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—— Abstract

This work relates numerical problems on matrices over the rationals to symbolic algorithms on words and finite

automata. Using exact algebraic algorithms and symbolic computation, we prove various new decidability results
for 2 x 2 matrices over Q. For that, we introduce the concept of flat rational sets: if M is a monoid and N is a
submonoid, then flat rational sets of M over N are finite unions of the form Logi1 L1 - - - g: L+ where all L;’s are
rational subsets of IV and g; € M. We give quite general sufficient conditions under which flat rational sets
form an effective relative Boolean algebra. As a corollary, we obtain that the emptiness problem for Boolean
combinations of flat rational subsets of GL(2, Q) over GL(2, Z) is decidable (in singly exponential time). It is
possible that such a strong decidability result cannot be pushed any further inside GL(2, Q).

We also show a dichotomy for nontrivial group extension of GL(2, Z) in GL(2, Q): if G is a f.g. group such
that GL(2,Z) < G < GL(2,Q), then either G = GL(2,Z) x ZF, for some k > 1, or G contains an extension
of the Baumslag-Solitar group BS(1, ¢), with ¢ > 2, of infinite index. In the first case of the dichotomy the
membership problem for GG is decidable but the equality problem for rational subsets of G is undecidable. In the
second case, decidability of the membership problem for rational subsets in GG is open.

In the last part we prove new decidability results for flat rational sets that contain singular matrices. In
particular, we show that the membership problem is decidable (in doubly exponential time) for flat rational subsets
of Q2*2 over the submonoid that is generated by the matrices from Z>*? with determinants in {-1,0,1}.

Finally, this paper improves and overarching all known decidability results for 2 x 2 matrices and it also
supports these results with concrete complexity bounds for the first time.
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1 Introduction

Many problems in the analysis of matrix products are inherently difficult to solve even in dimension
two, and most of such problems become undecidable in general starting from dimension three or four.
One of these hard questions is the membership problem for matrix semigroups: Given n X n matrices
{M, M, ..., M}, determine whether there exist an integer ¥ > 1 and iy,...,ix € {1,...,m}
such that M = M,, --- M;,. In other words, determine whether a matrix belongs to a finitely
generated (f.g. for short) semigroup. The membership problem has been intensively studied since
1947 when A. Markov showed in [32] that this problem is undecidable for matrices in Z6*6. A natural
and important generalization is the membership problem in rational subsets of a monoid. Rational
sets are those which can be specified by regular expressions. A special case is the problem above:
membership in the semigroup generated by the matrices My, ..., M,,. Another difficult question
is to decide the knapsack problem: “3x1, ..., x, € N: My* --- MZ» = M?”. Even significantly


https://orcid.org/0000-0002-5994-3762
mailto:diekert@fmi.uni-stuttgart.de
https://orcid.org/0000-0002-7192-7853
mailto:potapov@liverpool.ac.uk
https://orcid.org/0000-0002-7547-6391
mailto:pavel.semukhin@cs.ox.ac.uk

Decidability of membership problems for flat rational subsets

restricted cases of these problems become undecidable for high dimensional matrices over the integers
[15,127]; and very few cases are known to be decidable, see [2,16,[11]]. The decidability of the above
problems remains open even for 2 x 2 matrices over integers [[10, [12} 22} 26, 137].

Membership in rational subsets of GL(2,Z) (the 2 x 2 integer matrices with determinant +1) is
decidable. Indeed, GL(2, Z) has a free subgroup of rank 2 and of index 24 by [33]]. Hence, it is a
finitely generated virtually free group, and therefore the family of rational subsets forms an effective
Boolean algebra [42| 145]. Two previous results extend the border of decidability for the membership
problem beyond GL(2, Z) are [38],[39]. The first one is for semigroups of 2 x 2 nonsingular integer
matrices, and the second result is for GL(2, Z) extended by integer matrices with zero determinant.

This paper pushes the decidability border further. First of all, we consider membership problems
for 2 2 matrices over the rationals whereas [38}[39] deal only with integer matrices. Since decidability
of the rational membership problem is known for GL(2, Z), we focus on finitely generated (f.g. for
short) subgroups G of GL(2, Q) which contain GL(2, Z). In contrast to [38,[39] we also give concrete
complexity bounds. In order to provide self contained exposition of the main results we combined a
number of auxiliary results in Section [2]and Section[3] In Section 2] we characterize recognizable and
rational sets in semigroups, provide techniques for transferring results for rational subsets in groups
and highlight essential properties of Boolean algebras. In Section 3| we describe and prove the cubic
procedure to compute the Smith normal form of a non-zero matrix g in Q2*2.

In Section il we prove one of the main results which is Theorem [I7] It states a dichotomy
for a f.g. subgroup G sitting strictly between GL(2,Z) and GL(2,Q): there are two cases which
exclude each other. In the first case of the dichotomy, G is generated by GL(2, Z) and finitely many
non-singular central matrices (). In that case G is isomorphic to GL(2,Z) x Z* for k > 1. It can
be derived from known results in the literature about free partially commutative monoids and groups
that equality test for rational sets in GG is undecidable, but the membership problem in rational subsets
is still decidable.

So, this is the best we can hope for groups sitting strictly between GL(2,Z) and GL(2,Q), in
general. If such a f.g. group G is not isomorphic to GL(2,Z) x Z*, then our dichotomy states that it
contains a Baumslag-Solitar group BS(1, ¢) for ¢ > 2. The Baumslag-Solitar groups BS(p, q) are
defined by two generators a and ¢ with the defining relation ta”t~! = a?. They were introduced in
[3] and widely studied since then. It is fairly easy to see (much more is known) that they have no free
subgroup of finite index unless pg = 0, see [19]]. As a consequence, in both cases of the dichotomy,
GL(2,Z) has infinite index in G. Actually, we prove more, namely, if G contains a matrix of the form
(s 792 ) with |r1] # |ra| (which is the second case in the dichotomy), then G contains some BS(1, ¢)
for ¢ > 2 which has infinite index in G. It is wide open whether the membership to rational subsets of
G can be decided in that second case. For example, let p > 2 be a prime, and let G’ be generated by

(9. (§1),and (§9). In this case (p 0 ) also belongs to . As usual, Z[1/p] denotes the ring

0p !
{p"r € Q|n,r € Z}; anditis known by [4] that (9 '), (§1), and (g p?l ) generate SL(2, Z[1/p]).
Hence, G’ contains SL(2,Z[1/p]) as a subgroup. The structure SL(2, Z[1/p]) is given in [44] II.1
Cor. 2]: it is an amalgam of two copies of SL(2,7Z) over common subgroup of finite index. It is
however unknown how to decide subgroup membership in such amalgams. Moreover, (é 2) acts
by conjugation on SL(2, Z[1/p]), and since ((1) g) generates an infinite cyclic group, we have that
G’ = SL(2,Z[1/p]) x Z. Hence, even if subgroup membership for SL(2, Z[1/p]) was decidable, then
it could still be undecidable in G’. The situation is more friendly for the subgroup generated by the
matrices (§ 1) and (§ ) because it is the group UT(2, Z[1/p]) x Z = Z[1/p] x Z = BS(1, p). The
group BS(1, p) is metabelian and the subgroup membership is decidable in f.g. metabelian groups [40].
Actually, a stronger result is known for Baumslag-Solitar groups: decidability of membership for
rational subsets in BS(1, ¢) for all ¢ > 1 was shown by Cadilhac, Chistikov, and Zetzsche in [9].

In Section [7] we prove new decidability results for flat rational sets that contain singular matrices.
In particular, we show that the membership problem is decidable (in doubly exponential time) for
flat rational subsets of Q%*2 over the submonoid that is generated by the matrices from Z2*2 with



V. Diekert, I. Potapov and P. Semukhin

determinants in {—1,0,1}.

In order to keep the paper essentially self-contained and for convenience to the reader some proofs
of well-known (or folklore) results have been included in the appendix, Section[9] For example the
appendix contains a calculation of the generators for SL(2, Z[1/p]).

2 Notation and preliminaries

A monoid M is a semigroup (M, -) with a neutral element 1. If we use a multiplicative notation,
then 1 denotes the neutral element of a monoid. In particular, the empty word in free monoids is
denoted by 1 as well. A zero in (M, ) is an element O such thatz -0 =0-z = 0 forall z € M.
In commutative monoids without a zero-element, we might use an additive operation, and then the
neutral element is denoted as 0. This is standard and there will be no risk of confusion. The set of
units of M is the subgroup of invertible elements: it is the submonoid of « € M such that there is
some T € M with Z = 1. If z is an invertible element in M, then 2% denotes the set of elements 2™
where n € Z and ' = Z. We apply this concept when M is a monoid of 2 x 2 integer matrices. In
this case the group of units is M N GL(2, Z). For a subset S C M we denote by (S) the submonoid
of M which is generated by S. Another notation for (S is S*.

For groups (and more generally for monoids) we write N < M if N is a submonoid of M and
N <Mif N < Mbut N # M. If M is a monoid, then Z (M) denotes the center of M, that is, the
submonoid of elements which commute with all elements in M. By U (M) we denote the group of
units of M. It can be defined a follows:

UM)={geM|legM}. (D

It is easy to see that U(M) is a submonoid of M (which contains 1) where every element has a
right-inverse. Therefore, U (M) is a group, but not necessarily the largest subgroup (with respect to
to size) which appears as a subsemigroup in M.

A subsemigroup I of a monoid M is an ideal if M I M C I. The empty set ) is an ideal. If M
contains a zero, then {0} is the smallest nonempty ideal. If an ideal I contains an element of U (M),
then I = M. Hence, M \ U(M) is the greatest ideal in M which is not equal to M.

A group is finitely generated as a group if and only if it is finitely generated as a monoidﬂ As
mentioned in the introduction write “f.g.” as an abbreviation for “finitely generated”.

Throughout we let log(x) = max{1,log,(x)}. Let f,g : N — R>( be two functions with
values in non-negative real numbers. As usual, we let f € O(g) if there is some k € N such that
f(n) < (kg(n) + k) for all n € N. Sometimes we measure complexities in soft O-notation 0,
too. We write f € O(g) if f € O(g - log"(g)) for some k € N. Thus, poly-logarithmic factors are
neglected.

2.1 Reductions and complexity classes

We follow standard notation in complexity theory as it can can be found for example in [36]. Decision
problems are encoded as subsets in {0, 1}*. We define complexity classes via the notion of reduction.
For that we use DTIME( f) as well as NTIME( f) reductions between problems P and Q.

Let f : N — N be some function. A DTIME(f) (resp. NTIME( f)) reduction is realized by a
deterministic (resp. nondeterministic) Turing machine which on every input u € {0, 1}* of length n
stops after at most O(f(n)) steps. In particular, every computation stops. We assume that machine
has a separate write-only output-tape which is initially empty. In every perhaps nondeterministic
computation the contents on the output-tape is some v € {0, 1}* when the machine had stopped. By
construction, we have |v| € O(f(n)).

! A nontrivial free group of rank k requires k group generators and k + 1 monoid generators.
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We call it a reduction from P to Q if for all u € P there is some (perhaps nondeterministic)
computation with an output v such that v € @. On the other hand, if u ¢ P, then there is no
computation which can produce any output v such that v € Q.

