, then
c¢(h) is finite. Remember also that each special cluster consists of a single (special) equivalence class; thus, for
1< g < G,wehave ¢(g) = 1and Bg = BY. The resulting arrangement of clusters is shown, for the case where
2 is finite, in Fig. 2; if 2 is infinite, an ordinary cluster C* may contain X equivalence classes BY, B}, ..., but
the picture is essentially the same.

Copyright line will be provided by the publisher



mlq header will be provided by the publisher 21

Ch

Fig. 3 The modular structure of c-spectra of equivalence classes (depicted as small rectangles) in the ordinary cluster C":

each ‘core’ (depicted as a circle) has c-spectrum ul; each ‘peripheral constellation’ has c-spectrum u? (1 < £ < L, with ¢
indicated by the shading).

Summary

Having decomposed 2 into special clusters C*, ..., C% and ordinary clusters C“+1, ... C* let us summarize
what we know about the latter. For notational convenience, we define the N*-vectors

u; = Uw} (10)

forall h (G < h < H)and ¢ (0 < ¢ < L). Again, if 2 is finite, these will be N-vectors. For any value A in this
range, the following has been established.

(i) The cluster C" is a union of equivalence classes, and for each of these equivalence classes, B, there exist
non-negative integers (1, . . .,z (depending on B) such that, by (8), (9) and (10),

cs®[B] =uf + Quf + -+ + (Luf. (11)

(i) Forall £ (1 < ¢ < L), the N*-vectors (N-vectors) wh and w} +w/ are solutions of £". Hence, by Lemma 2.7,
forall (1,...,¢r € N*, wh + (uwh, ..., (L w" is also a solution of £".

(iii) Any solution over N* of the system of positive integer equations £” is a solution (discarding slack variables)
of Q", and hence of the system of positive integer clauses C*.

(iv) The system £” has singly exponentially many equations and doubly exponentially many variables, with all
coefficients singly exponentially bounded. The N*-vectors ﬂ? (0 < ¢ < L) are doubly exponentially finitely
bounded, but with footprint of singly exponential cardinality. For 1 < ¢ < L the EZ are all finite. Moreover, if
2 is finite, the w{% are also all finite.

To understand the significance of the foregoing construction, fix some ordinary cluster C" (G' < h < H), and
consider its c-spectrum. Evidently, cs®[C"] = Y {cs®[B] | B C C"}. Hence, from Property (i) above, we have

os™[C") = zgug + 2iuj + -+ 2pu], (12)

where 2! € N* (0 < ¢ < L). If 2 is finite, the sum cs*[C"] = Y~ {cs*[B] | B C C"} has only finitely many
terms, all of which are N-vectors. Hence, zé‘ € N for all h and ¢ in the given ranges.

Pictorially, we may imagine each equivalence class B C C" to be composed of various groups of elements, or
‘constellations’: a single ‘core constellation’ having c-spectrum gg, and, for each ¢ (1 < ¢ < L), some number
(possibly zero) of ‘peripheral constellations’ each having c-spectrum g?, as depicted in Fig. 3. The number 2
is simply the number of equivalence classes in C", while the numbers 2} (1 < ¢ < L) are simply the totals
obtained by summing the coefficients (; in (11) corresponding to all the B included in C”. The key to our
approach is that—subject to a caveat to be discussed in Sec. 4.5—we do not particularly mind how the various
peripheral constellations are distributed between the equivalence classes in C": all that matters is the total number
of constellations of each type, as given by the parameters zé’ (G < h<H,0</¢<L). And, while we have no
a priori bound on the number of ordinary equivalence classes, we do have such a bound on L and H.

The collections of systems of Diophantine equations £” and N*-vectors (or N-vectors) ﬂ? will form part of
the certificate for ¢, which we assemble in Sec. 4.6.
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4.5 Sectors and terminators

Having written Equations (12), we are tantalizingly close to constructing a certificate guaranteeing the (finite)
satisfiability of ¢. Observe that the bounds derived above mean that the collection of possible vectors u? is
computable from ¢ alone—while the extended natural numbers 2}’ depend on the model 2 with which we started.
Recalling the discussion at the end of Sec 4.4, we can regard each u? as arising from a clump of elements:
if £ = 0, these elements form the ‘core’ of some equivalence-class; if 1 < ¢ < L, they form a ‘peripheral
constellation’, as depicted in Fig. 3. By contrast, the extended natural numbers z? just tell us how many of these
various cores and peripheral constellations we are dealing with. The values z? satisfy some obvious constraints.
Most notably, the total number of rays of any invertible cosmic type emitted by elements of the model must equal
the total number of rays of the inverse type emitted by elements of the model, whence, for all j (1 < 7 < J),
(Zh 1 Zz o 2iul[j] = (Z,Ile ZeL o 20ul)[J + j]. Bearing in mind the results of Sec. 2.2, it is natural to
wonder whether the sought-after certificate guaranteeing the (finite) satisfiability of ¢ is not simply provided by
the N*-vectors u?. As long as there exist z? € N* satisfying the constraints just mentioned, then, for each h,
we can take 2 of clumps of elements whose profiles are given by the corresponding vectors w (with ¢ ranging
from 0 to L), and assemble them into a collection of equivalence classes to form the ordinary clusters C" as
depicted in Fig. 3. The fact that the Wf’ form a Hilbert basis for the system of positive integer equations £"
means (anticipating the results of Sec. 5) that any way of distributing peripheral constellations over cores within
each cluster C" will produce collections of elements that can be assembled into equivalence classes compatible
with ¢. And the fact that the number of cosmic rays of opposite invertible types balances will mean that we can
join up the cosmic rays to complete the construction of the model. (The non-invertible cosmic rays, as we will
see, can always be absorbed by the special clusters.)

This indeed is the basic strategy we follow in this paper. However, there is a fly in the ointment. Let us remind
ourselves of the notation

- j+J if1<53<J
g—=J itJ<j<2d.

Consider any j in the range 1 < j < 2J, so that p, ;4 ; is an invertible cosmic ray-type, and p4y4 =, its inverse.
By definition, a cosmic ray emitted by an element of some equivalence class B must be absorbed by an element
of A\ B. Therefore, for every h (1 < h < H), and every s (0 < s < ¢(h)) the elements of Bf} cannot possibly
emit more rays of type p4y4; than the rest of %[ emits rays of type p4j4;+. In symbols:

(cs[B"))] <Z{cs (B"]) ]1gh’gH,ogs’<c(h’),BQ7éB§¥)}. (13)

The problem is that the conditions on the N*-vectors u? outlined above do not incorporate this observation: our
proposed certificate is thus in danger of allowing us to construct equivalence classes in such a way that one of
those equivalence classes emits more invertible cosmic rays of a particular type than all the others can possibly
absorb. How can we ensure—in a succinct way—that this cannot happen? Not by writing (13) directly, because
this requires information on the cosmic spectrum of the individual equivalence classes, and we do not know how
many of those there are. In this section, we solve this problem by organizing the equivalence classes B” in
each cluster C” into an alternating sequence of groups, which we refer to as sectors and terminators. Essential
to the argument at this point is Lemma 2.9, which converts a large collection of inequalities—viz (13)—into a
disjunction of triples of inequalities.

Let us write < for the lexicographic ordering on ordered pairs of extended natural numbers: (h,s) < (k' s)
if either h < K/, or both h = h’ and s < s’. We transfer this ordering to equivalence classes B” by writing
B! < B if (h,s) < (I, s'), i.e. giving them the left-to-right order shown in Fig. 2. We use the symbols <, >
and > in the expected way.

To make the essential ideas a little more salient, we deal first with the case where 2 is finite. Thus, all values
c(h) (1 < h < H) are finite, whence the sum in (13) involves only finitely many terms. (Indeed, the individual
summands are also finite). Fix some j (1 < j < 2J), so that ps;4; is an invertible cosmic ray-type, and
paj+j+, its inverse, and consider the inequality (13). Note that (ss®[B"])[;] and (ss®[B"])[;*] are simply natural
numbers. Allowing h and s to vary (1 < h < H, 0 < s < ¢(h)), we can form the list of natural numbers
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{(ss®*[B"))[j]}1.s, with the index-pairs (h, s) ordered lexicographically; and similarly for {(ss*[B%])[j*]}5.s-
Applying Lemma 2.9, we see that (13) corresponds to Statement (a) of that lemma, whence, by the equivalent
Statement (b), there exists an index-pair (h(j),s(5)) with 1 < h(j) < H and 0 < s(5) < ¢(h(4)), satisfying

> {(es® ]| B < B:((;)))} <) {(es® 1| Bt - B:((JJ)))} (14)
Z{ cs® j] | B - Bh(J)))} Z{ cs? 1| Bh < B:((jj)))} (15)
B&j? < Z{ s B[] | BY < B:éj }+Z{<cs (B | B = BIAY. (16)

We now deal with the case where 2l is infinite. Fixing 5 (1 < 7 < 2J) as before, we seek an index-pair
(h(j),s(4)) satisfying (14)~(16). Consider the collection of extended integers (ss®[B"])[j*], with h and s varying
in the ranges 1 < h < H and 0 < s < ¢(h). If (ss*[B"])[j*] = ¥ for any values of h and s, pick h(j) = h and
s(j) = s to be such a pair. Then (14)—(15) are trivial, and (16) follows immediately from (13). If, on the other
hand, for some value of h, (ss*[B"])[j*] is positive for infinitely many values of s, then we partition C"* into two
clusters, say C’ and C”, as follows. Let ¢ be the largest value such that for some previously considered j', we
have h(j’) = h and s(j') = t. We take B}, ..., B! to be the first equivalence classes of C’, and then distribute
the remaining equivalence classes of C"* among C’ and C" in such a way that each contains infinitely many B"
(with s varying) for which (ss*[B”])[;*] is positive. Replace the cluster C" by these new clusters, C’, and C”,
in that order, and then re-number systematically. (Thus, C” becomes C"*1.) Setting h(j) = h + 1 and 5(j) = 0
then makes all of the inequalities (14)—(16) trivial, because all values on the right-hand sides become infinite.
Note also that, provided the previously-defined values of ) have been adjusted to reflect the re-numbering, the
inequalities for the previously considered values of j will not be disturbed by this splitting. Thus, we are left with
the case where the values (ss*[B?])[j*] are all finite, and indeed positive for only finitely many values of s. But
then we may simply ignore the zero terms, and obtain h(j) and s(j) exactly as for the finite case.