A P-reduction (resp. NP-reduction) is a DTIME(f) (resp. NTIME(f)) reduction where f
is bounded by some polynomial. Note that the class NP is closed under NP reductions. A
DEXPTIME-reduction (resp. NEXPTIME-reduction) is a DTIME(f) (resp. NTIME(f))
reduction where f is bounded by a function of type 2P where p is some polynomial.

If there is a DTIME(f) (resp. NTIME(f)) reduction of a problem P to a singleton like {1},
then we say that P belongs to the complexity class DTIME( f) (resp. NTIME( f)).

2.2 Computation of greatest common divisors

The results of this subsection are (most probably) well-known or folklore. However, the polynomial
time bounds for our main results rely on a polynomial time bound to compute binary integers x and y
in Proposition 2] Elementary proofs of Lemma|[I]and Proposition [2]are in the appendix.

» Lemma 1. Let 0 # g € Z. Let ged(b,d) = 1. Then there are 1 < z,y < |q| such that
ged(z,y) = 1 and xb + yd = 0 mod q.

» Proposition 2. Given two n-bits integer numbers a and b, we can compute in time (5(n2) integer
numbers x and y such that ax + by = ged(a, b) with |z|, |y| < max{|al, |b|}.

2.3 Recognizable and rational sets in semigroups

Throughout this subsection M = (M, -) denotes a semigroup. We recall some classical facts as they
can be found, for example, in the textbook of Eilenberg [17]]. We do not give proofs since they are
standard and they appear in Eilenberg’s book, too.

» Definition 3. A subset L C M belongs to the family of recognizable sets Rec(M) if there exists
a homomorphism o : M — N of M to a finite semigroup N such that L = ¢~ (¢(L). We also say
that o (resp. N ) recognizes L.

» Definition 4. The family Rat(M) has the following inductive definition using rational (aka
regular) expressions.

1. |L| <00, L C M = L € Rat(M).
2. L1,Ly € Rat(M) = Ly ULy, Ly Ly, and LT € Rat(M).

Here, for L C M the set L™ denotes the subsemigroup of M which is generated by L. If M is a
monoid, then the submonoid generated by L is L* = L™ U {1}. It is called the Kleene-stalﬂ of L.

Note that the definition of Rat(M) is intrinsic without reference to any generating set.

» Remark 5. Let G be any group. Then I. C G is recognizable if and only if there is normal
subgroup H of finite index and a finite subset {g1,...,g9x} C Gsuchthat L = |J{g; H |1 < i < k}.
In particular, if G is infinite, then no finite subset of G is recognizable. A subgroup H belongs
to Rat(G) (resp. Rec(G) if and only if H is f.g. (resp. the index G/H is finite), [L]]. This does
not hold for submonoids: the group Z x Z contains the infinitely generated rational submonoid
{(m,n) e NxN|m=0Vn>1}=(0,1) + N x N. A group G is finite if and only if Rec(G) =
Rat(G) because finite subsets are rational.

2 We have L™ = LL* and L* = LT U {1}. Hence, for monoids we can replace the closure under L™ by the closure
under Kleene-star without changing the class Rat(M).
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» Proposition 6. Let h : M — M’ be any homomorphism of monoids. Then the following
assertions hold.

If L' € Rec(M'), then h=*(L') € Rec(M).

If L € Rat(M), then h(L) € Rat(M").

If L € Rec(M) and K € Rat(M), then LN K € Rat(M).

Kleene’s Theorem, [25)]: If £* denotes a f.g. free monoid, then Rec(¥*) = Rat(X*).
McKnight’s Theorem, [33|]: M is finitely generated if and only if Rec(M) C Rat(M) if and only
if M € Rat(M).

Thanks to Kleene’s Theorem, we define for f.g. free monoids the family of regular languages Reg(%*)
by Reg(X*) = Rec(X*) = Rat(X*). In the present paper the notation “regular language” always
refers to a subset in some finitely generated free monoid. Note that frequently Rec(M) # Rat(M).
This happens, for example, as soon as M is an infinite group, or if M contains a free partially
commutative monoid like {a, c}* x {b}*, see e. g. [15]]. We shall use a weaker form of McKnight’s
Theorem, only: if M € Rat(M), then M is finitely generated. Hence, if M € Rat(M), then
Rec(M) C Rat(M) by the third item above.

» Definition 7. A nondeterministic finite automaton over subset S of M (or S-NFA for short if the
semigroup M is clear from the context) is a tuple A = (Q, 9, I, F') where Q) is a finite set of states,
0 C Q xS x Q is a finite set of transitions, and I, F' are subsets of Q). The set I (resp. F) is called
the set of initial (resp. final) states.

A transition (p, s, q) € J is also written as p — q. Let m € M. We say that m is accepted by A
if there are qg € I, g, € F', and m admits a factorization m = s; - - - s,, such that there is a path of
transitions

Q5 q Qa1 — gn

with s; € S. Forn = 0 thismeans m = 1 € M and I N F' # (). The accepted language L(A) is
the set of m € M which are accepted by A. The NFA A is called trim, if every state is on some
accepting path. Whenever convenient we assume that A is trim. Note that for every NFA A there is a
f.g. subsemigroup N < M such that L(A) C N. Indeed, a possible set generators for NV is given by
the finite set of labels of transitions in J.

» Proposition 8. Let L C M be any subset. Then the following assertions are equivalent.

We have L € RAT(M).
There is some M-NFA A such that L = L(A).
The set L is the image p(K) of a regular set K C X7 under some homomorphism ¢ : X — M.

2.4 Transfer results for rational subsets in groups

Let G be a group with a subgroup H. The aim of Section[2.4]is to show Theorem I 1[f]| It states that
L C H and L € Rat(G) implies L € Rat(H ). Remark[5|shows that such a statement does not hold
for submonoids of a group G, but for subgroups H it holds without any hypothesis on the group G
and a subgroup H. Even in this general form, our proof of Section[2.4]is conceptually simple: it is a
direct transformation of a G-NFA accepting L. The general form is used in the proof of Theorem 22]

» Lemma 9. Ler H be a finite index subgroup of G. Then

{LC H|L€Rat(G)} = {LNH|L € Rat(G)}.

3 An independent (unpublished) proof of Theoremleaning on finite transducers was given by Sénizergues [43]].
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Proof. The inclusion C is trivial. The other inclusion is clear by Proposition [f]since |G/H| < oo
implies H € Rec(G). <

» Remark 10. Lemma [9]cannot be extended to the case where H has infinite index, in general.
For example, the extension fails as soon GG does not have the so-called Howson property: there are
f.g. subgroups H, L such that LN H is not finitely generated. Free groups satisty the Howson property,
but G = F(a,c) x F(b) does not. To see this, let H be the subgroup of (infinite index) in G which
is generated by (a,b) and (c, 1); and let L be the subgroup of G generated by (a, 1) and (c, b). It is
enough to show that the subgroup G’ = H N L is not rational. For that we denote by 7 : G — F'(a, ¢)
the canonical projection onto F'(a, ¢). Assume by contradiction that G’ € Rat(F(a, b)). The family
Rat(F(a,b)) is closed under intersection by [8]]. Hence, G’ N a*b* € Reg({a, b}*) since {a, b}* is
a free submonoid. However, G’ N a*b* = {a"b™ |n € N} is not regular. Contradiction.

» Theorem 11. Let G be any group and H < G be a subgroup. Then
{L C H|L € Rat(G)} = Rat(H).

If L C H is definable by some G-NFA A with n states, then there exists an NFA A’ with at most n
states and labels in H such that A" accepts L, too.

Moreover, suppose first that G is a f.g. group with decidable word problem and second that the
question “g € H?” is decidable for g € G. Then the constrution of A’ is effective.

Proof. Without restriction, we may assume that .4 is trim: every state p is on some accepting path.
Since A has only finitely many transitions, there is a finite set 1 € ¥ C G such that each label of a
transition appears in 3. For every state p of .4 we find some word w € ¥* of length less than n such
that w,, labels some path from p to some final state. We let I' be the union of X and the set of these
words w,, viewed as elements in G. Thus, there exists a finite subset R C G with |R| < |T'| such that,
first, 1 € R and, second, the canonical mapping s — H s from R to the set of right-cosets H\G is
injective. In particular, the transition are labeled by elements having the form as with a € H’ and
s € R where H' is a finite subset of H. Note that if G is a f.g. group with decidable word problem
such that the question “g € H?” is decidable for g € G, then we can effectively compute I' and the
finite set H'. Let G’ the subgroup of G which is generated by the finite set H' U R. By construction,
G’ is af.g. subgroup of G such that L(.A) € Rat(G").

Suppose we read a word u over the alphabet H’ U ¥ such that reading that word from an initial
state leads to the state p. Since A is trim, there is some f € G which labels a path from p to some
final state. Thus, uf € L(A) C H, and therefore u € H f~!. This means H f~! = Hr withr € R
by construction. Therefore r doesn’t depend on w. It depends on p only: each state p € @ “knows”
its value r = r(p) € R such that if v’ is any word which we can read from any initial state to p, then
u’ € H r(p). Moreover, if p is any initial or final state, then we have r(p) = 1.

Let r = r(p) € R for p € . We introduce exactly one new state (p,r) with transitions

p — (p,7) and (p,r) — p. This does not change the language. Recall our convention that
=7l

Now for each outgoing transition p —% ¢ with r = r(p) and t = r(q) € R define b by the
equation b = rsat~!. Recall, if we read u reaching p, then ur~! € H and usat~! € H. Therefore,

ur~Yrsat~—! € H and hence b € H. We add a transition

(p.r) —2 (g, 1).

This doesn’t change the language as b = rsat ! in G and before we added the transition there was a

path (p,7) ——= p =% ¢ LN (g, t) as can be seen in the following picture:
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sa

Now, the larger NFA still accepts L, but the crucial point is that for v € L(A) we can accept the
same element in G by reading just labels from H. Indeed, consider any path pg 223 p; - - 2% p, |
where £ > 0 and pg is an initial. We claim that the new NFA contains a path labeled by b; - - - b,
with by, ..., by € H from pg to (pg, 7(px)) such that by - - - by, = s1aq - - - skakr(pk)*1 in G. This
holds for k& = 0 because 7(py) = 1 and there is a transition with label 1 from pg to (pg,1). Let
k > 1. By induction the claim holds for k£ — 1. Then, inspecting the figure above, where b = by,
sa = sgak, (p,7) = (Pr—1,7(pr—1)) and (q,t) = (px,r(px)), we see that the claim holds for &
since r(pk,l)_lbk = skakr(pk)_l; and so:

—1
by - br—1bk = s1a1 -+ - Sg—1ak—17(PE—1) " Dk

—1
5101 -+ Sp—10k—15kakT(PE) -

We are done, since r(py) = 1 whenever py, is final and hence there is a transition with label 1 from
(pr, 1) t0 pp.

Now we can remove all original states since they are good for nothing anymore by making (p, 1)
initial (resp. final) if and only if p was initial (resp. final). Let us denote the new NFA by A’. Then A’
has no more states as A. |

Theorem [1 1| was proved first under the assumption that H has finite index in G, [20, 42} 43]f']
This suffices to show the following fact.

» Corollary 12. Let H be a subgroup of finite index in a f.g group G. If the membership problem
for rational subsets of H is decidable, then it is decidable for rational subsets of G.

Proof. Since H is of finite index, there is a normal subgroup N of finite index in G such that
N < H < G. Using the canonical homomorphism from G to G/N we see that H is recognizable.
Hence, “g € H?” is decidable. We want to decide “g € R?” for some R € Rat(G). Suppose
u1, ..., uy are all representatives of right cosets of H in . Choose ¢ such that gu; ! ¢ H. Then we
have g € Rifand only if gu; ' € Ru; "N H. Since H is recognizable, we have Ru; 'NH € Rat(G).
By Theorem we have Ru; ' N H € Rat(H); and hence we can decide whether g € R. |

2.5 (Relative) Boolean algebras
» Definition 13. Let U by any set and B be a family of subsets of U.

We say that B is a Boolean algebra, if B is closed under finite union and complement.

We say that B is a relative Boolean algebra if B is closed under finite union and relative
complement: L, K e B = L\ K € B.

We say that B is a effective relative Boolean algebra if first, every L € B is given by an effective
description and second, for L, K € B the union LU K and the relative complement K \ L belong
to B, and, in addition, an effective description for them is computable.

Every Boolean algebra is a relative Boolean algebra, and if 3 is a relative Boolean algebra, then
() € B. Moreover, a relative Boolean algebra is closed under nonempty finite intersection. Indeed,

4 The proof in [42] states the result for f.g. virtually free groups, only.
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LNK=S\((S\L)U(S\K))where S = LU K. A relative Boolean algebra B is a Boolean
algebra if it is closed under finite intersection (that is: U € B).
Let us give some classical examples of (relative) Boolean algebra

1. The family of regular sets Reg(X*) is an effective Boolean algebra. More general, if M is any
f.g. monoid, then the family of recognizable sets Rec(M) is an effective Boolean algebra.

2. If Rat(M;) is an (effective) Boolean algebra for ¢ = 1, 2, then Rat(M) is an (effective) Boolean
algebra where M the free product M = M; * My, see [41] and [29] for a generalization.

3. Let A be a f.g. abelian monoid. Then Rat(A) is an effective Boolean algebra. Rational sets in
a f.g. abelian monoid are also called semi-linear and the result follows from [[18]]. In particular,
Rat(M) is an effective Boolean algebra if M = Z* or M = N* for some k € N.

4. Let Q be the additive group or the rational numbers. Then Q is not f.g. and every f.g. subgroup is
isomorphic to Z. As a consequence, Rat(Q) is an effective relative Boolean algebra, but not a
Boolean algebra.

5. A group G is called virtually free if it contains a free group of finite index. If G is f.g. virtually
free group, then the family of rational sets Rat(G) is an effective Boolean algebra. If G is an
infinitely generated free group, then Rat(G) is a relative Boolean algebra, but not a Boolean
algebra. The special case of f.g. free groups is due to Michele Benois [8]. The extension to
virtually free groups are in [20} 42 435].

3 Matrices

By R™*™ we denote the ring of n X n matrices over a commutative ring R, and det : R"*" — R is
the determinant. The units of R are denoted by R*. We view R as a subring of R™*" by identifying
r € R with the matrix 7 (§ 9) = (4 9). Hence, we may write 1 = (}9) and —1 = (' %).
By GL(n, R) we mean the group of invertible matrices, that is, the matrices ¢ € R™*" where
det(g) € R* is a unit. For n > 2 the center of GL(n, R) is R* = {(; ") |r € R*}. By SL(n, R)
we denote the special linear group det™"(1). It is a normal subgroup of GL(n, R). Of particular
interest for us are SL(2,Z) and GL(2,Z). The structure of SL(2,Z) is well—understoodE] It is the
amalgamated product SL(2, Z) = Z/AZ %797 7 /6Z. Its quotient PSL(2,Z) = SL(2,Z)/{+£1} is
the projective special linear group. It is the free product Z /27 % Z/3Z. 1t is shown in [35] that
PSL(2,Z) has a free subgroup of rank 2 and index 6. Hence, SL(2, Z) has a free subgroup of rank 2
of index 12 and GL(2,Z) has a free subgroup of rank 2 of index 24. In particular, all three groups
are f.g. virtually free groups because the class of f.g. virtually free groups is closed under finite
extensions.

3.1 The input size of matrices and NFAs over matrices

The (bit-)complexity of an algorithm depends on the bit encoding of the input. If (in the present paper)
we consider complexities, then we work mostly with NFAs where the labels of transitions are 2 x 2
matrices over Q. We begin with fixing the binary size of matrices. Given m € Q?*2, we assume
that m is written as m = p~* (2 ) where p is the least positive integer such that (¢ %) € Z2*2.
Next, welet || (24) || =max{lal,b],|c|,|d[} and [[m || = 2l (¢ 5) |, It does not yield a
matrix norm, however we have:

n
Hml“'mnHmax < 2n_1H”mZ ||max' 2
=1

5 A detailed discussion about the algebraic structure of SL(2,Z) including the computation of normal forms can be
found, for example, in [14} Sec. 8.12].
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Since we are mainly interested in the bit complexity, we define || m ||, = log(|| m || ,,.) In particular,

fora,b,c,d € Zwehave || (24) ... = logy(max{2,lal,b],|c|,|d|}).

max

» Lemma 14. Let m = my - - - m,, be a product of of n matrices in Q**2 such that || m; ||, < 2"
for all i. Then we have || m||,,, € O(nk).

Proof. This is direct consequence of the inequality in (2). <

» Definition 15. Ler A = (Q,6,1,F) be an NFA where || m ||, is defined for all labels of
transitions. The weight of a transition (p,m, q) € ¢ is defined as 1 + || m || ;. The weight || A||,;, of
A is defined as 1 + the number of states + the weight of all transitions. That is,

T Al =1+ 1Q1 181+ D Ny 3)

(p,m,q)€S

The weight || A ||, is used as the binary input size of the NFA A.

3.2 Smith normal forms and commensurators

The intended application for our results is GL(2, Q), but the results are more general. They have the
potential to go beyond. Let n € N. It is a classical fact from linear algebra that each nonzero matrix
m € Q"™ admits a Smith normal form. This is a factorization m = re ((1) 2) fsuchthatr € Q
is a positive rational number, e, f € SL(n,Z), and g € Z. The matrices e and f in the factorization
are not unique, but both numbers r and q are. The existence and uniqueness of r and q are easy to
see by the corresponding statement for integer matrices. More details are in Section [3.3] Clearly,
r2q = det(m). So, for m € GL(2, Q), the sign of det(m) is determined by the sign of g.

The notion of “commensurator” is well established in group theory. Let H be a subgroup in G,
then the commensurator of H in G is the set of all g € G such that gH ¢g~' N H has finite index in H
(note that this also implies that H N g~! H g has finite index in g~ H g, too). If H has finite index in
G, then G is always a commensurator of H because the normal subgroup N = { gHg™1 | geG }
is of finite index in G if and only if G/ H is finite.

Moreover, if H has finite index in H' and if H' < G’ < G such that G is a commensurator of
H, then G’ is a commensurator of H’. The notion of a commensurator pops up naturally in our
context. Indeed, let s, = (§9) and H = SL(2,Z). Write g € GL(2, Q) in its Smith normal form
g = resq f. Then the index of gHg~' N H in H is the same as the index of s,Hs, ' N H in

H; and every matrix of the form (;C béq) isin s;Hs, ' if (¢4) € SL(2,Z). Thus, the index of
sqHs;' N H in H is bounded by the size of the finite group SL(n, Z/qZ). For n = 2 this size is in
O(q?). It follows that GL(2, Q) is the commensurator of SL(2, Z), and hence of GL(2,7Z). Actually,

GL(n, Q) is the commensurator of SL(n, Z) for all n € N, see for example [16 Ex. 5.19]

3.3 Computation of the Smith normal form

Let us recall the definition of the Smith normal form of a non-zero matrix g in Q2*2. Itis a
factorization g = s/t - e () f where s and t are positive integers, e, f € SL(2,Z), and q € Z.
Moreover, s/t and ¢ are uniquely determined by g (but e and f are not unique). The uniqueness of s/t
and ¢ can be seen as follows. Let g = r1-e1 (¢ 5) f1 = r2-e2 () f2 Multiplying M on the left by
7271 - €571 and on the right by f; ', we see that is enough to show that that £ - e (§9) = (§9) f
implies s/t = 1 and p = g. We may assume that s, ¢ are positive rational numbers with ged(s, t) = 1.
Let e = (e;;) and f = (f;;), then

(8611 S;D€12) _( tfi1 tfie
S€21 Spezz2/ T \ tqfa1 tqfaz ) -

Since ged(s,t) = 1, the positive integer ¢ divides eq; and eg;. Hence, ¢ divides det(e) = 1.

Thus, t = 1 and by symmetry s = 1, too. Thus, we have e () = (¢ 4) f and therefore
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det((§p)) = det((49)). Clearly, this implies p = g. The following lemma is a special case of
result by Kannan and Bachem, [24]. We include a proof because the result for 2 x 2 matrices is
rather easy to show. This allows us to keep the paper essentially self-contained. Moreover, for 2 x 2
matrices we obtain a soft cubic time bound which might be better than the polynomial time bound for
the general case[f]

» Lemma 16. On input m €~Q2X2 with n = || m/||,,, we can compute r € Q, e, f € SL(2,7Z),
and q € Z in polynomial time O(n®) such thatm =71 -¢e (4 ) f.

Proof. Our proof follows the same lines as in [24]]. The assertion is trivial, if m is the zero matrix.
So let m # 0. On input m we calculate the smallest positive integer p such that g = p (‘g Z) where
(25) € Z**2. Hence, w.l.o.g. we may assume that g = (¢Y%) anda = || A||,,, > 0. In the

following g, ¢’ denote divisors of a, and D = det(A).
First step: If a = 1, then we are done because

Hence, from now on we assume a > 2.
Let g = ged(a, b) = pa+qbwith 0 < ¢ < a. This is possible since (p+b)a+(g—a)b = pa+gb.
Then (p 7b/g) € SL(2,Z). Hence:

q a/g
(a b) (p—=b/g\ _ g 0
cd q a/g ~ \pctad D/g | -
If ged(a,b) = a, then we choose p = 1 and ¢ = 0. Otherwise a/g > 2 and |b| < a = || A]|

Hence: b
—1

9, (=1
a a

max

<

Ip| = <1/24a-1<a.

g—qb
a
Hence, after the first step and by left-right symmetry due to transposition of matrices, we may assume
without restriction that we actually start with a matrix

Aei(5 o) (857))

2 If D' =0, then we stop because the matrix is diagonal which is

max*

where gla and 0 < |D’| < 2||A]|
the aim for this phase.
Otherwise, let g’ = ged(g, D’) = pg + gD’ with 0 < g < g. Hence

P a N (9 0\ _ (g aD/g
-D'/g" g9/d' D'D/g) — \ 0 DJg )"
Clearly: ¢|g|a. Let D" = qD/g. Then

2
max

0<[D"| <|D| <2)|4]

If g| D', then we choose p = 1 and ¢ = 0. Then ¢’ = g and we obtain ( g D(} g> which is diagonal

and stops the process. (This happens in particular, if g = 1.)
For g| D’ we have ¢ = 0 and |p| = 1. Otherwise, since ¢’ < |D’|, we have

9 —qD' (g = DD _ g 2
g

max®

/
<L 4
g

D/
Ipl = D+ L g' < D] <24

Since either each time g/g’ > 2 or g|D’, we finish after at most log || A||,__ steps.

max

 We do not know the current state of the art with respect to the time complexities for the result in [24]).