Let this choice of h(j) and s(j) be made for all j (1 < j < 2J). Thus, we have established the inequali-
ties (14)—(16) for all j in this range. These 2.J inequalities will play a key role in constructing the certificate for
(p—once we have re-organized them slightly. To this end, fix A (1 < h < H), and let

gh _ {0} if1<h<@
| {s(j) | 1< <2J, b(j)=h} otherwise.

Thus, for the special clusters, C' h 1<h<@G),S h simply records the index of the unique equivalence class B(’}
in that cluster; while, for the ordinary clusters, C* (G' < h < H), S" is guaranteed to include those indices 5(j)
(with j varying), for which Bh((J)) is included in C". The special treatment of special clusters in this regard is
merely for notational convenience, and plays no essential role in the proof. We remark that, for ordinary clusters,
C", the index-set S™ may be empty.

Let b(h) = |Sh|, as a strictly increasing sequence of extended natural numbers s; < --- <
Sp(n); if b(h) = 0, this is simply the empty sequence. Evidently, b(h) < 2.J, and sy < ¢(h). By deﬁmtlon
5(j) must be one of the elements s, in the enumeration sy, ..., s4() of SYG); and we write p(j) = p to identify
the index of this element. The functions

h:[1,2J] — [1,H] p:[1,2J] = [1,2J]
will form part of the certificate for . Notice that p(j) < b(h(j)) < 2J. Keeping h fixed, and recalling the

enumeration s1, .. ., Sp(5) of Sh, we define, for all p (1 < p < b(h)),
Bl =Bl . a17)

In addition, writing so = —1, and sg()+1 = ¢(h), we define, forall p (1 <p < b(h) + 1),
Bl =\ J{Bl | sp-1 < s < sp}. (18)

We refer to the (possibly empty) sets of elements Bz}} as the sectors of C", and to the sets of elements B;} as the
terminators of C". The resulting internal organization of clusters into sectors and terminators is illustrated in
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- A - Sh »h
By By By By e By By hy)+1

Fig. 4 The division of C" into (b(h) + 1) sectors B! (unshaded) and b(h) terminators (shaded).

Fig. 4. Thus, C" is thus decomposed into b(h) + 1 sectors and b(h) terminators, where the value b(h) = 0 is
allowed. For special clusters, C'?, this decomposition necessarily takes the form: b(g) = 1, Bf =0, BY =9 ;
Bg = (). Observe that the sectors B;} may be unions of infinitely many equivalence classes if 2 is infinite.
Notice that, since each terminator was chosen for a particular value 5 (1 < 5 < 2J) or for a special equivalence
class, the total number of terminators ZhH:1 b(h) is bounded by 2.J+G. We shall see presently that the terminator
Bg ((]])) functions as a witness guaranteeing that no equivalence class emits more rays of invertible cosmic type
paj+; than the rest of 2 emits rays of the inverse type payy;-.
Having constructed the various terminators and sectors, let us write arithmetic expressions for their c-spectra.
To reduce notational clutter, define, for all h (1 < h < H)
in =cs*[B)] (1 <p<b(h)), ah =cs¥[B)] A <p<b(h)+1).

=P =P

From (17) and (18), we have, for h and p in the appropriate ranges,

ay = cs*[Bl ] il =" {es¥[BM | 5,1 <5 < sp)- (19)
(Note that the sequence s1, ..., $y(5) used in these equations depends on h, and recall also that, if 2l is infinite,

sp might equal 8y when p = b(h) + 1.) Considering first the special clusters, fix g in the range [1,G]. B
construction, in this case, B = B} and B{ = Bj = (). Continuing to write the profile of B{ as w? (as in the
proof of Lemma 4.4), the following system of positive integer equations is satisfied:

(@ = Uw?), (@ = 0), (@ = 0) |1 < g < G}. (D)

Turning now to the ordinary clusters, fix h in the range [G+1, H]. Since the cosmic spectrum of every equivalence
class included in C" has the form (11), we see that, for all s (0 < s < ¢(h)), there exist ¢"';,..., ¢!, € N, such

that, writing ¢ ?,0 =1,
es™[BY] = (Loug + ¢y + -+ L puj (20)

Therefore, from (19), there exist nonnegative extended integers,

Zﬁe ZCSM Ah Z{Cs ¢l sp-1 <s<sp},

satisfying the following system of extended integer equations:

{(QZ:Zt%:oé£’zE?)‘G<h§H’ 1§p§b(h)}
(D2)
{(* _Zzopgllg)‘G<h<H 1<p<b(h)+ } 2

Thus, Dl—'Dg express the c-spectrum of every sector and every terminator in terms of the parameters w9, éh )
and zp , (whose values depend on ), via the vectors u} = Uw/ (which, with some limited guessing, can
be computed from ). Notice that the equations in Dy really are extended positive integer equations, since the
vectors gg may contain infinite values. Of course, if 2 is finite, no infinite values occur, and we have a system of
positive integer equations.
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A little reflection shows that the values of the parameters w?, ,ég . and 2}’; , satisfy certain conditions. First,

since each terminator comprises a single equivalence class, and ¢ f o in (20) equals 1, the following simple system
of linear Diophantine equations is satisfied:

{thy=1|G<h<H 1<p<b(h)} e

Note that the total number of equations in &£ is at most 2.J, since this is the maximum number of the sum
ZhH:G 41 b(h). By contrast, 21’;70 equals the number of equivalence classes included in the sector B” and may be

any extended natural number (finite if 2( is). Note also that the condition 731’)‘,0 = (0 means that the sector Bg is

empty, in which case cs® [B’g] = 0. Therefore, we may assume that the following system of linear Diophantine
clauses is satisfied.

L
%ﬁﬁznv<2yh:0>
(=1

Having expressed the c-spectra of all the sectors and terminators—i.e. the quantities QZ and @Z—in terms of

G<h§m13p§um+1}. (&)

the various parameters wY, z'r;} , and 733 ¢» we can now do the same for the the c-spectrum of the whole domain.
Writing u = cs®[A], it is immediate by inspection of Fig. 4 that

H [b(h)+1 b(h)
w=Y (X ae Y ). @y
h=1 p=1 p=1

The vector u alerts us to a further condition on the parameters w9, 73;}_@ and 22 ¢~ Since each ray of invertible

cosmic type psj4; (1 < j < J) may be paired with a ray of (distinct) inverse type, p;,lﬂ. = psj+j, the
following equations hold:

{uljl=ulj+J] |1 <5< T} (&3)

Now for the promised re-organization of the inequalities (14)—(16). We begin by defining the N*-vectors u—,
, u®, of length 2.J, as follows. For all j (1 < j < 2J), ™ [j] is the number of rays of invertible cosmic type
paj+; emitted by those equivalence classes B occurring lexicographically before BE ((] )) ; wt[j] is the number of

rays of the same type emitted by those equivalence classes B” occurring lexicographically after Bg ((J )) and u°[j]

is the number of rays of the same type emitted by Bh(( )) itself. In symbols:

= (B | B < B

Z{ s?[B)[j] | B! = B"U)y

p(5)
wm<wBMM1

In a similar vein, we define the N*-vectors v~, v™ and v°, of length 2., as follows. Forall j (1 < j < 2J), v~ [7]

is the number of rays of invertible cosmic type p4; ;= (note the j* instead of j) emitted by those equivalence

classes B” occurring lexicographically before B (( )) ; v1[j] is the number of rays of the same type emitted by

those equivalence classes B’ occurring lexicographically after B: ((JJ)), and v°[4] is the number of rays of the same

type emitted by BS((JJ)) itself. In symbols:

o] =Y {(es BT | B < B
vt =Y {(es* B | BE - BIUY
0°lj) = (es* By
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Now, taking j = 1, ..., 2.J in the inequalities (14)—(16), we obtain the system of positive integer inequalities:
{w ] <l +2"l] |1 <5 <2} &)
{wll <o ]+l 11 <5 <27} (&)
{whl <vli]+oil | 1<5 <27} (&6)

To see that £, is a consequence of (14), suppose 1 < j < 2.J. Then

= > (MBI | BE < B} < {(es*[BI*] | BE = B))}Y = v°[j] +vtj].

And similarly for £5—E&.

Thus, we see that £,—&¢ are nothing but a re-organized form of the inequalities (14)—(16), which constitute
a succinct guarantee that, for each j (1 < 5 < J), no sector or terminator—and hence certainly no equivalence
class—accounts for more rays of any invertible cosmic type than the other elements of 2l emit of the inverse
type. The point of this re-organization is that we can express the vectors u~, u*, u°, v~, v™ and v° in terms
of the vectors QZ and QZ . We see from Equations (17) and (18) that each terminator is a single equivalence
class, and each sector is a sequence of equivalence classes consecutive under the ordering <. Evidently, then, an

equivalence class B occurs strictly before B;’ ((J )) in the ordering < just in case it is included in a sector B]’,} such

that (h,p) =< (h(4),p(4)) or an a terminator BI}} such that (h,p) < (h(4),p(4)); likewise, B” evidently occurs

strictly after BS((JJ)) in the ordering < just in case it is included in a sector BZ’} or an a terminator Bz}} such that

(h,p) = (8(4),p(j))- Thus:

{1 = Do) | () < (6i),p ()

+ > Lap (il (hp) = (6PN} 1< <27} (Da)
{wt (i) = D_{apli] | (H,6(H)) = (h,p) = (6(3),p()}

+ > {ap (il | (H6(H) +1) = (h,p) = (0(G),pGN} | 1< <27} (Ds)
{wlil=apiul 11<5 <27}, (Do)

And by parallel reasoning:

{701 = S (@ ] | (hp) < (6().p())}

+ > Lap (i) | () < (6() RN} 1< 5 <27 (D7)
{0 = Y@l | (H,60H) = (hep) = ()P ()}

+ @ | (HB(H) +1) = (hp) = (BG)GDY 1S5 <27} (D)
{eoli) = ap)157] 3 (D)

Observe that the sums in D4—Dg, unlike those in (14)—(16), involve only finitely—indeed, at most doubly expo-
nentially many—terms.

Let us gather together the above systems of extended integer clauses (or positive integer clauses, in case 2 is
finite), writing

D=DyU---UDy
E=&EU---U&.

Let us further write 2 for the tuple of values zp ¢ in some arbitrary fixed order, and similarly for 2. By regarding
equations D as definitions of their left-hand sides, and performing the appropriate substitutions, we may regard
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& as a system of (extended) positive integer clauses in the vector variables w, 2 and 2, for which we have
constructed a solution over N* (or over N, if 2 is finite). Crucially, the coefficients in these equations are all
finitely bounded as a function of |||, while the constructed solution depends on the model 2(. Note also that
|€1] and |Es], . . ., |Eglare singly exponentially bounded, while |€>] is doubly exponentially bounded, a matter to
which we shall return in Sec. 6.