V. Diekert, I. Potapov and P. Semukhin

We continue with a matrix A” = (g Do/g) for some gla. If g|D/g we are done. Thus, w.l.o.g.

D # 0 and letting d = D/g we write

(g 0) _ (gcd(g’d) 0 ) ) (g/gcd(g,d) 0 )
0d 0 ged(g,d) 0 d/ ged(g,d) ) °

Let ¢ = g/gcd(g,d) and d' = d/ged(g,d). Note that ¢ > 2 because g # ged(g,d). We
add the right column of (%/ ;, ) to the left one by multiplying with the matrix (19). We obtain

the matrix (flj 3,). We let pg’ + qd' = 1 with 0<g < ¢’ and p = (1 — ¢d’)/¢’. Hence,

pl<|d|+1/g —|d| /g’ <|d'| < |D| < 2] 4|13,y Then,

max”
(P/q/). g 0 — 1 qd’
—d' g d' d 0g'd )"

Subtracting qd’ times the left column from the right one by multiplying with the matrix ((1) _‘{dl ) we
obtain the desired result. |

We summarize. For every non-zero matrix m = (‘; 2) € 72*2 we can calculate in soft cubic
time r = gcd{a,b,c,d} (hence a divisor of || m ||,,.) and matrices e, f € SL(2,Z) such that
m=re ((1) 2) f. Moreover, r and q are uniquely defined by m.

4 Dichotomy in GL(2,Q)

One of the main results is Theorem[I7] It states a dichotomy for a f.g. subgroup G sitting strictly
between GL(2,Z) and GL(2, Q): there are two cases which exclude each other. Moreover, Rat(G)
is not closed under finite intersection in both cases. In particular, Rat(G) is not a relative Boolean
algebra. In the dichotomy the Baumslag-Solitar group BS(1,q) = {(a,t | ta?t~! = a%) for ¢ > 2
pops up. The BS(1, ¢) has a faithful representation in SL(2,Z). It belongs to the widely studied
family of Baumslag-Solitar groups BS(p, q) = {(a,t | taPt~! = a?). In algebraic terms BS(1, ¢) is
an HNN-extension of Z over the isomorphism between Z and its subgroup ¢gZ which sends 1 to q.

» Theorem 17. Let G be af.g. group such that GL(2,7Z) < G < GL(2,Q). Then Rat(G) is not
closed under finite intersection. Moreover, there are two mutually exclusive cases.

1. G is isomorphic to GL(2,7) x ZF for some k > 1.
2. G contains a subgroup which is an extension of infinite index of BS(1, q) for some q > 2.

Proof. We first show the dichotomy. Then we give a direct proof showing that Rat(G) is never
closed under finite intersection if BS(1, ¢) < G and ¢ > 2. Finally, we show the analogous statement
for groups containing GL(2,Z) x Z.

Let H = GL(2,Z). There are two cases. In the first case some finite generating set for G
contains only elements from H and from the center Z(G). Since GL(2,Z) < G we see that
Z(G) < {(}29)|r € Q}. Moreover, since (' %) € H, we may assume in the fist case that G is
generated by H and f.g. subgroup Z < {(42)|r € Q Ar > 0}. The homomorphism g — |det(g)]
embeds Z into the torsion free group {r € Q* | > 0}. Hence, Z is isomorphic to Z* for some
k > 1. Since Z N H = {1}, the canonical surjective homomorphism from Z x H onto G is an
isomorphism.

In the second case we start with any generating set and we write the generators in Smith normal
form e (6 Toq) f- Since e, f € GL(2,2Z) and GL(2,Z) < G, without restriction, the generators are
either from GL(2,Z) or they have the form () with r > 0 and 0 # ¢ € N. So, if we are not in
the first case, there is at least one generator s = (6 Toq) wherer > 0and 2 < ¢g € N.

Let BS be the subgroup of G which is generated by (1 ) and s; and let BS(1, ¢) be the Baumslag-
Solitar group with generators b and ¢ such that tbt ~! = b%. We have s (1 9)s™1 = (1 9)?. Hence,

11
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there is a surjective homomorphism ¢ : BS(1, ¢) — BS such that p(t) = s and ¢(b) = (1 9). Let
us show that ¢ is an isomorphism. Every element g € BS(1, ¢) can be written in the form t*b%¢"
where k, x, n are integers. Suppose g = t*b*t" and ¢(g) = 1. Then (1 9) = p(b%) = p(tF ") =
(b roq)_k_” is a diagonal matrix and = = 0. Hence, g = t™ and (g) = s™ = 1. This implies
m = 0, and ¢ is an isomorphism and BS is the group BS(1, q).

Next, consider any g € BSNSL(2,Z). As above g = s (19)" s™ with z, k,m € Z. Since

qim 2) € (19", Therefore
SL(2,Z) N BS is the infinite cyclic group generated by (1 ?). It has infinite index in SL(2,Z). It

follows that G’ contains an extension of BS(1, ¢) of infinite index.

by assumption det(g) = 1 we obtain m = —k and hence g = (

But this is not enough, we need to show that GL(2, Z) x Z* cannot contain BS(1, ¢), otherwise
there is no dichotomy. Actually, we do more: there is no abelian group A such that BS(1, q) is a
subgroup of GL(2,7Z) x A.

Assume by contradiction that it is. Then there are generators b = (a, z),t = (s,y) € GL(2,Z) x
A such that tbt~! = b2, This implies (¢ — 1)z = 0. Since ¢ > 2, the element x generates a finite
subgroup in A. Since b generates an infinite cyclic group, we conclude that "™ ## 1 for all m # 0.
Consider the canonical projection ¢ of GL(2,Z) x A onto GL(2, Z) such that ¢ (b) = a and ¢(t) = s.
We claim that the restriction of ¢ to (b, t) is injective.

Let p(g) = 1 for g € (b,t). As above we write g = t*b*t" with z,k,n € Z. Then we
have s¥a*s” = 1 € GL(2,Z); and therefore a* = s~*~". Hence a* commutes with s. Hence
a® = sa®s~' = a%. We conclude a?~V* = 1. Since a™ # 1 forall m # 0 and g > 2 we
have z = 0. Hence g = t™ for some m € Z. Since ¢(g) = 1, we know s™ = 1. Therefore,
t"™ = (8™, my) acts trivially on b. But in BS(1, ¢) this happens for . = 0, only. This tells us that ¢
is injective on (b, t), and the claim follows.

The above claim implies that BS(1, ¢) appears as a subgroup in GL(2,Z) but GL(2,Z) is
virtually free. Hence it is hyperbolic. This contradicts a result of Gersten. His paper [19] shows that
a Baumslag-Solitar group BS(p, ¢) with pg # 0 cannot appear in any hyperbolic group. However,
instead of using [19], let us derive a contradiction by showing a stronger result. We claim that
Rat(BS(1,q)) (for ¢ > 2) is not closed under intersectionﬂ This leads to a contradiction because
Rat(BS(1,q)) € Rat(GL(2,Z)) and Rat(GL(2,Z)) is a Boolean algebra.

Recall that BS(1, ¢) has two generators a and ¢ with one defining relation tat = a? where,
Z = 27! forz € BS(1, q). For the ease of notation, assume ¢ = 2. We view {a,@, t,t}* as a free
monoid of rank 4 and ¢ : {a,@,t,t}* — BS(1, ¢) denotes the canonical projection. Now, consider
L = t*at* Na*. Then L = {aQn neN } is the intersection of two rational sets. Assume by
contradiction that L was rational. Then L = ¢ (K) for some regular language K C {a,a,t,t}*. By
the pumping-lemma for regular languages (also known as uvw-Theorem), there is a constant p such
that whenever z € K with |z| > p, we can factorize z = uvw such that |uv| < p, [v] > 1, and
uw € K. Consider a®” € L such that its K-geodesic length m (= length of a shortest representing
word in K) is larger than p. Choose z € K such that ¢(z) = a*®" and |z| = m. Factorize z = uvw
such that [uv| < p, [v| > 1, and uw € K. Let g = ¥(uw) and h = a®" = 9)(uvw). Note that g # h
because z is the smallest representative in K. Since uw € K, we have g = a2 for some k # n.
Assume k < n as the other case is easier. Consider hg~! = 1 (uwvtt) = a2 ~2" = 42" """~ Note
that |uvt| < 2|pl, and hence there are finitely many possible values for ¢)(uvw). Therefore, k and
ny must be bounded by some constant C', which implies that n < 2C'. This gives a contradiction
since n can be arbitrarily large. Hence, the claim: if BS(1, ¢) < G, then Rat(G) is not closed under
intersection, and therefore G # GL(2,Z).

Finally, GL(2, Z) contains a free subgroup of rank 2. Hence, for k > 1 the group G = GL(2,Z) x
ZF contains the free partially commutative monoid M = {a,b}* x {c}* . In Remark we have

7 This fact is also stated in [0], but with a different proof.
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seen that Rat(QG) is not closed under intersection. |

» Proposition 18. Let G be isomorphic to GL(2, Z) x Z* with k > 1. Then, the question “L = R?”
on input L, R € Rat(G) is undecidable. However, the question “g € R?” on input g € G and
R € Rat(G) is decidable.

Proof. As just stated in the last lines of the proof above, G contains the free partially commutative
monoid M = {a,b}* x {c}*. It was by Aalbersberg and Hoogeboom in [23] that the question
“L = R?”oninput L, R € Rat(G) is undecidable for M.

For the decidability we use the fact that GL(2,Z) has a free subgroup F of rank two and index
24. In [30] Lohrey and Steinberg showed that the question “g € R?” is decidable for F' x Z*. Since
F x 7 is of finite index (actually 24) in G, the membership problem for rational subsets in G is
decidable by Corollary[12] <

» Remark 19. Let G be a group extension of GL(2, Z) inside GL(2, Q) which is not isomorphic
to GL(2,7Z) x Z* for k > 0. Then, by Theorem the group G contains an infinite extension of
BS(1, q) for ¢ > 2. By [9] the membership in rational sets of BS(1, ¢) is decidable. However, to date
it is not clear how to extend this result to infinite extensions of BS(1, ¢).

5 Flat rational sets

In Definition 20| we introduce the general notion of a flat rational set. It allows to extend decidability
results for Rat (V) to a larger family Frat(M, N) whenever N < M. The main result in this section
is Theorem 23] It implies that the membership problem and (even stronger) the emptiness problem
for Boolean combinations of flat rational sets are decidable in Frat(GL(2,Q), GL(2,Z)).

The best situation is when Rat(M ) is an effective Boolean algebra because in this case all decision
problems we are studying here are decidable. However, our focus is on matrices over the rational
or integer numbers, in which case such a strong assertion is either not known or wrong. The most
prominent example is the direct product F5 x F5 of two free groups of rank 2 in which, due to the
construction of Mihailova [34], there exists a finitely generated subgroup with undecidable subgroup
membership problem.

The notation is as follows. Let M = (M, ) be a semigroup containing a submonoid N with a
subset T such that NV is the subsemigroup generated by T'. That is, we can write N = (T').

» Definition 20. We say that L. C M is a flat rational subset of M over T if L is a finite union of
languages of the form Logi Ly - - - gt Ly where all L; € Rat((T')) and g; € M. The family of these
sets is denoted by Frat(M,T) or Frat(M, N) since N = (T).

In order to specify a set in Frat(M, T') we shall use an M-NFA with a syntactic restriction according
to Definition 21] In particular, as soon as membership to 7" is decidable, we can check whether an
M-NFA is flat over T', and, if yes, this entails that the accepted language belongs to Frat(M, T).

» Definition 21. An M-NFA A = (Q, 6,1, F) is called flat over a subset T' C M if no transition
labeled by an element m € M \ T lies on a directed cycle.

Let M be any semigroup containing a subgroup /1. Then the neutral element in H is an idempotent
e = 2. The subsemigroup eMe of M is a monoid and H is a subgroup of its units U(eMe). Recall
that M \ H is an ideal of M if and only if H = U(eMe). This fact can be easily derived from
Equation . In such a situation Theoremyields an inductive definition of Frat(M, H) as a subset
of Rat(M): Theorem says that the class of flat rational sets of M over H can be defined as the
family of rational sets when the Kleene-star is restricted to subsets which belong to the submonoid H.

» Theorem 22. Let M be a semigroup containing a subgroup H with neutral element e. Then the
Samily Frat(M, H) is the smallest family R of subsets of M satisfying the following conditions.

13
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R contains all finite subsets of M,
R is closed under finite union and concatenation,
R is closed under taking the Kleene-star over subsets of H which belong to R.

Proof. As usual, let U(eMe) be the group of units of the monoid eMe. For the proof let G =
U(eMe). Clearly, Rat(H) C R and hence, all flat rational sets over H are contained in R. To prove
inclusion in the other direction, we need to show that the family of flat rational subsets of M over
H (i) contains all finite subsets of M, (ii) is closed under finite union and concatenation, and (iii)
is closed under taking the Kleene-star over subsets of [. The first two conditions are obvious. We
show (iii) in two steps. Let L be a flat rational set over H such that L C H. In the first step we show
L € Rat(QG). Recall that L is a finite union of languages Logi L1 - - - g; Ly, where § # L; € Rat(H)
and g; € M. If g; € M \ G for some 14, then we have Log1 L1 - - - g;L; \ G # 0 because M \ G is an
ideal. Hence, L € G. Thus, if L C H, thenall g; € G and L € Rat(G). In the second step we apply
Theorem It implies that L is a rational subset of H, and hence L* € Rat(H ). In particular, L* is
flat rational over H. <

In our applications of Theorem 22| we have M = Q2*? to be the multiplicative monoid of 2 x 2
matrices with rational entries and H = GL(2,Z). In this setting it is clear that Q?*2 \ GL(2, Q) is
an ideal. As we will see the following theorem applies to H = GL(2,Z) and H < G < GL(2,Q)
where G is finitely generated.

» Theorem 23. Let H be a subgroup of a group G with decidable word problenﬂsuch that the
following conditions hold:

Rat(H) is an effective relative Boolean algebraﬂ
G is the commensurator of H, and on input g € G, we can compute the index of Hy in H.
On input g € G, the membership to H (that is, “g € H?”) is decidable.

Then Frat(G, H) forms an effective relative Boolean algebra. In particular, given a finite Boolean
combination B of flat rational sets of G over H, we can decide the emptiness of B.

Before giving the proof of Theorem [23]let us first state a consequence.

» Corollary 24. Let B C GL(2, Q) be a finite Boolean combination of flat rational sets of GL(2, Q)
over GL(2,7), then we can decide the emptiness of B.

Proof. As explained above, it is a well-known classical fact that GL(2,Z) is a finitely generated
virtually free group, namely, it contains a free subgroup of rank 2 and index 24. Hence Rat(GL(2,Z))
is an effective Boolean algebra by [43]). Let G be a f.g. subgroup of GL(2, Q) that contains B. Clearly,
G has a decidable word problem. Section states that GL(2, Q) is the commensurator subgroup
of GL(2,Z) in GL(2, Q). Hence, G is the commensurator of GL(2,Z), too. Thus all hypotheses of
Theorem 23] are satisfied. <

A direct consequence of Corollary 24]is that we can decide the membership in flat rational subsets
of GL(2, Q) over GL(2, Z). However, by Section 4] we are far away to decide the membership for
all rational subsets of GL(2, Q). It is tempting to believe that Rat(GL(2,Q)) has an undecidable
membership problem.

For the proof of Theorem 23| we need the following observation.

8 In case G is not f.g., we assume that G comes with an effective presentation. For example: G' < GL(n, Q).
% Recall that this does not imply H € Rat(H): possibly H it not f.g.
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» Lemma 25. Let L € Rat(H) and g € G. Recall that
Hy=gHg 'NnH={heH|g 'hgec H}.

Then under the assumptions of Theorem we can compute an NFA accepting g~ (L N Hy)g €
Rat(H) where all labels of transitions are in H.

Proof. Since H, = gHg~! N H is of finite index in H, we can compute an NFA A’ accepting
L' = LNH, € Rat(H,) by Theorem The labels of transitions are in H,. We have g "' H,g C H.
Hence it is enough to change every label h of transitions in A’ to g~ 'hg. This gives the NFA A for
g '(LN H,)gover H. <

Proof of Theorem Let g € G and K € Rat(H). First, we claim that we can rewrite Kg €
Rat(G) as a finite union of languages ¢’ K’ with ¢’ € G and K’ € Rat(H).

Note that we can compute a set Uy, C H of left-representatives such that H = |J {uH, |u € Uy}.
Indeed, by assumption, the membership to H is decidable, and hence the membership to gH g~ !
and to Hy, = gH ¢~ ! N H is decidable, too. By the second assumption, we can compute the index
k =|H : Hy|. Thus we can enumerate the elements of H until we find & elements that belong to k
different left cosets of H,. Checking if two elements belong to the same coset is decidable since the
membership to H, can be decided. Thus,

Kg = U{Kﬂqu lueUs}tg= U{ugg_l(u_lKﬂHg)g’u €Uy}
-U {g/g’l(gg’flK N Hy)g ’ S Ugg} :

Using Lemmawe obtain g~ (gg’ 'K N H,)g = K' € Rat(H). This shows the claim.

Let L € Frat(G, H). Hence, L is equal to a finite union of languages Log1 L1 - - - g+ L+ where
all L; € Rat(H). Using the claim, we can write L as a finite union of languages gK with g € G
and K € Rat(H). Since membership in H is decidable, we can effectively enumerate a set .S of all
distinct representatives of the right cosets of H, and moreover for each g € G find a representative
g’ € Ssuchthat g € g’H. Since g = ¢'h for some h € H, we can write gK = ¢'(hK), where
hK € Rat(H). Therefore, every flat rational set L can be written as a union L = | J"_; ¢; K;, where
g; € S and K; € Rat(H). Since gK; U gKs = ¢g(K; U K»), we may assume that all g; in the
expression L = |J;_, ¢;K; are different.

Now let L and R be two flat rational sets. By the above argument we may assume that L =
Uiz, aiLli and R = |JJ" | b; R, where a;,b; € S and L;, R; € Rat(H). Then we have L\ R =
U?:l (aiL,- \ U;":l bjRj) Note that if a; §é {bl, ey bm}, then a; L; \ U;nzl bjRj = a;L;, but if
a; = bj for some j then a;L; \ Uj~, b;R; = ai(L; \ R;). Since Rat(H) is an effective relative
Boolean algebra, we can compute the rational expression for L; \ R; in H. Hence we can compute
the flat rational expression for L \ R. <

5.1 Reducing the membership problem of Frat()/, G) to that of
Frat(M, H) for |G/H| < 0o

We suppose throughout this subjection that the group of units in M contains the subgroups G with
a subgroup H such that the index of H in G is finite. It is clear that the membership problem
of Frat(M, H) is a special case of the membership problem of Frat()M, G). The aim is to prove
the converse: the membership problem of Frat(M, G) is reducible to the membership problem of
Frat(M, H). The proof uses Theorem11] In order to make the reduction effective, we impose some
mild decidability conditions. As usual, elements of the monoid M are encoded by bit-strings. If the
encoding of an element m € M uses b bits, then we let || m ||,;, = 1 + b. In particular, we can use (3)
as the binary input size for an M-NFA A. Next, we assume the following conditions.

1. The bit encoding is unique, thus m = m/’ if their bit encoding is the same.
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2. Given the bit encodings of m, m’ € M we can compute the bit encoding of the product mm/.
3. The index |G/H]| is known and given the bit encoding of an element m € M we can decide
whether m € G} and if yes, we can decide whether m € H.

» Theorem 26. Let G be a subgroup of the units in M and H < G be a finite index subgroup.
Then membership problem of Frat(M, G) is reducible to the membership problem of Frat(M, H).

More precisely, given m € M and an M-NFA A which is flat over G, then there is an M-NFA B
which is flat over H such that || B||,,, is polynomial in || A ||,;, and we have m € L(A) <= m €
L(B). If M satisfies the mild decidability conditions above, then the construction is effective.

The main ingredient of the following proof of Theorem [26]is the application of Theorem|[I1]

Proof. We assume that the input is specified by an M-NFA A = (Q, ¢, Gin, ¢sn) Which is flat over
G, and by an element m € M. W.l.0.g., ginic is the unique initial state and without any incoming
transition and gg, the unique final state and without any outgoing transition. Moreover, ¢, # ¢g,- By
adding, if necessary e-selfloops, we may assume that all other states have incoming and outgoing
transitions.

Fori =1,...,tlet A, = (Q;,0;, I;, F;) be the set of (disjoint) subautomata of .4 which are
induced be the strongly connected components of A with a nonempty set of transitions. Thus, gin, gfin
are not included. Let 1 € R C G a finite set of right-coset representatives for H\G. That is,
G is the disjoint union G = UfeR Hf withl € R. Foreachl < ¢ < tand f € R thereis a
G-NFA A; 5 = (Qi,f,9i t, Li 5, F; ¢) of polynomial size in || A||,;, where Q; s = Q; x R such that
L(A; ¢) = L(A;) N H f. Note that we have |d; ¢| < |0;| by trimming. Hence, Y, .., |0 ¢| < [d].
Moreover, w.l.o.g. I; y < I; and F; y < F;. The construction is effective, if M satisfies the mild
decidability conditions above, then the construction is effective.

Introduce a new final state p; ; and for each p € F; ¢ a new transition p N p;,r Where
f = f7"in G. This leads to a new G-NFA A; ; = (Q} ;,0; ;, Li y, {pi.r}) such that L(A] ;) =
L(Ai ;) f~" C H. Since L(A; ;) € Rat(G), we may apply Theorem After renaming, we obtain
an H-NFA Bz’f = ( '/i,f’ 52/f’ Ii’f, {pz,f}) such that L(Blyf) = L( ;,f)

We are almost done. We begin with a disjoint union

B = {¢n, 9fin} U U Bi,f 4)

1<i<t,feR

Thus, ¢, and g5, are reintroduced for the same purpose: g, becomes the unique initial state and gg,
becomes the unique final state.