4.6 Certificates

Let us summarize the argument so far. From the formula ¢ and its expanded signature X, we defined the constants
I and J, representing, respectively, the number of 1-types, and (approximately) one eighth of the number of
polarized ray-types. Supposing ¢ to have a countable, 2-polarized, differentiated model 2, interpreting X, we
listed the star-types o1, ..., 0k realized in 2(, noting that these must be 2-polarized and compatible with . We
identified the set Z C {1,..., I} of indices of 1-types uniquely realized in 2, enumerated the special equivalence
classes in 2 as B, ..., BE€, and defined the sets G; (1 €4 < 1) of indices of the special equivalence classes in
which 7; is realized. We observed in Sec. 4.2 that all statements in 53 hold. Denoting the profile of the special
equivalence class BY by w?, and writing wh = wl- - w%, we further observed in Sec. 4.3 that w satisfies the
system of positive integer clauses Cf(w). We re-named the special equivalence classes as special clusters C'9
(1 < g < G); and we organized the ordinary (i.e., non-special) equivalence classes of 2 into ordinary clusters
C" (G < h < H). Each ordinary cluster C" was associated with a system Q" (w) of positive integer equations
and inequalities that propositionally entail the clauses C* (w). By adding slack variables to w, we transformed Q"
into a system of positive integer equations £", and thence obtained a sequence of N*-vectors w/ and N-vectors
ﬂ? (1 < ¢ < L) such that Efj and ﬂg —Q—EQ is a solution of £" for all ¢ (1 < ¢ < L). The coefficients of £" were
all singly exponentially absolutely bounded, and the number L was doubly exponentially bounded; in addition,
the vectors ﬂ;} were all doubly exponentially finitely bounded, but had footprints of singly exponentially bounded
cardinality. Finally, we computed the doubly exponentially finitely bounded vectors u} = Uw/. The argument
of Sec. 4.4 showed that the ﬂ? (0 < ¢ < L) could be chosen in such a way that the c-spectrum of any equivalence
class in the cluster C" is a linear combination of the QZ, where the coefficients are extended natural numbers. In
the case where 2 is finite, all values obtained were finite.

We then decomposed each cluster ch (1 £ h < H) into a sequence of sectors B]’; (1 <p<b(h)+1) and
terminators B;; (1 < p < b(h)), where b : [1, H] — [0,2J] is a function. For h > G, we chose extended

; sh
Integers z, g, - -

integers ,é]’j,o, ceey z'g, 1,» such that the c-spectrum of the terminator BI’} was given by ZeL:o 2;;’ eﬂg- (Actually,
zhy = 1.) Finally, in Sec. 4.5, we defined functions b : [1,2J] — [1, H], p : [1,2J] — [1,2J] with p(j) <
b(h(4)) specifying, for each j in these functions’ domain, a terminator B;’ ((jj)) witnessing the fact that no sector or
terminator—and hence, no equivalence class—emits more rays of the invertible cosmic type p474; than the rest
of the model can absorb. Writing 2 for the sequence of variables z'ti’j’g (G<h<H1<p<bh),1<{<L)in
some order, and similarly for Z, we showed that, under the definitions D, the system of extended integer clauses
E(w', 2, 2) has a solution in N*. Applying Corollary 2.5, we see that it has a solution which is triply exponentially
finitely bounded. We observed that, if 2l is finite, then £ (QT7 %,2) is a system of Diophantine clauses, and has a
solution over N. Applying Corollary 2.3, we see that it has a solution which is triply exponentially bounded.

Letp, ¥, m1,..., 7y and p1,. .., psJy, be as described in Sec. 3, then, and let the sets of statements, constraints
and definitions B, C*, CT, D and & be as described in Sec. 4. A certificate (for ) is a tuple

.,2;}7 1, such that the c-spectrum of the sector B{,‘ was given by Z[L:O 2£7€g?; and we chose

¢= (G, HIJ K L{ow},Z,{G:},6,0,p,{"}, {w}},al,b,b) @1
where:
¢l: G, H, I, J, K, L are positive integers with G < H;
¢2: forall k (1 < k < K), 0y is a 2-polarized star-type over 3 compatible with (;

€3: T is a set of integers in the range [1, I], and for all ¢ (1 < ¢ < I), G; is a set of integers in the range [1, G],
satisfying all the statements in 3;
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¢4: b:[1,H] —[0,2J],h:[1,2J] — [1,H] and p : [1,2J] — [1,2J] are functions such that b(g) = 1 for all
g(1<g<@),p(j) <b(h(j)) foreach j (1 <j<2J),and 1 b(h) < 2J +G;

¢5: forall h (G < h < H), E" is a system of positive integer equations which (converting equations with slack
variables to inequalities) propositionally entails the constraints C*(w);

¢6: forall h (G < h < H), ﬂg is a solution of £ over N*, and, for all £ (1 < ¢ < L), ﬂ? is an N-vector such
that wf + w” is a solution of £";

¢7: al, b, b are N*-vectors such that C (a') and 5(@,@, ﬁ)

We say that € is finite if af, b, b and the {wh} are all N-vectors—equivalently, if the symbol R, does not appear
anywhere in €. (Of course, the word “finite” is being used metonymically here: all certificates, considered as
data-structures, are finite objects.)

By Lemma 3.1, if ¢ has a (finite) model, then ¢ has a countable (finite) 2-polarized, differentiated, countable
model, 2, interpreting 3. In this section, we used the model 2 to guide the construction of a certificate € for ¢,
with € finite if 2 is. Thus, we have shown:

Lemma 4.5 Suppose ¢ is a C21E-formula in normal form. If o is (finitely) satisfiable, then ¢ has a (finite)
certificate of the form (21) in which: (i) G, I and J are all exponentially bounded as a function of ||¢||; (ii) H,
K and L are all doubly exponentially bounded; (iii) the coefficients of E" are all singly exponentially absolutely
bounded; (iv) the N*-vectors (N-vectors) ﬂ?, are all doubly exponentially finitely bounded; and (v) the N*-

vectors (N-vectors) al, b, b are all triply exponentially finitely bounded.

If € is a certificate, take its size, denoted ||€||, to be the number of bits required to write it (under some natural
encoding). Thus, Lemma 4.5 states that, if ¢ has a finite model, then it has a certificate of doubly exponential
size. In the next section, we prove the converse: if ¢ has a (finite) certificate, then it is (finitely) satisfiable. In
section 6, we improve the size bound.

5 From certificates to models

Let a certificate € of the form (21) be given. We keep € fixed throught this section, using it to construct a model
2 of . If € is finite, then 2 will be finite. Recall in particular that ¢ features a list of star-types o1, ...,0k.

5.1 Galaxies and the cosmos

A set of stars is a set A together with a mapping st : A — {o1,...,0x}. We call any element a € A a star,
and we call st(a) the intrinsic star-type of a. We write tp(a) for tp(st(a)), and call this 1-type the intrinsic 1-type
of a. If st(a) = (m, (v1,...,vs7)), then we write st,(a) for (m, (v1,...,v4s)), and we call st,(a) the intrinsic
galactic star-type of a. We allow A to be infinite; however, we shall always (silently) assume sets of stars to be
countable. Taking the illustration of the star-type o = (m, (v1,...,vss)) in Fig. 1b as our cue, we informally
speak of any star a with intrinsic type ¢ as ‘emitting’ a collection of ‘rays’ of the various types. Specifically: for
each j (1 < j < 8J), we shall say that ¢ emits o[j] rays of type p;. We employ this way of speaking throughout
this section.

If A" C A, we define the intrinsic profile of A’, denoted pr(A’), to be the N*-vector (wy,...,wk), where
wi = [{a € A | st(a) = o1 }|. Likewise, we define the intrinsic c-spectrum of A’, denoted cs(A’), to be the
N*-vector (u1,...,uss), where, forall j (1 < j < 2J), u; is the total number of rays of (invertible, cosmic) type
paJ+; emitted by the stars in A’. Recalling the matrix U from Sec. 4.1, we see that cs(A’) = U - pr(A4’). Do not
confuse the notation st(a), where a is a star, with the notation st®[a], where a is an element of the domain of a
polarized structure 2; similarly for st.(a), tp(a), pr(A’) and cs(A’). So far in this section, we have not built any
structures. For brevity in the sequel, if A’ is a set of stars, we speak of the rays emitted by A’ when we mean the
rays emitted by the stars contained in A’. Thus, cs(A’) tells us how many cosmic rays of each type are emitted
by A’.

Of course, if A is a set of stars, there is nothing to prevent us from using A as the domain of a polarized
structure 2| interpreting ¥. In that case, any a € A also has a star-type 0*[a], and indeed a galactic a star-type
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o2[a), both defined as in Sec. 3.4. To avoid confusion, we typically refer to the star-type o™ [a] as the extrinsic

star-type of a, and similarly for galactic star-types, 1-types, profiles, etc. However, the case we are most interested
in is the one where the intrinsic notions defined above coincide with their extrinsic counterparts. If A is a set of
stars, then we call a polarized structure 2 interpreting 3 over A a cosmos if, for all a € A, st(a) = st®[a]. In this
section, we shall construct a (finite) cosmos from a (finite) certificate.

We begin on a small scale. Let B be a set of stars. Say that a galaxy is a polarized structure ®5 interpreting X
over B, satisfying the following properties:

(i) E® is the total relation B x B;
(i) forall b € B, st(b) is compatible with ¢, and st [b] = st, (b);
(iii) every (dark, galactic) 2-type realized in B is compatible with .

By property (i), the qualifier ‘galactic’ can be removed from property (iii) without change of meaning, since all
2-types realized in ‘B are necessarily galactic. By property (ii), the qualifier ‘dark’ can removed from property
(iii) without change of meaning, since all ray-types in 8 must be compatible with (. It is obvious that, if 2 is
a cosmos, then the equivalence classes of 2( are galaxies. Note that, formally, we allow the set of stars B—and
hence the galaxy 8—to be empty.

Recall the system of positive integer clauses C°(w), as well as the various constants P, t;,00,,07,.4

d
i,
9: y from Sec. 4.3. The next lemma is, in effect, a converse of Lemma 4.2.

Lemma 5.1 Suppose the N*-vector w = (w1, . .., wg) satisfies C°(w). Then there exists a galaxy B such
that pr(B) = w.

Proof. Let B be a set of stars with intrinsic profile w. For each a € B, and each galactic ray—say, of type
p—emitted by a, we show how to select some b € B\ {a} for which tp® [a, b] has not yet been defined, so that we
can set tp® [a, b] = p. We say in this case that b absorbs the ray in question. We then complete the construction
of B by setting any 2-types not defined by this process to be dark galactic 2-types compatible with ¢. Clearly,
following this construction, E® = B x B. Moreover, since every galactic ray emitted by any star in a € B is
found an absorption site in B, and all other 2-types are dark, st [a] = st,(a). The construction proceeds in three
stages.

Stage 1: Consider first the invertible galactic ray-types pi,...,p2s, and fix j (1 < 5 < J) for the moment.
Recall that the chosen enumeration of the ray-types ensures that p}l = pj+;. The total number of rays of type
p; emitted by the elements of B is t; - w; and the total number of rays of type p}l emitted by the elements of
Bist;,; - w By CY, these are equal, so let the two sets of rays be put in 1-1 correspondence. Do this for all
j (@1 < j < J). Now take and a,b € B such that a and b emit invertible galactic rays that have been paired in
this process. Suppose the type of the ray emitted by a is p. Let 7 = tp(a) and 7’ = tp(b). Then = = tp,(p) and
7' = tpy(p). Recalling that the certificate € given in (21) is subject to the condition €2, the star-types o1, ..., 0k
are 2-polarized. Since, therefore, all ray-types considered are polarized, 7 # 7/, whence a # b. And since all the
intrinsic star-types of a and b are 2-polarized, there can be no other invertible ray emitted by a with absorption-
type 7’ and no other invertible ray emitted by b with absorption-type 7; hence a cannot be chosen to absorb
any other invertible galactic ray emitted by b, and b cannot be chosen to absorb any other invertible galactic ray
emitted by a. Therefore, we may set tp™ [a, b] = p for any such pair a, b, without danger of clashes. At the end
of this stage, absorption sites have been found for all the invertible galactic rays emitted by the stars in B.

Stage 2: Fix ¢ and ¢/ (1 < 4,4 < I), and write 7 = m; and #’ = 7;;. We proceed to find absorption sites for all
non-invertible galactic rays of absorption-type 7’ emitted by stars having intrinsic 1-type 7, and, simultaneously,
absorption sites for all non-invertible galactic rays of absorption-type 7 emitted by stars having intrinsic 1-type
7’. The number of stars of B having intrinsic 1-type 7 is P, - w, and the number of stars of B having intrinsic
1-type 7’ is p, - w. By C9, each of these numbers is either at most 1 or at least Z.

If p, - w = 0, then, by CY, putting ¢ = 1, we have 911/,1' -w = 0. That is to say, no star of B having intrinsic
1-type 7’ emits any ray with absorption-type 7. Hence, for the pair of 1-types 7 and 7/, there is no work to do.
An exactly similar argument applies if p,, - w = 0. Henceforth, then, we may assume that these quantities are
both positive.
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Fig. 5 Finding absorption sites for non-invertible galactic rays

Now suppose p, - w = 1, and let a be the unique star of B having intrinsic 1-type 7. By C{, putting ¢ = 2,
922/,1' -w = 0: that is to say, none of the stars of intrinsic 1-type 7’ in B emits more than one galactic ray (invertible
or non-invertible) with absorption-type 7. Suppose, then, b has intrinsic 1-type 7’ and emits exactly one non-
invertible galactic ray with absorption-type 7 (and therefore no invertible galactic rays with absorption-type ).
Let p be the type of this ray. We note first that that a # b; for otherwise, we have ¢ = 4/, and therefore p,,w=1,
91171-/ -w > 0 and gz‘% -w = 0, contradicting Cg (with ¢ = 1). Since b emits no invertible galactic rays with
absorption-type 7, tp® [b, a] is currently undefined, so we may set tp®[b, a] = p without undoing any of the work
of Stage 1. Clearly, we can carry out these assignments for all stars of B having intrinsic 1-type 7’ and emitting
exactly one non-invertible galactic ray with absorption-type 7. It remains to deal with any galactic rays emitted
by a and having absorption-type 7’. Let the number of such rays be c. Certainly, ¢ < Mm, and if ¢ = 0, there
is nothing to do; so we may assume 1 < ¢ < Mm. Since a has 1-type 7, we have of ;, - w > 0, whence by Cff,
0}, ;~w > c. Thatis, we can find at least ¢ stars of B having intrinsic 1-type 7/ that do not emit any non-invertible
galactic rays with absorption-type m—hence which do not emit any rays which were assigned to be absorbed by
a in this stage. Of these c stars, up to one may have been chosen in Stage 1 to absorb an invertible galactic ray
emitted by a: if so, it has already been dealt with in Stage 1; and therefore, for each non-invertible ray—say of
type p—emitted by a and having absorption-type 7/, we can find a fresh star b of 1-type 7’ that does not send any
galactic ray to a, and for which tp™ [a, b] was not defined in Stage 1. Hence we may set tp™ [a, b] = p without
undoing any work of Stage 1 or any work previously done in this stage. Thus, we have again found absorption
sites for all non-invertible galactic rays of absorption-type 7’ emitted by the unique star having intrinsic 1-type
m, and absorption sites for all non-invertible galactic rays of absorption-type 7 emitted by stars having intrinsic
1-type 7’. An exactly similar argument applies if p, w=1 Henceforth, then, we may assume that p,w and
p, - ware both at least 2.

By C9, B contains at least Z > 3Mm stars having intrinsic 1-type 7, and at least Z > 3Mm stars having
intrinsic 1-type 7. Partition the former set into subsets By, By, B of cardinality at least Mm; and partition the
latter into subsets B, B}, Bj of cardinality at least M'm. No star in B emits more than Mm rays in total. For
each £ (0 < ¢ < 3), and for for each non-invertible ray—say of type p—emitted by any star a € By, and having
absorption-type 7', we may choose a fresh star b € B;_ ; (addition in subscripts modulo 3) not chosen to absorb
any other galactic ray emitted by a, and set tp® [a, b] = p. Likewise, for each £ (0 < ¢ < 3), and for for each non-
invertible ray—say of type p—emitted by any star b € B}, and having absorption-type 7/, we may choose a fresh
star @ € By, 1 not chosen to absorb any other galactic ray emitted by b, and set tp™ [b, a] = p. The arrangement
is depicted in Fig. 5; by inspection, none of these type assignments clashes with any other, even when © = 7.
Once again, we have found absorption sites for all non-invertible galactic rays of absorption-type 7’ emitted by
each star having intrinsic 1-type 7, and absorption sites for all non-invertible galactic rays of absorption-type m
emitted by each star having intrinsic 1-type 7’.

Stage 3: We have now found absorption sites for all the galactic rays emitted by the stars in B, and it remains to
set any remaining 2-types. Suppose, then, a and b are distinct stars such that tp® [a, b] has not yet been assigned.
Let tp(a) = m; = 7 and tp(b) = 7 = 7’. Suppose first that 7w and 7’ are not galactically coupled. This means
that there exists a dark galactic 2-type 7 compatible with ¢, such that tp, (7) = 7 and tp,(7) = 7’. Then we set
tp®[a,b] = 7. We will complete the proof by showing that, if 7 and 7’ are galactically coupled, then tp® [a, b]
was in fact defined in Stages 1 or 2, so there is nothing to do in this case.
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Suppose, then 7 L. By CJ, either a is the unique star in B having intrinsic 1-type 7, or b is the unique star
of B having intrinsic 1-type 7’. Without loss of generality, suppose the former. Obviously, if b emits a galactic
ray with absorption-type 7, then a will have been chosen to absorb that ray in Stage 1 or Stage 2 (it was the only
candidate), and thus tp®[a, b] is already defined. So assume b emits no such ray, and let ¢ < Mm be the number
of galactic rays (invertible or non-invertible) with absorption type 7’ emitted by a. Since a is the unique star of B
fjl -w = 0, and hence, putting ¢ = ¢/ +1in C?, ol ;-w < ¢. Let B’ be the
set of stars of B having intrinsic 1-type 7’ that do not send any non-invertible galactic réy to a. Thus, |B'| < (.
Yet the elements of B’ are the only stars that can serve as absorption sites for the ¢’ galactic rays emitted by a
and having absorption-type 7’. Thus, every element of b € B’ was chosen as such an absorption site in Stages 1
and 2; and therefore tp™ [a, b] is already defined, as required. O

having intrinsic 1-type m, we have o

5.2 Constructing the cosmos: the stars

Recalling that the certificate € given in (21) is subject to the condition €7, we see that the system of positive
integer clauses CT(w') has a solution a'. For ease of comparison with Sec. 4, we shall henceforth write w' =

w?, ..., wC to denote this solution. For the same reason, we write % and 2 for the vectors b and b, respectively.
Furthermore we take the various vectors uh u;‘ , UZ s ”Z ,u—,ut, u®, v, vt and v° to be defined in terms of wT,

2 and Z by the equations in D. Thus, for all g (1 < g < @), wehave CO(w9); and we have £(w', 2, 2). Note that,
if € is finite, then all the vectors mentioned here are N-vectors.

We begin by constructing the stars that will become special elements of our model. By Lemma 5.1, let B9
be a galaxy with profile w9, for all g (1 < g < G). By C, these galaxies are all non-empty. The galaxies
Bl ..., B will form the special equivalence classes in our model of ¢. As in Section 4.4, we impose on each
special equivalence class BY a degenerate decomposition into the empty sectors Bf = Bg = () and the single
terminator Bf = B9Y. To maintain consistency with notation to be introduced shortly, for all g (1 < g < G), we
write
g
1

= w? @f = if = 0.

Thus, pr(B{) = @, pr(B{) = @ and pr(B]) = .
We turn now to the ordinary stars. Fix some h (G < h < H). Define

Wl =zt owh 4wl sk W (1 <p<b(h))
wz— Z’,‘Ow0+zp1w’11+-~-+iﬁLﬂ}LL (1<p<b(h)+1)

(Remember that b(h) may be zero.) If 1 < p < b(h), then, by &1, 2 0 = 1, whence, by €6 and Lemma 2.7, w
is a solution of £, and thus, by €5, satisﬁes the system of positive 1nteger clauses C*. By Lemma 5.1, then, let
B be a galaxy with intrinsic profile 1" over a domain B”. Now consider &, for any p (1 < p < b(h) +1). We
have two cases. If 2 z 0= = 0, then, by 82, 7" = 0; in that case, we let Bh be the empty set of stars, with intrinsic
profile 0. Otherwrse z 0 > 0, and we proceed as follows. By €6 and Lemma 2.7 again, both w and also the
vector W = wl + szﬂ? +-+ 2 h wh are solutions of £", and thus by €5 satisfy the system of positive
integer clauses C*. Again, if ¢ is finite, then the WO are all N-vectors. By Lemma 5.1, then, there exist galaxies
9B, with intrinsic profile w{!, and B, with intrinsic profile w. Now take 2 z — 1 copies of ‘B and a single copy
of B (all disjoint), and let Bg be the union of their domains. (Here, if 2 Zp,o = Ng, then we take 2;},0 —1=2Ny)
Evidently, pr(B}ﬁ”) = @Z . The sets B{} and Bg will form, respectively, the sectors and terminators of the cluster
C"; we may imagine them to be arranged as in Fig. 4. Let this construction be carried out for all values of h
(G < h < H). Putting the special and ordinary clusters together, we see that, forall h (1 < h < H):

pr(By) = (1 <p<b(h), pr(Bl) =l (1<p<b(h)+1). (22)
Let
b(h) b(h)+1 b(h) b(h)+1

H H
A=wtoesou Y A Uso U s =-U{Uso U5
h=1 p=1

h=G+1 \ p=1
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The set of stars A will form the domain of the model being constructed. Evidently, if € is finite, then A is finite.
For convenience, we write AT = Bi] U---UB%and A* = A \ Af.