Forall f € F welet Qo,y = {qin} and Q¢41,¢ = {qsn}- One after anther consider all pairs (i, j)
where 0 < 4,5 <t+ 1and i # j. Then introduce for every transition p; iy g; € 0 withp; € Q;

and g; € @); for every f € R a new transition p; r ‘fi’i}" q; 7 € 0 where p;  is the unique final state
in B; y and gj ; is an initial state in B; . )

» Example 27. The construction in Theorem [26]is, in particular, effective in the following setting.
Let A be GL(2,Z)-NFA with n states which is flat over SL(2,Z). Then, on input A, we can
compute in deterministic polynomial time an SL(2,Z)-NFA A’ with at most n states such that
l1e L(A) < 1€ L(A).

To see this, let us recall the construction underlying the proof of Theorem [IT|which is the core
for the proof of Theorem For that we first define the matrix s = (§ % ). Hence, GL(2,Z) =
SL(2,Z) U SL(2,Z) is a disjoint union and s* = 1. Next, let Q' be the disjoint copy of the state
space @ of A. For a state p € (Q we denote by p’ the corresponding copy in Q’. Without restriction
we may assume that A is trim. We let B = Q U Q’ a new state space and for each transition p — ¢
in A we introduce new transitions, depending on whether a € SL(2,Z). For a € SL(2,Z) we use
the left picture and for a € GL(2,Z) \ SL(2,Z) we use the right one. (Note that the positions of ¢
and ¢’ interchanged in order to avoid to draw crossing edges.)
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% sas ¢ v sa q
a
S<>S S<>S S<>S S<>S
as
p a > q p q

Clearly, 1 € L(A) <= 1 € L(B). In order to define .A’ we keep the initial and final states of A, but
we remove all transitions which do not have a label in SL(2, Z). This leads to an SL(2, Z)-NFA B’

with 1 € L(A) <= 1 € L(B'). Finally, we trim the NFA B’; and that yields the desired NFA A’.

Note that in the trimming process for each p € () exactly one of the states p, p’ survives. Moreover,
the initial and final of A survive since we assumed A to be trim.

» Corollary 28. Let T be any subset of Q*>*2. Then the following task can be computed in
deterministic polynomial time.

The input is a T-NFA A which is flat over GL(2,Z). The output is a T-NFA A’ which is flat over
SL(2,Z) such that

L(A) = L(A) )

That is: for 2 x 2 matrices with entries in rational numbers there is a P-reduction of the membership
problem for flat rational sets over GL(2, Z) to that over SL(2,Z).

Proof. We may assume that A is trim. First we compute the {A; | 1 < i < k} of strongly connected
components of 4. By modifying A we may assume that for entering each .A; one has to use a
unique e-transition p; SN p; and in order to leave it, one has to use a unique e-transition g; SN 7
where p; # ¢;. Moreover, no state in any .4; is initial or final with respect to the NFA 4. We view
each A; as a GL(2,Z)-NFA. Let A} be a disjoint copy of \A;. By a slight modification of .4; and
Al we may assume that p; is the unique initial state of .4; without incoming transitions and that
p} is the unique initial state of .A; without incoming transitions. Using essentially the very same
construction as in Example [27] (which was illustrating a special case for the use of Theorem [26)
we can make another modification to A; and A} (without using additional states) such that first,
L(A;) = L(A;) N SL(2,Z) and L(Aj}) = sL(A;) N SL(2,Z) where s = (§ ° ), and second, A;
and A are both SL(2, Z)-NFAs. Finally, we connect each 4] to the ambient NFA A by a a transition
Pi — p; (which has label s) and an e-transition q SN ;. This yields a T-NFA A’ being flat over
SL(2,Z) such that L(A) = L(A"). <

Corollary 28] implies that it does not really matter if we consider 2 x 2 matrices with respect to flatness
over SL(2,Z) or GL(2,Z). While flatness over GL(2, Z) yields, formally, stronger statements, the
use of SL(2, Z) is sometimes more convenient.

6 Membership to flat rational sets of nonsingular matrices

The aim of this section is to investigate the time complexity of deciding the membership problem
in Frat(GL(2, Q), GL(2,Z)). In Section [6.3| we generalize the result to Frat(GL(2,Q), M), where
M is the submonoid of GL(2,Q) that is equal to the union of GL(2,7Z) and the set of matrices
g € GL(2,Q) with | det(g)| > 1.

In the following, whenever we consider a class Frat(Q?*2, N), then the notation NFA always
refers to an Q2*2-NFA. Thus, the transitions are labeled with 2 x 2 matrices over Q. If an NFA only
uses transitions in Z2*2, then we call the NFA an Z2*2-NFA.

We are interested in the time complexity of the following decision problem “g € L(.A)?” where
NFA A is flat over GL(2, Z). For the input size we use binary encoding. Recall that the binary input
size of a matrix and of an NFA was defined in Section [3.1] Since we can construct in polynomial
time an NFA which is flat over GL(2, Z) and which accepts g~ L(.A), it is enough to consider the
following special case.
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> Problem 1.
INPUT: A Q**2-NFA A which is flat over GL(2, Z).
QUESTION: “1 € L(A)?”

6.1 Membership for SL(2,Z)

Let us recall the simplest version Problem[I| We begin with an NFA A such that all matrices are
in SL(2,Z) and we ask “1 € L(A)?”. So far it is known that the problem is NP-hard and stated
to be NP-complete for by PSL(2, Z)[7]. For the subgroup membership problem better complexity
bounds are known due to Lohrey, [28]: If L(.A) defines a subgroup of GL(2,Z), then, on input .A
where matrix entries are written in binary, the question “1 € L(.A)?” can be answered in P. This
generalizes a result of [21]] for the modular group PSL(2, Z). Actually, Lohrey shows an even stronger
result using the notion of power words. However, it is not known how to apply these P-results to
the membership problem for flat rational sets. We therefore content ourselves with the following
pseudo-polynomial time result. (The complexity is pseudo-polynomial if it is polynomial time when
integers are given in unary.)

» Proposition 29. There is some fixed constant k such that the following decision problem can be
decided in DTIME((sM)").

INPUT: An NFA A with s transitions and with labels in SL(2,7) and where M is the maximal
absolute value of an integer entry appearing in matrix which labels a transition.

QUESTION: “1 € L(A)?”

Proof. Since the factor commutator subgroup of SL(2, Z) is a free subgroup of rank 2 and of index
12 (by [33]), we can reduce the problem in polynomial time to the special instance where all matrices
are in a free group F with a finite generating set ¥ = ¥ ~!. In a second polynomial time reduction
we replace matrices by words over . More precisely, based on [21] (actually a refinement in [14])) it
is possible to replace the matrices in F' by words over X where each transition is labeled with word of
length in O(1) such that the number of transitions is in O(sM ). Formally, this is now an NFA A’
with L(A") C X¥*. The details are in [13]. Having this we apply Benois’ result on free groups, [[8].
The result is another automaton L(/3") having, up to a constant factor, the same number of states as 3
such that B’ accepts as an NFA over ©* exactly the reduced normal forms belonging to L(.A). The
answer to the question “1 € L(.A)?” is now the same as the answer to question whether the empty
word is accepted by B’. This can be done in polynomial time with respect to sM. |

» Remark 30. If we started with an input where matrices are written in binary, then the above
statement shows decidability in DEXPTIME by using Benois’ algorithm in [8]. Possibly, a more
sophisticated method could lead to solving Problem|[l|in NP for binary inputs.

6.2 Membership for Frat(Q?*% GL(2,Z)) for non-singular matrices
Throughout, an e-transition means a transition p EEN g where 1 = ({ {) denotes the identity matrix.

» Lemma 31. There is an NP reduction of Problem([l|to following problem.

o> Problem 2. The input is written in binary.
INPUT: A positive integer m and an Z>*2-NFA A which is flat over GL(2, Z).
QUESTION: “m € L(A)?”

Moreover, if D denotes the maximal absolute value |det(p,,m)| over all labels m € GL(2, Q) which
appear on transitions of A and where p,, is the least positive integer such that p,,m € Z2>*2, then
NP reduction does not increase value D.
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Proof. Using Corollary[28|and the fact that the input 1 to Problem|1]is nonsingular, it is enough to
consider the case where A is an GL(2, Q)-NFA being flat over SL(2,Z). If 1 € L(.A), then there is
an accepting path where transitions outside SL(2, Z) are used ¢ times where ¢ is less than the number
of strongly connected components of A. Thus, we can guess an initial state gy and a sequence of ¢
transitions g;_1 L g;j for 1 < j < ¢ such that all other transitions (which are used on that path) are
labeled with matrices from SL(2,7Z). W.l.o.g. t > 1 since we may assume that no initial state in A is
final.

Thus, by making the NFA not larger, having done the guesses above, we compute in polynomial
time ¢ subautomata .4; of A for 1 < j < ¢ such that 1 € L(.A) implies

1le glL(Al)ggL(.Ag) . -gtL(.At). (6)

Let R; = L(A;). Now for each 1 < j < ¢ let p; be the least positive integer that p;g; € Z2*?
and m = [[; p;. Let g; = p;g;. Suppose that || g; [|;, < n for all j, then Lemma|14|implies that
H]‘ | 9} ||bin € O(n?) which is polynomial and therefore acceptable. Next, we have

1€ iRy - gtRy < mEeE g Ry g, Ry.
Thanks to the definition of the g;-’s, the value D is not increasing. <

By Lemma [31] we content ourselves to study the membership in Frat(GL(2, Q), SL(2,Z)) in the
special case where all matrices involved are integer matrices.

» Definition 32. Let 0 # g € Z and e € {b, c}. Then we denote
Heq={(2%) €SL(2,Z)|e=0mod q} .

» Lemma 33. The subgroups Hy, ; and H. , of SL(2,Z) in Deﬁnitionare conjugated:

(52)_1Hc’q((1)91) = Hyq. (7

Moreover their index in SL(2,7Z) is less than q?. In particular, they are of finite index and therefore
recognizable subsets in SL(2,Z) and GL(2,Z).

Proof. Calculating mod ¢ we see that H;, , and H. , are subgroups of the normal subgroup where
the determinant is 1 mod g. This normal subgroup has an index about ¢>. However, we can be more
precise. The image of Hy, , in SL(2,Z/qZ) is the group

{(2%) eSL(2,Z/qZ) | b=0}.
Thus, the image has size |(Z/qZ)* x Z/qZ| which is at most (¢ — 1)q < ¢>. <

» Lemma 34. Let g € Z and g = (g 3) € SL(2,Z) be given in binary encoding. Then for
e € {b,c} there is a matrix m = (I ) € SL(2,Z) where || m |, < q such that g € mH, .

i < log(q); and we can guess the matrix m in NP and verify in polynomial time
thatm™'g € H, .

Proof. Since g € SL(2, Z), the entries b and d are coprime. By Lemmall| there are coprime « and y
such that first, b + yd = 0 mod ¢ and second 1 < z,y < |g|. We can guess x, y within NP. Next,
we apply Proposition 2] to obtain w, z in polynomial time such that first, 2z — yw = 1 and second

1 < |wl, |2| < max{z,y} < |q|. We obtain (% %) (%4) € Hy 4. This shows the result for e = b.