Let us pause to review the construction of some non-empty sector E " outlined above (where G < h < H).
Our aim was to build a collection of stars with intrinsic profile w = gowg + 2z 1\?\/? +ot zp LW L that
could be organized into galaxies. Essentially, we proceeded as follows. For each ¢ (O </ < L), we took zp7 ¢ Sets
of stars, each with intrinsic profile W?. It helps to imagine that, for £ = 0, the sets of stars in question formed
‘galactic cores’, while for 1 < ¢ < L, they formed ‘peripheral constellations’. Thus, we had at out disposal Z;’f,o
galactic cores, and foreach ¢ (1 < ¢ < L), z;f, . peripheral constellations of the /th type. The question was: how
to distribute the various peripheral constellations between the 2570 galactic cores so that each core, together with
its allotted constellations, could be used to manufacture a galaxy using Lemma 5.1? According to conditions €5
and &g, the answer is: any way we like. Any combination of one galactic core and some collection of peripheral
constellations is a set of stars whose intrinsic profile satisfies C*, and hence which may be the domain of a galaxy.
Therefore, we made the simplest possible choice, and associated all the peripheral constellations with a single
galactic core (to form a galaxy with profile w), leaving all the other galactic cores, if any, to form galaxies on
their own.

We shall require the intrinsic c-spectra of these sets of stars. It follows from (22) and D; and D, that, for all
h(1<h<H):

cs(By) =iy (1<p<b(h), cs(By) =iy (1<p<b(h)+1). (23)

5.3 Constructing the cosmos: the invertible cosmic rays

We wish to define a model 2( |= ¢ over the set of stars A. If B is any of the galaxies formed in the construction of
A, then we set 2|5 = B, thus guaranteeing that, for all a € A, st?[a] = st,(a). That is, all galactic rays emitted
by the stars in A have been found absorption sites in the same galaxy as the star emitting them, and all remaining
pairs of elements from the same galaxy of A have been assigned a dark galactic 2-type compatible with . It
remains to specify the 2-types of pairs of elements from different galaxies in such a way that st*[a] = st(a) for
all a € A, and that all dark cosmic types are compatible with . We begin with the invertible cosmic rays, i.e.
those of any of the types p4j+1,- - -, P6J-
We impose a standard ordering < on the sectors and terminators as defined as follows. If (h,p) < (h/,p’),

then we take both Bh and Bh to precede both Bh, and Bh, . and in addition, we take Bh to be the immediate

predecessor of Bg. (For a smgle value of h, this is the left-to-right ordering illustrated in Fig. 4.) We again use
the symbol < to denote this ordering, since no confusion should result. Of course, < is intended to mirror the
ordering on equivalence classes employed in Sec 4.5. Let the collection {Bg, Bg} h,p Of sectors and terminators
be enumerated as By, ... B, under the standard ordering, <

Fix jintherange 1 < j < 2J. Forall ¢ (1 < ¢ < n), let U; be the set of rays of invertible cosmic type p4.74;
emitted by B;, and let u; = |U;|. Similarly, let V; be the set of rays of invertible cosmic type p4 4+ emitted by
B;,and letv; = |V;|. Let U = |J;"_; U; and V = | J"_, V;. Our goal is to pair the rays in U 1-1 with those in V'
so that no resulting pair is emitted by stars from the same B;. We remark that the sets U;, V;, U and V, as well as
the extended natural numbers u; and v; depend on j; we suppress this dependency in the notation to avoid clutter.
Notice, incidentally, that replacing 7 by j* systematically exchanges the U;s and V;s.

Keeping the value of j fixed, we observe that uq, . . ., u, is simply a list of the extended natural numbers QZ [7]
and @ [ /] in some order, whence Dj implies u[j] = > .-, u;. Likewise, v1, . .., vy, is a list of the extended natural

numbers @Z [7*] and gp[ *] in some order, whence u[j * =30 v It follows from E; that >0 u; = >, v;.
Moreover, let £ (1 < k < n) be such that B, = B;’ ((; )) Since we have chosen the standard ordering < to list the

sectors and terminators By, ..., By, it follows from (23) and D4—Dy that
u” [j] =ur + - ug o] =v1 4 - + O
@+[j] :uk+l+"'+un Q+[]] :’Uk:+l+"'+vn

w?[j] =uy, 0°[j] =vg.
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Thus, £,—& just amount to saying: (i) Z;:ll wp <Y (@) Yo7 u < Zle v; and (iii) up <
Zfz—ll v + Z:L:k 11 Y- This is statement (b) of Lemma 2.9; by the equivalent statement (a), u; < Zi, i Vif
for all 7 (1 < i < n). Actually, we have a little more. Since we can repeat the same argument with j replaced
by the value j* (which simply exchanges the u’s and v’s), we have, forall ¢ (1 < i < n), v; < Zi,# u;, and,
indeed, (u; +v;) < Zi,#(ui/ +wv;) foralli (1 < i < n). Thus, we have established that, for all j (1 < j < 2.J),
no sector or terminator emits more rays of any invertible cosmic type p4 ;4 ; than the other sectors or terminators
(taken together) emit rays of the inverse type p4s4;+; and indeed, for all j (1 < j < J), no sector or termina-
tor emits more rays of any symmetrized cosmic type (p4j+;, p5.7+;) than the other sectors or terminators taken
together.

Having established these facts, we proceed with the pairing of the invertible cosmic rays emitted throughout
A. We begin with the case where €—and hence the set of stars A—is finite. (This is actually the more difficult
case.) Here, it is easier to work with sets of symmetrized rays. Fix j again, this time in the range 1 < 5 < J.
Thus, j specifies a symmetrized ray-type (paj+j, p5.7+;). Define the U;, V;, u;, v; as above, for this chosen value
of j. Foralli (1 <i<mn),let W; = U; UV, and let w; = |W;|. Thus, W; is the set of rays of symmetrized type
(pas+j, psy+j) emitted by B;. Let W = (JI_; W;. We showed above that ", u; = >, v;, Moreover, we
also showed above that, for all i (1 < i < n), (u; +v;) < 32, (uir +vy). Thatis, [W| = 377, w; is an even
number (remember: if € is finite, all values in question are finite); and w; < Zi, i Wiy forall: (1 <17 < n).
Therefore, by Lemma 2.8, the rays in the various sets W; can be paired up so that all paired rays belong to
different sets in the family—in other words, are emitted by stars lying in different sectors or terminators, and
hence certainly by stars lying in different galaxies. Let such a pairing be chosen.

Consider two rays that have been paired up in this process, emitted by stars a and b, say. Either the rays in
question are of opposite types (i.e. one p4y+; and one ps s ;) or of the same type (i.e. both p4r4; or both ps s ;).
In the former case, we say that the pair is good, in the latter case, bad. We now show how to modify this pairing
so that all pairs are good. Observe first that the number of bad pairs in which both rays are of type p4s1; equals
the number of bad pairs in which both rays are of type ps 4, since, otherwise, the total number of cosmic rays
of type p4;4; and the number of cosmic rays of type ps.s4; would be different, contradicting €. (In this step, we
are using the assumption that the number of rays in question is finite.) Let the set of bad pairs of type p4;4; be
matched 1-1 with the set of bad pairs of type ps s ;. Take any bad pair of type p4s4;, and let the stars emitting
these (paired) rays be a and b; take the bad pair of type ps;4; that is matched with it, and let the stars emitting
these (paired) rays be a’ and &'. The fact that the relevant star-types are 2-polarized ensures that a, b, a’ and i’ are
all distinct; moreover, by construction, a and b are from different galaxies, as are a’ and b’. Suppose first that a
and o’ are from the same galaxy. Then a and o’ are from different galaxies, as are a’ and b. Hence we may replace
the bad pairs (a,b) and (a’,b") with the good pairs (a,b’) and (a’,b). If b and &’ are from the same galaxy, a
symmetric argument applies. If @ and o’ are from different galaxies and b and b’ are also from different galaxies,
then we may replace the bad pairs (a,b) and (a’, b") with the good pairs (a,a’) and (b,b’). By doing this for all
matched bad pairs, we obtain a pairing in which all pairs are good. Thus, we may pair the invertible cosmic rays
emitted by the stars of A of type p474+; 1-1 with the invertible cosmic rays of type ps s ; emitted by the stars of
A, such that any two rays paired in this way are emitted by stars in different galaxies. This completes the pairing
in the case where € is finite.

Now consider the case where € is infinite. Again, fix j in the range 1 < 5 < J, and define the U, V;,
u;, v; as above, for this chosen value of j. We showed above that for all 1 (7 < ¢ < n), u; < Zi, i Vit and
v; < 3 ; wir. In addition, we showed that Sor u; = Y., v;. If this common sum is finite, we can proceed
as in the case where € is finite, and there is nothing more to do. Thus, we may assume that there exist 7 and ¢’
such that u; = vy = Rg. If i = i/, we have the following:

1. B; emits N rays of type p4s4; and Rg rays of type paji;=;
2. A\ B, emits X rays of type pas;+ and Rg rays of type psji;.

But then we can pair the R rays of type p4;; emitted by B; with the R rays of type p4 s ;- emitted by A\ B;;
and similarly with p4y,; and ps74;- interchanged. This is the required pairing. Hence we may assume that
i # 1’, and indeed that v; and u; are both finite. Moreover, by replacing j by j* if necessary (which, remember,
simply exchanges the U;s and the V;s), we may assume without loss of generality that v; < u;,. Now observe the
following:
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P4J+j No (7
Step 1
-»---Step 2
Step 3
Pag+j* v; No
B; B A\ (B; UBy)

Fi

[

g. 6 Fixing the invertible cosmic rays of type p4s4; and ps s+, (infinite case).

1. B; emits N rays of type p4y4; and v; rays of type payy =3

2. By emits Rg rays of type p4j4;+ and u; rays of type p4j4;;

3. A\ B, emits X rays of type pas;+ and at least v; rays of type pasy;;
4. A\ By emits N rays of type pss4; and at least ;s rays of type pajij«.

We create the pairing in three steps (Fig. 6). Step 1: pair up all v; rays of type p4 s+ emitted by B; with v; of
the rays of type p4s; are emitted by B;/; then pair up the (uy — v;) remaining rays of type p4;4; emitted by
B;s with rays of type ps4;+ are emitted by A \ (B; U B;/). Notice that these are guaranteed to exist, because
A\ By emits at least u; rays of type pss;- and B; emits only v; rays of type paij+. Step 2: pair any rays
of type p4j4;- emitted by A\ (B; U B;/) with rays of type p,;+, emitted by B;; this is possible since there are
infinitely many of the latter, and indeed, we may perform this pairing in such a way that B; still emits infinitely
many unpaired rays of type p44 ;. Likewise, pair any rays of type ps4; emitted by A \ (B; U B;/) with rays of
type p4 745+ emitted by B/, again in such a way that B still emits infinitely many unpaired rays of type p4j4 .
Step 3: pair the (infinitely many) unpaired rays of type p4;4; emitted by B; with the (infinitely many) unpaired
rays of type p47;+ emitted by B;:. This completes the pairing in the case where € is infinite.

Let us carry out this process independently for all j (1 < j < J). Suppose a € A emits a ray of type p4j+;,
paired with ray of type ps . ; emitted by b, and let the intrinsic 1-type of a be 7 and the intrinsic 1-type of b be 7.
By the above construction, a and b are from different galaxies; moreover, since the intrinsic star-types of a and b
are 2-polarized, a emits no other invertible ray with absorption-type 7', and b emits no other invertible ray with
absorption-type 7. Thus we may simply set tp>[a, b] = p4sy j» without danger of clashes. In this way, we obtain
an absorption site for every invertible cosmic ray emitted by every star in A. This is all thanks to the functions b
and p in €, which allow us to pick a small collection of equivalence classes—namely, the B )—Witnessing the

p(7)
fact that no equivalence class emits more rays of invertible cosmic type than the rest of the cosmos can absorb.

5.4 Constructing the cosmos: the non-invertible cosmic rays

Recall that the set of stars A is partitioned into AT and A* (though the latter set may be empty). We consider first
the non-invertible cosmic rays emitted by the stars in A*. The plan is to find stars in At to absorb them. Fix i
(1 <14 < 1I). Let a be a star in A*: we consider any non-invertible cosmic rays with absorption type 7; emitted
by a. Note that a belongs to a galaxy whose intrinsic profile satisfies the linear Diophantine clauses C*. Suppose
first that G; = (). Then, by CJ, a emits no cosmic rays with absorption type 7;, and so there is nothing to do.
Suppose now that i € Z. By €3, all the statements in B hold; and from Bs, G; = {g} for some g (1 < g < G).
By C§, B contains a star b with 1-type 7;. On the other hand, by C, a cannot emit more than one cosmic ray
with absorption type ;. Thus, if a emits a non-invertible cosmic ray, say of type p;, having absorption type ;,
it cannot emit any invertible cosmic ray with absorption type ;, whence tp®[a, b] must currently be undefined.
Thus, we may set tp®[a, b] = pj, and we have found an absorption site for the ray in question. Henceforth, then,
we may assume i ¢ Z. Suppose that, nevertheless, |G;| = 1, and let G; = {g}, where 1 < g < G. By Cg and Cg,
BY C AT contains at least Z > mM stars having intrinsic 1-type ;. Since a cannot emit more than this number

Copyright line will be provided by the publisher



mlq header will be provided by the publisher 35

of rays in total, we can certainly find fresh stars in A" (i.e., stars b for which tp®[a, b] has not been defined) to
absorb all the non-invertible cosmic rays with absorption type 7; emitted by a. If b is chosen to absorb such a ray
of type p;, we set tp*[a, b] = p;j. Thus, we may assume |G;| > 1, and hence, by B, |G;| > Z > mM. But then,
by C§ (where g € G;), AT contains at least mM stars of 1-type ;, and we may proceed as in the previous case.
Evidently this procedure can be executed for all a € A*, and for all i (1 < ¢ < [I), with none of these 2-type
assignments overwriting any other. At the end of this process, every ray (galactic or cosmic) emitted by any star
a € A*, has been found an absorption site b € AT; and the relevant 2-type tp™ [a, b] has been set to be the type of
that ray.

We consider next the non-invertible cosmic rays emitted by the stars in AT, Fix integers i and i’ (1 < 7,4’ < I),
and write 7 = m; and © = 7. (We allow the possibility that ¢ = i’.) We proceed to find absorption sites
for all non-invertible cosmic rays of absorption-type 7’ emitted by stars in A having intrinsic 1-type , and,
simultaneously, absorption sites for all non-invertible galactic rays of absorption-type 7 emitted by stars in Af
having intrinsic 1-type 7’. If G; is empty, then, by the constraints C{ (where 1 < g < G), there are no cosmic rays
with emission-type 7, and by C3, there are no cosmic rays with absorption-type 7, whence there is nothing to do.
A symmetrical argument applies if G;s is empty. Henceforth then, we assume that G; and G,/ have cardinality at
least 1. We have three cases to consider.

Case 1: i € I. By Ba, G; = {g} for some g (1 < g < G). By CJ, B{ contains at least one star with intrinsic
1-type 7, and by C?, exactly one. Denote that star by a. Now let b be any star of AT with intrinsic 1-type 7’
emitting a non-invertible cosmic ray with absorption-type 7. By CZ, b ¢ BY, and indeed i # i’; moreover, by
C2, b emits exactly one such ray—say of type p;, and indeed emits no invertible cosmic ray with absorption-type
7. It follows that tp*[b, a| is currently undefined; so we can select a to absorb the non-invertible cosmic ray
emitted by b with absorption type 7, setting tp*[b,a] = p;. In the other direction, let a emit d cosmic rays
(invertible or non-invertible) having absorption type 7/, where d < mM. Thus, q?i, -w9 > 0, whence, by C{,

Z{g:,’i -wh | 1< h <G, h+#g}>d,ie. there exist at least d starsinb € AT \Bf having 1-type 7/, and which

emit no non-invertible cosmic ray with absorption type 7. For any such b, tp®[a, b], either is currently undefined,
or b already absorbs an invertible ray sent by a. Now, if a emits any invertible cosmic ray with absorption type 7',
then this will have been accounted for previously, and so it (and the star chosen to absorb it) may be disregarded.
Considering the remaining (non-invertible) cosmic rays emitted by a with absorption type 7/, then, we can find,
for each such ray—and having type, say, p,—a fresh absorption site b of type 7 emitting no ray with absorption
type 7; we then assign tp*[a, b] = p;.

Case 2: i’ € T. We proceed symmetrically to Case 1.

Case 3: 1,7’ ¢ T. By By, either |G;| = 1 or |G;| > Z > 2mM, and either |G;:| = 1 or |G| > Z. We consider the
four resulting sub-cases in turn. Observe first however, the combined effect of C$ and C3: if G; = {g} for some
g (1 < g < G), then, as we are now supposing ¢ ¢ Z, it follows that Bf contains at least Z > 3mM stars with
intrinsic 1-type 7; and similarly for 7.

Sub-case 3(i): |G;| = |G| = 1. Let G; = {g}, Gi» = {¢'}, If g = ¢’, then by the constraints Cf” (where g” # g),
no elements of AT\ B{ can have 1-type 7 or 7/, and by C¢, no elements of B{ can emit any cosmic rays with
absorption type 7 or 7', whence there are no rays to consider, and nothing to do. If, on the other hand, g # ¢,
let D; be the set of stars (in Bf ) having intrinsic 1-type 7, and partition D; into two subsets, D; ¢ and D; 1, each
of cardinality at least mM. Do the same for 7. Each star a € D, ¢ (¢ = 0, 1), emits a collection of at most mM
cosmic rays with absorption type 7'; for each non-invertible ray in this collection, having type, say, p;, we may
choose a fresh absorption site b € D, 4, and assign tp®[a,b] = pj. (If a emits an invertible cosmic ray with
absorption type 7/, this will already have been found an absorption site; and we choose other absorption sites in
Dy o for the non-invertible rays.) Likewise, for each non-invertible cosmic ray with absorption type 7; emitted
by b € Dy ¢ (¢ = 0,1), and having type, say, p;, we may choose a fresh absorption site a € D; ¢ (addition
in subscript modulo 2), and assign tp*[b,a] = p;. The partitions {D; o, D; 1} and {D;s o, D;s 1} ensure that
these assignments do not overwrite each other (Fig. 7). We remark in this context that D; and D;s are necessarily
disjoint (and in fact i # 7').
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Fig. 7 Finding absorption sites for non-invertible cosmic rays

Sub-case 3(ii): |G;| = 1, but |G| > Z. Let D; be the set of stars having intrinsic 1-type 7, and write G; = {g}.
By the constraints C{ (¢’ # g), we have D; C BY. By C¢, no star in B{—and in particular, no such star with
intrinsic 1-type '—can emit any cosmic rays with absorption type 7; so let D; be the the stars in Af \ BY having

intrinsic 1-type 7’. By the constraints cg' (9’ # g), we have |Dy/| > (Z — 1) > 2mM. Now proceed as for the
first sub-case.

Sub-case 3(iii): |G| = 1, but |G;| > Z. Symmetric to Sub-case 3(if):

Sub-case 3(iv): |G;| > Z and |G;/| > Z. Partition G; into three sets, G; o, G;.1 and G; 2, each with cardinality
exactly mM. Partition G into Gr o, Gy 1, G 2, similarly. It is easy to see that these partitions can be chosen
such that g € G, and g € G;» implies g € Gyv o. For £ = 0,1, 2, let D; , be the set of stars with intrinsic 1-type
7 lying in some BY with g € G, 4, and let D, 4 be the set of stars with intrinsic 1-type 7’ lying in some Bj
with g € G;r 4. By the various constraints C§ (1 < g < G), we have |D; (| > mM, for ¢ = 0,1,2; similarly
for D, 4. Notice that, by the way in which G; and G, are partitioned, ¢ # ¢’ implies Dy ; N Dy = (). Now,
eachstar a € D; ¢ (¢ = 0,1, 2), emits a collection of at most mM cosmic rays with absorption type 7'; for each
non-invertible ray in this collection, having type, say, p;, we may choose a fresh absorption site b € Dy 41
(addition in subscripts modulo 3), and assign tp®[a, b] = pj. Similarly, each b € Dy (¢ = 0,1,2), emits
a collection of at most mM cosmic rays with absorption type m; for each non-invertible ray in this collection,
having type, say, p;, we may choose a fresh absorption site a € D; o1 (addition in subscripts modulo 3), and
assign tp®[b,a] = p;. By arranging the various sets D; ¢ and D 4 similarly to the sets B, and B in Fig. 5, we
see that these assignments do not overwrite each other, and that no ray is emitted and absorbed by stars in the
same galaxy.