The result for e = ¢ is symmetric. <

» Theorem 35. Let g € GL(2,Q) and R = L(A) such that the NFA A is flat over GL(2,7) and
the matrix g and all matrices which appear as labels of transitions are nonsingular matrices with
entries in Q. Let D denote the maximal absolute value |det(pph)| over all labels h € GL(2, Q) which
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appear on transitions of A and where each py, is the least positive integer such that ppyh € Z2*2.
Finally, letn = || g||,;, + || All,;, be the input size. Then the problem “g € R?” can be decided in
DTIME(Q”O(I)) = DEXPTIME and, moreover, there is a NTIME(D®(™n®W) reduction of
the decision problem “g € R?” to a problem 1 € R’ where R’ € RAT(SL(2,7Z)) and R’ is given by
some NFA A" where all labels of transitions are matrices in SL(2,Z).

Proof. We begin by showing that there exists a constant x such that there exists the claimed
NTIME(D®(™n*) reduction. In the first step, we apply the NP-reduction in Lemma|31] Recall that
the reduction does not increase D. Thus, it suffices to deal with Problem@ This means the starting
point is a Z?*2 N GL(2, Q)-NFA A which is flat over SL(2, Z) and the question is m € L(A) for
some positive integer m. Hence, we assume that g and all labels h € GL(2, Q) which appear on
transitions of 4 are integer matrices. In particular, p;, = 1 for all matrices h and D is the maximal
absolute value |det(h)| over all labels h which appear in A. In case that D = 1 we are done with
the reduction since L(A) C GL(2,Z). Since g € GL(2,Z) we may assume without restriction
that g = 1. Thus, the question is whether 1 € L(A) where A is a GL(2, Z)-NFA. We are done by
Corollary [28] since we can transform A in deterministic polynomial time into an SL(2, Z)-NFA A’
suchthat 1 € L(A) <= 1 € L(A’). We assume that g and all labels h € GL(2, Q) which appear
on transitions of A are integer matrices. In particular, p;, = 1 for all matrices h and D is the maximal
absolute value |det(h)| over all labels h which appear in A. In case that D = 1 we are done with the
reduction since L(.A) C GL(2,Z) and then we can apply Theorem 26]

Thus, henceforth, we may assume without restriction that D > 2. Since A is flat over GL(2,Z),
we can guess in a second step within NP the following items: a natural number ¢ < n, matrices
g1, - - -, g+ which appear as labels of transitions in .4, and ¢ (disjoint) trim subautomata .A; of A such
that

gER = (¢ ) €qnRi- gl (8)

In we have 0 < m € Nand R; = L(A;) C SL(2,Z) for 1 < i <t < n. We perform the
following steps.

1. For each ¢ with the help of two additional states p; and g; two e-transitions p; =5 p} and
q — ¢; we have the following: Each R; is given by some NFA with a single initial state p;
without incoming edge and a single final state ¢; without outgoing edge. Moreover, p; has exactly
one outgoing transition p; LN p} and g; has exactly one incoming transition ¢/ 2, ¢; where
my,n,; € SL(2,Z).

We keep this property as a loop-invariant. In the beginning we let m; =n; =1 = (}9).

2. Foreach 1 <4 <t compute for g; its Smith normal form g; = r;e; ((1) (2 ) fi in polynomial time.

Replace each g; by g/ = e; (§ & ) f; and the left hand side r by 1’ = r/ ], ;.

We then ask whether 7’ € g] R - - - g; R:. By conjugation with e;, question is equivalent to the

question

“r' € (o q) fiR1g5R2 - gt Rier?”.

Note that the product [], ., , r?¢; < D' < D™. Writing down the product r = [, _,, r; in
binary requires at most n log(D)/2 bits.

3. For 1 < i < t, replace the transitions p; — p/, by p; fing P}

4. For 1 < i < t, replace the transitions ¢/ LN qi by ¢! T q; where we let e; 11 = e;. These
additional transitions replace R; with R, = f;R;e; 41 for 1 < ¢ < ¢, where e;11 = e;. To
simplify the notation, we rename R} back to R;.

5. Adding less than 3t e-transitions, we may assume without restriction that ¢ is a power of 2. Thus,
t € 2N,
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The last step finishes the preprocessing phase. After that the problem is to decide whether
regiR- g Ry 9

where r € Q is positive, R; € Rat(SL(2,Z)),and g; = (§ 5 ) forall 1 <i <t € 2N with0 # ¢; €
Z. Each R; is represented by some NFA A; such that R; = L(A;). Let ¢ = max {|¢;| |1 < ¢ < ¢}.

Then we have ¢ < D we aim now at a NTIME(¢®(™n*) reduction. This suffices and it
facilitates the following explanation. Without restriction we assume ¢ > 2. We perform logt
rounds. Inround k& = 1,...,logt we let s = t/28~1. Each round s starts with a question “r, €
g1,sR1 s+ gi. s Ry, 57 where 0 <1y € Q, Ry s = L(A; ) € Rat(SL(2,Z)), and g; s = (6 4., )
for all ¢, s with 0 # ¢; s € Z. Moreover, t5 € 2N The first round starts with “r € g1Ry - g R:T
which was defined in (§)) and which has the form above. After that each round will halve the number s

until s becomes 1 where we stop. In the k-th round we perform the following steps where s = ¢/2% 71,

1. For sake of a simplified notation we rename R; s and L(A; ;) as R; resp. as L(A;). Thus, the
question in the k-th round becomes the question

e (om) R (0q) R

2. By Lemmawe can write SL(2, Z) = ;¢ {mHe,q, | m € Sy, } where |I| < 7. Moreover, by
Lemma 34 we can choose finite sets S,, C SL(2,Z) such || m ||, < logg; forall m € S, .
Therefore, the “witness” for 7 € (§ g ) Ri-- (4 4 ) Rs is a sequence of s — 1 matrices
(ma,...,ms) in SL(2,Z) such that

re ((1) 6101) (Rl N mQHC,QQ) U ((% qSO, ) (Rsfl N mch,qS) (1 (? ) R with m; € qu.

1 s

(10)

Hence, || m; lin < log(g;)-

3. With a new single initial state and additional transitions (and after a renaming) we may assume
that L(A;) = m; 'R;_; for all i > 2. We don’t touch the L(A;).

4. Again, using Lemma we know that the subgroup H. 4, is of finite index less than ¢7 in
SL(2,Z); and thus, H, ,, is recognizable. This implies L; = m; YR;_1 N H. 4, isrational in
SL(2,Z). (As stated in the proof of Lemma@], the implication is a general fact for monoids.)
More precisely, for all even i, starting with the product NFA of .4; with an NFA having as states
the right cosets H. g4, \ SL(2,Z), we construct another NFA B; such that first, the NFA accepts
Li=m;"'R;,_i N H. 4, and second, all labels of transitions are in H,, ,,. By the techniques used
in the proof of Theorem [TT]the construction can be done in time which is a polynomial in g;.

5. For all i redefine g; = (¢ . ). For every even i we write

(Riy NVmiHe g,)gi = mi(mi ' Ri 1 0 Heg,)gi
=m;g; (g7 (mi " Ric1 N Hepg,)g:) = migi (97" Ljgi).
6. Define K; = g,L;g;. The NFA for accepting K; is the NFA B; where every label m € H_ 4, is

replaced by g;mg;. Thus, the new labels belong to the subgroup Hy 4, of SL(2,Z).

7. Define R, = K, - R; and let g, = g;—_1m;g;. Compute the Smith normal form of ¢, =
rie; ((1) C%) f! in time which is fixed polynomial in log(g;). This follows from Lemma
Thus, for some fixed constant £ we have |¢}| < |¢| and therefore the binary presentation of ¢ is
linear in the binary presentation of ¢;.

8. Repeat what we have done above. First, for each i push the positive r; integers to left by
multiplying the left side of the question with 1/7}. This yields a new positive rational number

r’ on the left side. In addition, the g, become equal to €] ((1) (2) f1. Second, replace R; by

S

“" € (64 )R- (345,) RI?" 16 5/2+ 1, then we have g} = 1.

- 10 .
R} = f{Rje;,, where ¢/, = ¢/. Third, let ] = (0 q ) Overall, we ask now the quesition
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This finishes the non-deterministic reduction after the preprocessing. For the time complexity
observe that after log ¢ rounds the largest value |g;| is bounded by q©@(eg™) < 20(nlogn) < 90(n*)
However, due to the product automaton construction we need for some fixed « nondeterministic time
NTIME(¢®™n*). Together with the preprocessing we obtain NTIME(D® (™) pn*),

If we avoid all nondeterministic guesses of matrices, then we can run a deterministic reduction
in DTIME(Q”O“) ). Finally, we apply Proposition It uses two parameters s and M. Here, s is
the number of transitions and M is the maximal L|m|| where m runs over the label of transitions.
The construction above shows s € DTIME(Z’LO(1 )and M € DTIME(Z”O(I)). Therefore, sM €
DTIME(Z”O(I)) and we are done. |

6.3 Flatover g € GL(2,Z)U{g € GL(2,Q) | |det(g)| > 1}

So far, we considered Frat(GL(2,Q), M) only when M = GL(2,Z) or M = SL(2,Z). In this
subsection we show that membership to Frat(GL(2,Q), M) is decidable for the monoid

M = GL(2,Z) U{g € GL(2,Q) || det(g)| > 1} an

Theorem [36] generalizes Theorem [35] with respect to decidability. However, not very surpriningly, our
complexity estimation becomes worse. We consider the following problem

> Problem 3.

INPUT: An GL(2, Q)-NFA A which is flat over GL(2,Z) U {g € GL(2,Q) | | det(g)| > 1} where
matrices are written in binary.

QUESTION: “1 € L(A)?”

» Theorem 36. Problem3|is decidable in deterministic doubly exponential time DTIME(22"),
where p is some polynomial.

Proof. As we did in the proof of Problem [l] it no restriction to start in Problem 3| with a question
“r € g1 L(A1)g2L(Az) - g+ L(AL) 7. (12)

Here r € Q is positive and we have g; € Z?*2 N GL(2,Q) and A; is an M-NFA forall 1 <i < t.
Thus, each g; belongs to M, and we can work with a single M-NFA A’ and we ask “r € L(A")?”.
Letus definen = || (5 2) ||, + || Allpin» then 7 is polynomial in the original binary input size; which
we can ignore. The new starting point is the question “r € L(.A")?”. For simplicity of notation, we
rename A’ as A.

Let T = {g € GL(2,Q) || det(g)| > 1 and g is the label of a transition in A}. If T = () we are
done. Hence, we may assume 7" # (). Let N € N be the smallest number such that 1+1/N < |det| (g)
forall g € T. A direct calculation shows N < 2271 If r € L(A), then there is a minimal £ € N
such that transitions with label in 7" are used exactly & times. Let give an upper bound of k. For N = 1
we have 2% < r2. Hence, k € O(logr) C O(n). Thus, we may assume N > 2 and 1/N < 1/2.
Since e” < 1+ 2z for 0 < x < 1, it is enough to estimate an upper bound of % using the bound
eF/N < r2, This implies k € O(Nn). Thus, in NTIME(O(Nn)) we can guess a sequence of length
k of the form

re glL(.A1>92L(.A2) .- -gkL(.Ak). (13)

Here, r is as in , the g;-th belong to T, and each A; is a subautomaton of some Aj mentioned in
. As a consequence, the NFA B is flat over GL(2, Z) and it satisfies

re glL(Al)ggL(.Ag) e -gkL(Ak) — re L(.AB) (14)

Theorem [35]implies that we can decide whether r € L(Ap) in doubly deterministic exponential
time DTIME(29(N™)). We have NTIME(O(Nn)) C DTIME(2°("™)). However, running two
DTIME(29(N"™)) one after another is still in DTIME(2°(N™). In worst case, we have N € 2°0(™)
and n was a polynomial in the original input size. The result follows. <
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7 Nonsingular and singular matrices

Recall that s, for ¢ € Z denotes the matrix ( 5 2
have positive decidability results is the next one.
> Problem 4. INPUT: A matrix g € Q**? and an Q?*2-NFA A which is flat over the set
GL(2,Z) U{r e Q||r| >1}U{so}ifg #0 (15)
GL(2,Z)UQU{so}ifg=0 (16)

QUESTION: “g € L(A)?”