Clearly, we may carry out the above assignments for all pairs of indices 4, i’, without danger of overwriting.
At the end of this process, every ray (galactic or cosmic, invertible or non-invertible), emitted by any star a € A,
has been found an absorption site b € A; and the relevant 2-type tp® [a, b] has been set to be the type of this ray.

5.5 Constructing the cosmos: the dark cosmic 2-types

To complete the construction of 2, we must set any two-types not considered in the above process to be a dark
cosmic 2-type compatible with . (We require a dark cosmic 2-type, because, having found absorption sites for
all rays, we want to secure st*[a] = st(a) for any @ € A.) Suppose, then, that a and b are stars from different
galaxies, and let a have 1-type m = 7;, and b, 1-type 7' = ;. If 7 and 7’ are not c-coupled, and tp* [a, b] has not
yet been defined, we can simply choose any dark cosmic 2-type 7 compatible with ¢ and satisfying tp, (1) = m,
tp,(7) = 7', and set tp®[a, b] = 7. It therefore suffices to show that, if 7 and 7’ are c-coupled, then either a has
been chosen to absorb a ray emitted by b or vice versa, and therefore that tp® [a, b] has already been defined.
Suppose, then, 7 and 7’ are c-coupled. Since 7 and 7 are by assumption both realized, the sets of cluases C;
and Cf guarantee that both G; and G;/ are non-empty; indeed we cannot have G; = G,/ with this set a singleton,
since a and b are, by hypothesis, from different galaxies. By Bs, then, either ¢ € Z or i’ € Z. Suppose the
former. By Bs, we have G; = {g} for some g (1 < g < ), and by the various constraints Cf” " # 9, Cg
and C7, a € BY is the only star in A with intrinsic 1-type 7. Now if b € A*, then, by C3, b emits a ray with
absorption-type 7. Certainly, then, a will have been chosen to absorb this ray, since it is the only candidate with
the correct intrinsic 1-type. Moreover, if b € A' emits any cosmic ray with absorption-type 7, then that ray must
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likewise have been absorbed by a. Thus we may suppose that b belongs to the set D of stars in At with 1-type 7/
that do not emit any cosmic rays with absorption type 7. By construction of AT,

DI =3"{d;, w" | 1<h<G. h#g).

Now suppose a emits d’ < mM non-invertible cosmic rays with absorption type «’. Thus, qd FLowd =0, so

that, setting the parameter d in C to d’ + 1, we have |D| < d’; and each such ray will have been chosen a fresh
absorption site among the elements of D, thus covering that set. Hence, tp®[a, b] has already been defined, as
required.

This completes the construction of 2(. Since every ray emitted by every star has been found an absorption
site, and all other 2-types assigned are dark, we have st®[a] = st(a), for all @ € A. But each of the star-types
o1,...,0K is compatible with ¢, as are all the assigned dark 2-types, whence 2 |= . We have shown:

Lemma 5.2 Suppose o is a C*1E-formula in the form (1). If a (finite) certificate for o exists, then  is (finitely)
satisfiable.

6 Proof of main result

Lemma 4.5 states that, if a formula ¢ of the form (1) is satisfiable, there exists a certificate
= <G, H» I» Ja Kv L, {O’k},I, {gz}v b7 b7 p, {gh}’ {ﬂ?}7QT7b7§> (24)

satisfying conditions €1-€7, with ||€|| doubly exponentially bounded. We proceed to show that, in fact, such a €
exists with ||€]| singly exponentially bounded.

We begin with the numbers H and L. Condition €7 states that a is a solution of the system of positive
integer clauses C'(w), and that a', b, b is a solution of the system of extended integer equations and inequalities
E(w', £, 2). We proceed to construct solutions in which at most singly exponentially many values are non-zero.
Our basic tools will be Proposition 2.4 and Corollary 2.6. However, both CT and &, are systems of positive integer
clauses; moreover, |E5| is at best doubly exponentially bounded. For this reason, we must proceed with caution.

We begin with the set of clauses C'(w'). For each clause in this set, select some disjunct of that clause
satisfied by a; and let C(w') be the set of selected equations and inequalities. Thus, C(w?) is also satisfied by
a', propositionally entails CT(w'), and has the same cardinality as C'(w'). Let w be the tuple of variables w', 2
and let a be the corresponding tuple of constants a!, b. Thus, a, b is a solution of the system of extended 1nteger
equations and inequalities

F(w, 2) = C(wh) U & (w, 2) U (w, 2) U Ea(w, 2) U Es(w, 2) U UE(w, 2).

And, of course, é a solution of £ (2). (Note that £ does not feature the variables wt, 2) Letn = |F|, let N,
be the maximum value of any finite variable coefficient in F, and let N be the maximum value of any finite
coefficient in F. Thus, we see that n is exponentially bounded, and /N (and hence /V,) is doubly exponentially
bounded.

Let us consider now the set of positive integer clauses £; we repeat it here for ease of reference:

L
{(21’;,0 >1)V (Z 2, = 0)
(=1

The tuple £ is simply an ordering of the collection of variables {z 5} with %, p and ¢ varying over their usual
ranges (i.e., G < h < H,1 <p <b(h)+ 1,0 < ¢ < L). Thus, we may write bh .0 10 denote that element of
the tuple é corresponding to 2;’) ¢~ Reordering 2 if necessary, let us write £ = 2, z,, 23, where: (i) z; is the tuple
with ¢ > 1, for which b , > 0; (iii) z4 is the tuple
of all variables 25 ¢» with € > 1, for which l;g ¢ = 0. Re-ordering the é = by, by, 0 correspondingly, we see that
F(w, 21, 24, 23) has solution @, by, by, 0.

G<h§H,1§p§h(h)+1}. (&2)

of all variables 2 : (i) z, is the tuple of all variables 22, 0
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Now freeze the values a, b; and 0 for the moment. That is, consider the system of extended integer equations
and inequalities

f’(&Q) :f(gab17§2ag)'

Notice that |F’'| = |F| = n, and that the largest finite variable coefficient in F’ is still at most N,. Since
F'(25) has a solution over N*, by Corollary 2.6, it has a solution by, in which at most exponentially many values
are positive. Reordering the variables z, if necessary, let us write z, = 25 1,25 5 and by = 51,0, where the
tuple b, ; is of at most exponential length, and F(w, 21, 25 1, 22 9, 23) has solution a, by, b, 1,0, 0. Notice also,
however, that the tuple b, , b2,1 ,0, 0 satisfies Ea(z4, 22152225 Z3), since the values of all the variables Z;}f,o remain
unchanged from b, as do the values of all the variables zg ¢ (£ > 1) such that b’; ;=0.

Reordering the variables z; if necessary (which are all of the form égﬁp), letus write z; = z; 1, 21 o, Where 24 ;
consists of those variables 28’1) such that, forsome £ (1 < ¢ < L), %Lp isin 221 (i.e. was assigned a non-zero value
in the tuple b5). Since Z5,1 has at most exponential length, so has z, ;. Reordering b; = b, ;, b; 5 correspondingly,
we see that F(w, 5171711,2552717§2,27§3) has solution a, b1717b172abg,1;97 0, and 52(&1717£1,27§271a52727§3) has
solution b1717b1727 bzg;g, 0.

Now freeze the values b, ; and b, ;, together with both the Os. That is, consider the system of extended integer
equations and inequalities

]'—”(Maém) = ‘F(Mabl,lvgl,%bzlagvg)'

The number of equations in F” is still n, and the largest finite variable coefficient is still at most N,. Since
F"(w, z; ») has a solution over N*, by Corollary 2.6, it has a solution a’, ] ,, in which at most exponentially
many values are positive. We claim that 91.179/1,2’ by 1,0,0 is a solution of €2(z; 1,21 9522 1, 20,25 23)- For the
only variables whose values have changed (in comparison to the solution by1,by 25 QQ:l,Q, 0) are those in z, ,
i.e. those z(’ip for which all the corresponding variables zZ p (€ = 1) arein z, 5, which guarantees that the sums
25:1 éz’j_’ ¢ occurring in the relevant clauses of & are zero.

Hence (F U &)(w, 21 1,219, 22,15 29,2, Z3) has the solution a’,b; 1,b] 5, b, 1, 0,0, featuring only exponen-
tially many positive values. By renumbering if necessary, this means that H and L may be assumed to be singly
exponentially bounded, since all terms involving zero-valued variables can be simply deleted from the equations
and inequalities in £.

We next deal with the value K. Observe first that, as we have just shown, we may assume that only expo-
nentially many of the values in the tuple ' are non-zero. (Model-theoretically speaking, this means that, among
the special elements of the constructed cosmos, only exponentially many star-types are realized.) Moreover, as
we earlier established, each of the vectors Eg’ has at most exponentially large footprint, and we have just shown
(via the bounds on H and L) that there are only exponentially many of them. (Model-theoretically speaking,
this means that, among the ordinary elements of the constructed cosmos, only exponentially many star-types are
realized.) Thus, we may safely ignore all but at most singly exponentially many star-types in our enumeration
o1,...,0K. By projecting out components of vectors corresponding to unrealized star-types, we may assume K
too is exponentially bounded.

Finally, we consider the vectors af, b and b. Having established singly exponential bounds on H, K and
L, these are simply required as solutions over N* to a system of extended integer equations and inequalities in
exponentially many variables, with all coefficients doubly exponentially finitely bounded. By Corollary 2.5, such
a solution exists which is doubly exponentially finitely bounded, yielding a € of singly exponential size.

The argument the case where € is finite proceeds in exactly the same way, noting that we are dealing only with
systems of Diophantine integer clauses with solutions over N. The only change of wording required is that we
use Proposition 2.4 instead of Corollary 2.6, and Corollary 2.3, instead of Corollary 2.5.

We have thus strengthened Lemma 4.5.

Lemma 6.1 Suppose ¢ is a C?1E-formula in normal form. If o is (finitely) satisfiable, then ¢ has a (finite)
certificate €, with ||€|| singly exponentially bounded as a function of ||¢||.

We can now prove the main theorem of this paper.
Theorem 6.2 The (finite) satisfiability problem for C*1E is NEXPTIME-complete.

Copyright line will be provided by the publisher



mlq header will be provided by the publisher 39

Proof. It is obvious that we can check whether a (finite) certificate ¢ satisfies the conditions €1-€7 given
in Sec. 4.6 in time bounded by a polynomial function of ||€||. Equally obviously, given a C?>-formula ¢ with
ceiling M, and a structure 2( with |A| < M, we can determine in time bounded by a polynomial function of
l¢|| and M (and hence by a singly exponential function of ||¢||) whether 2( |= ¢. The upper bound then follows
from Lemmas 2.1, 5.2 and 6.1. The lower bound follows from the well-known fact that the (finite) satisfiability
problem for the two-variable fragment of first-order logic is NEXPTIME-hard (see, e.g. [26], p. 255). O

Corollary 6.3 If ¢ is a finitely satisfiable C*1E-formula, then o has a model of size bounded by a doubly
exponential function of ||||.

Proof. Immediate from the bounds on ||€|| established above together with the model-construction process
in Sec. 5. O

7 Two equivalence relations

In this section, we show that the satisfiability and finite satisfiability problems for C22E are both undecidable.

A deterministic 2-counter machine M has a finite set of states sg, ..., sy, and two counters, ¢; and ¢y, each
holding a non-negative integer. We regard s as a start state and sy, as a stop state. The basic operations of M are:
test whether ¢; holds the value 0; and increment/decrement c; (where attempting to decrement zero yields zero).
The program of M associates with each state s; other than sy, a basic operation (i.e. a zero-test, increment or
decrement), together with a specification of the next state of the machine (depending, in the case of of zero-tests,
on the outcome). No action is specified for the stop state. A configuration for M is a triple comprising a state
together with the values of ¢; and cy. The run of M is the (finite or infinite) sequence of configurations starting
with (s, 0, 0), where each configuration is obtained from its predecessor as specified by the program of M, in
the obvious way. We allow this sequence to stop if a configuration featuring the stop state, sy, is encountered,
in which case we say that the machine M terminates. It is well-known that deterministic Turing machines may
be effectively simulated by deterministic 2-counter machines. Hence, the problem of deciding whether a given
deterministic 2-counter machine terminates is r.e.-complete.

We proceed to show how runs of deterministic 2-counter machines can be encoded using the logic C22E.
Recall that, in C22E, the distinguished binary predicates £, and E, must be interpreted as equivalences. Where
a structure 2 is clear from context, we refer to the equivalence classes of Efl as Ei-classes, and similarly for
E,. Note that the coarsest common refinement E¥ N E3' of these two equivalences is also an equivalence; to
aid intuition, we refer to its equivalence classes as configurations. We write E12(x,y) as an abbreviation for the
formula F1 (z,y) A Ea(x,y). We employ unary predicates d;, do to partition the universe, in such a way that,
within any F'; - or E5-class, the elements satisfying them form configurations:

Va((di(z) V da () A (2di(2) V —da(2))) (25)
2

N\ VaVy(Era(z,y) Ad(z) = di(y)) (26)

k=1

A\ N\ VaVy(Er(z,y) Adj(2) Adj(y) = Bs_k(x,y)). (27)

k=1j=1

We call a configration whose elements satisfy dy a dg-configuration. It follows that each equivalence class
contains at most one d;-configuration, and at most one d»-configuration. Where two different configurations, B
and B’, lie in some Ej-class (k € {1,2}), then we say that B’ is the successor of B if B is a dj-configuration
and B’ a ds_j-configuration. Thus, for B and B’ as described, one is the successor of the other. Successors,
where they exist, are obviously unique.

We employ unary predicates si,..., sy, and refer to them as states; we also employ an additional unary
predicate s to stand for their disjunction. We require that every configuration contains a unique element satisfying
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Fig. 8 Initial segment of a chain of configurations: each configuration (white region) contains a unique s-element determining
its state; the first configuration is in the start state, and forms an E-class on its own.

s, which will be in exactly one state:

VaI—yy(Eie(z,y) A s(y)) (28)
L

Vo (3(9@) — \/ sz(x)> A /\ Va(se(z) = —spr(2)). (29)
=1 1<e</<L

A configuration whose s-element satisfies s, will be said to be in state s,. We call sq the start state and sp,
the stop state. We employ a binary predicate ¢, and we require that ¢(z,y) holds only between s-elements of
configurations one of which is the successor of the other:

Vavy(t(z,y) — (s(x) A s(y) A \/ (Ex(z,y) A —Es_k(x,y) A di(x)))). (30)
k=1

We require that there exists a dj-configuration in the start state, that this configuration is the only one in its
FEs-class (i.e., is not the successor of any configuration), and that every configuration in a state other than the stop
state has a successor:

Jz(di(z) A so(@) AVy(Ea(z,y) = Er(2,9))) (31)
L-1
/\ Va(se(z) — Jy.t(z,y)). (32)
£=0

It follows that, in any model of (25)—(32), there is a chain, By, B, ..., (possibly infinite) of distinct configu-

rations, where By is in the start state, and where each B, is the successor of B;. Moreover, if this chain is
finite and maximal (i.e. cannot be extended), then its final configuration must be in the stop state. Notice that this
condition must obtain if the model is finite. The situation is illustrated in Fig. 8.

Recall that, if B is any configuration, then B contains exactly one element satisfying s. We employ two
further unary predicates c; and co: we refer to the set of elements of B satisfying ¢; (1 < ¢ < 2) as the the
c;-counter in B, and we refer to the cardinality of this set as the value of that counter. It helps to assume that the
sets of elements of B satisfying the respective predicates s, c¢; and ¢, partition B; however, this is not formally a
requirement.

We now consider any deterministic 2-register machine, M, and proceed to describe the run of M using C22E-
formulas. We first define, for i = 1,2, a 1-place formula ¢ (z), which, in effect, states that the c;-register in the
configuration containing z is zero:

—Jy(Erz(z,y) Aci(y)).
Using these formulas, we fix these register values for any d;-configuration that is not a successor to be zero:
Var(dy () AVy(Ea(z,y) = Ei(z,y)) = §(2) A c5(2)).

We next define a formula ¢ (z, y) with the following property. Suppose b and b are elements of configurations
B and B, respectively, where B’ is the successor of B: if the pair (b, b’} satisfies ¢ (x, y) then the ¢;-counter of
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By

Tk

Fig. 9 Successive configurations whose elements satisfy the formula ¢; (z,y): the ¢; counters are in 1-1 correspondence
under 7, and so are equinumerous.

B and the c¢;-counter of B’ contain the same value. To construct ¢;-(z, y), we employ a pair of binary predicates
r1, T2, denoting relations contained within the equivalences F, Es, respectively, but disjoint from the other:

2

/\ VaVy(ri(z,y) = Ex(z,y) A —Es_i(z,y)). (33)
k=1

Recall that, under our assumptions concerning b and b’, if b satisfies dj, then b and b’ lie in a common F}, class.
The formula ¢;~(z,y) then simply states that, in that case, every element in the ¢;-register of B is related by 7,
to exactly one element in the c;-register of B’, and that every element in the c;-register of B’ is related by the
inverse of rj to exactly one element in the c;-register of B.

/\ (di() = Vy(Er2(2,y) Aci(y) = J=yz(ri(y, ) Aci(z)))A
k=1

Va(Eia(y, x) A ci(x) = J=qgy(re(y, z) A ci(y))).

Note how the variables x and y are ‘re-used’ by quantifiers. This formula relies on the sentence (33) to have its
advertised effect: the relation rj; holds only between elements in the same Fj-class but different F'5_-classes.
The situation is illustrated in Fig. 9.

Similarly, we can define a formula ¢; (, y) entailing that, if the configuration B’ containing y is the successor
of the configuration B containing x, then the ¢;-register of B’ is one greater than that of B, and a formula ¢ (x, y)
entailing that the ¢;-register of B’ is one less than that of B (or that both are zero).

Using the formulas ¢ (z), ¢ (z,y) and ¢; (z,y), we may then encode the program of M in the expected way.
For example, if the basic operation of M associated with state s; is to increment counter ¢; and move to state s;,
then we require:

Vay(si(x) At(z,y) — (¢ (2, 9) A cq (2,9) A si(y)))-

Writing such formulas for all states s; (0 < i < L), we can effectively construct a C>2E-formula (g any
model of which contains a sequence of configurations By, B, ..., encoding the run of M. Indeed, ¢n has a
finite model if and only if M has a terminating run. Hence:

Theorem 7.1 The finite satisfiability problem for C>2E is r.e.-complete.

Bearing in mind that M terminates just in case its run encounters the stop state, we see that ong A Vz—sy ()
has an (infinite) model if and only if M is non-terminating. Hence:

Theorem 7.2 The satisfiability problem for C>2E is co-r.e.-complete.

Table of symbols

The following table lists mathematical symbols used with the same meanings over several sections of the paper.
Symbols with only local use are not listed here.
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Symbol Explanation Pages
%) a C?1E-formula in normal form 8
Z a number exponentially large in ||| 8
by signature of (o with polynomially many spare predicates 8
m (1 <i<I) the 1-types of ¥ 9
p; 1 <5 <8)) the ray-types of X 9
A a structure interpreting Y, often a model of ¢ 12,32
o, (1 <k<K) star-types occurring in the structure 2l or certificate € 13,28
B9 =(C9 (1 <g<(@G) | aspecial equivalence class, special cluster 14,18
z the 1-types uniquely realized in 2 14
Gi the indices of the special equivalence classes realizing m; 14
wh =w!, ... w® profiles of special equivalence classes 18
Ch1<h<H) a cluster 20
EM(G < h < H) equations satisfied by the profile of C" 20
wh(1<i<D) a basis vector for solutions of £" 20
Bh (0 < s < ¢(h)) an equivalence class/galaxy in C" (c(h) may be Rg) 20
B;} 1 <p<hb(h) a terminator in C" (b(h) may be 0) 23
Bh(1<p<b(h)+1) | asectorin C" 23
ZZP 2 number of occurrences of /th constellation in Bz’j 24
QZ » 2 number of occurrences of /th constellation in Bg 24

the equations D1—Dy 26
E(w', 2, 2) the equations and inequalities £1—&g, using D as definitions | 26
al, b,é a solution for &(w, 2, 2) 27
¢ a certificate 27
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