). The most general problem in the paper where we

Concerning Problem [] the aim of this section is to prove the following theorem.

» Theorem 37. Let || g||,;, + || All,;, be the (binary) input size in Problem[d| Then there is an
NP-reduction of Problem[H]to polynomially many instances of Problem(l| In particular, Problem
is decidable in deterministic doubly exponential time DTIME(2%") where p is some polynomial.

7.1 Proof of Theorem
The following lemma is used below in Section when we reduce (20) to (24).

»Lemma38. Letm € Zand (¢%), (5 §) € Z**? such that

(56)=(55)s0 (o) a7)
Then ac = m. For m # 0 we have (Zg:)so = (88)and50(§,g,) = (§9). Form = 0 we have
(55)s0=00rso(53)=0.

Proof. We have

(55050 (53) = (55 )s0s0 (& 5) = (38 (§8) = (383)

We conclude ac = m and ad = bc = bd = 0. For m # 0 this implies a # 0 # c and therefore

b= d = 0. For m = 0 this implies a = 0 or ¢ = 0. Say, by symmetry, a = 0. If b = 0, we are done.
Hence. we may assume b # 0. This implies d = 0. The lemma follows. <

» Definition 39. Fora € Z we let M;;(a) = {( 93 922) € GL(2,Z) | gij = a} .

g21 g22

> Problem 5.
INPUT: An integer a € Z and a GL(2, Q)-NFA A which is flat over GL(2,Z): The interger a and

matrix entries are written in binary.
QUESTION: “Mjq(a) N L(A) #0?”

» Lemma 40. There is a NP reduction of Problem[3|to Problem[l| In particular, we can solve
Problem)in DEXPTIME by Theorem |33

Proof. W.lLo.g. Aisa (GL(2,Q) N Z**?)-NFA with input size n = | a ||, + || A|l,;,- We have
My1(a) N L(A) # 0 if and only if there b,c,d € Z such that (¢ %) € L(A). Since A is flat over
GL(2,Z) the determinant D = det ( a g) is bounded by some polynomial in . Hence, we can guess
D. For a = 0 we have bc = D and we can guess b and ¢ and then compute 0 < d’ < |¢| such that

(98) € L(A) <= (°L) e LA (D"

cd
The question “(% b)) € L(A) (31 )% 2” is an instance of Problem Thus, we may assume a # 0.

As a consequence, there are integers b', ¢/, d’ with 0 < |¥/|, |¢/| < |a| such that

(28) e L(A) <= (45) e 1D LA (4"

Since d’ = (D + b'c’)/a, the binary size of d’ is polynomially bounded in n. Thus, we can guess the
integers b’, ¢’ within NP and compute d’. We conclude as we did for a = 0, and we are done. <«
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7.1.1 Preprocessing

For a nonsingular input matrix g we are done by Theorem [36] Indeed, a singular matrix cannot appear
on any accepting path and {r € Q||r| > 1} C {g € GL(2,Q) || det(g)| > 1}. Thus, henceforth in
the proof we assume that the input matrix g is singular.

Throughout, we denote by Sqing and S sing the following subsets of Q?*?:

Sing = GL(2,Z) U{r € Q| |r| > 1} U {so} (18)
So,sing = GL(2,Z) U {s0} (19)

We begin with a preprocessing.

1. In a first step modify the input such that all matrices are in Z2*2,

2. In a second step we compute in deterministic polynomial time for every label of a transition its
Smith normal form and split the corresponding transitions into three. In particular,, we can write
g=-¢eo (" 8) fowhere m € Nand ey fy € GL(2,Z).

3. Making guesses within NP we assume without restriction that we start with the question whether
the following assertion is true.

eo (B 9) fo€ L(Ar)er (6 4) fr---L(Ader (6 2) fi- (20)

Here, t > 1 and for all ¢ we have ¢;, f; € GL(2,Z), and ¢; € Z. Moreover, we can assume that
following additional properties.

Each A; is a trim Sging-NFA.

The assertion @]) holds. If not, then we will make sure that every nondeterministic run of the
algorithm will either make no output at all or it will say “No”.

The NFA A is without any transition labeled by 0. In particular, A is flat over Sging. This is
clear for m # 0. For m = 0 we do the contrary: if some transition labeled by 0 appears, then
we accept immediately because A is trim.

Whenever the label a’ of a transition p —— ¢ is an integer, then a’ divides m. For m = 0
we make an additional modification. Whenever the label of a transition p — ¢ is a rational
number, then we replace the label by 1 = ( é (1)) Thus, A is a S0,sing-NFA for g = 0, and we
keep this as an invariant.

4. In deterministic polynomial time (and with a renaming) we reduce to the following problem.

(58) € LA (6q ) LA (5 g0 ) - 21

The notation and the conditions are as for (20). Moreover, we may assume |q;| > 2 for all

1 < i < t. Note that (79) € L(A1) (¢ q1> -+~ L(A;) implies that that at least one matrix

so = (§9) is used on every accepting path. If m = 0 then every accepting path must use it at
least twice.

5. Nondeterministically we guess a transition inside some A; which is labeled by sg; and we guess

a factorization m = a’a” with o', a” € Z. (For m = 0 it is enough to guess whether o’ = 0 or

"= 0.) Next, we apply Lemma. 38| Since A is trim and s3 = sq, we can reduce form # 0

to the following two problems (and for m = 0 to the first problem if a’ = 0 and otherwise to the

second problem):
(%/8)EL(/‘H)((I)(;Q)"'L(AV)((qu?,)So 22)
(%' 8) € soL(AD) (b ) L(Aw) (5 ;) (23)

By left-right symmetry, it is enough to consider the second problem in (23)). After a renaming we
have reduced (20) to the following problem

(§6) € s0L(A) (641) - LA (0.gr) - (24)
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The notation and conditions are as in (ZI). Note that in (24) actually every accepting path start
with a transition labeled by sy. By a abuse of language we denote the NFA corresponding to
the right-hand side in (24) by A again. Thus, in the new notation we begin with the assertion
asg € L(A) with a € Z; and we have to verify it nondeterministically.

This finishes the preprocessing phase.

» Lemma 41. The preprocessing can be realized by an NP-reduction. That is, in order to prove
Theorem|[37]it is enough to assume that the question in Problem[d|is given in the form

“(88)ESOL(Al)((l);)I)--.L(At) 27 05
where according to (24) we have a € N.

Proof. Clearly, if a < 0, then we can modify A; to replace the a by —a € N. Expecting the
preprocessing it is clear that time complexity of every run of the nondeterministic procedure is
bounded by some polynomial. Moreover, if the answer to the question in Problem[]is “Yes”, then
there is at least one output with a “Yes”-answer to the question in (25). Finally, if the answer to the
question in Problem []is “No”, then there no nondeterministic output with a “Yes”-answer to that
question. <

7.1.2 After preprocessing

Lemma 1] tells us that it is enough to prove Theorem [37]in the special case where the question is
“(&9) € L(B)? with a € N and B denotes the NFA corresponding to the flat rational expression in

Equation
soL(A1) (6qy) -+ L(AL) (6.0 -
Without restriction the following conditions are satisfied.

1. The NFA B is trim.

. Wehave ¢t > 1 and for each 1 < ¢ < ¢ every label of every transition in \A; is in Sy for a # 0
and in the (smaller set) Sp sing for a = 0. In particular, there is no transition with label 0.

. We have |¢;| > 2for1 <i < tand ¢ = 0 for a = 0 and ¢; = 1, otherwise.

. There is a unique initial state py and a unique final state p} such that py # p}.

. The initial state py has no incoming transitions and all outgoing transitions are labeled by sg.

. The final state p} has no outgoing transition and exactly one incoming transition p; AN p} where

9= (0a)-

For states p, g in BB, we denote by Blp, q] the maximal subautomaton of 5 which defined by the
following conditions

N

(o2 2SI~ ¥4 )

There is a unique minimal state p and a unique final state q.
Every label of a transition in B belongs to GL(2, Q). That is, all transitions with label s, are
removed, and therefore L(Blp, q]) C GL(2,Z).

We are interested only in the automata B[p;, q] where L(B[p, q]) # 0 and g # p;.

We now perform a Benois-type of flooding the NFA B by adding polynomially many sy-transitions.

Formally we run the following procedure which transforms the pair (a, B).

procedure FLOODING(a, B)
Repeat the following loop until the pair (a, B) stabilizes

loop
If necessary, make B smaller such that 3 becomes trim.
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Guess that (& 3) € L(B).

Let 7 denote a path from a state to the state p; such that the path (py —% p1, 7, p; N ;)
accepts (& §). Moreover, among all possible choices, let 7 minimize the number of transitions on
7 which are labeled by sg. Guess, whether the number is zero. If the guess is zero, then exit the
loop with the current pair (a, ).

Thus, we can assume that 7 uses a transition p —% ¢q. We guess that transition; and we write
7= (n",p =% q,7").

Guess the state p and verify L(B[p1, p]) # 0. Note that such a state p exists because we can guess
the first transition on 7 which is labeled by sg.

Suppose in this item that a = 0.

Check whether M11(0) N L(B[p1,p]) # 0. If the answer is “yes”, then we stop the procedure
with the answer: “Yes, we have 0 € L(B)”.

If the answer is “no”, then there exists some 0 # a € Z such that My (a) N L(B[p1,p]) # 0 and
we introduce an so-transition py —> ¢. This is a new transition because the number of transitions
on 7 which are labeled by s is minimal, and (py > ¢, 7", p; -~ p}) is an accepting path for 0
using less sq’s than 7 since the additional sg-transition allows a shortcut for accepting 0.

If the procedure did not stop, then let 5’ be the NFA with one more so-transition than 3’. By
construction we have 0 € L(B) <= 0 € L(B’). Rename B’ as B.

Suppose in this item that a # 0.

Since a > 0 there must be some integer matrix (“,/ /, ) € L(B[p1, p]) where 0 < o’ divides a and

(% b) ll;, can be guessed in NP by Lemma

For a moment introduce a new transition pg ﬂ g. For a/ = 1 itis a new transition because (just
as in the case above where a = 0) the path (py —% ¢, 7", p; AN p}) is accepting for asg and 7"/
is using less s¢’s than 7.
If a’ # 1, then let a” = a/a’. Note that 0 < a”’ < a. Remove all outgoing transitions at the
initial state po and after that introduce py —% ¢ as the unique outgoing transition at the initial
state. Then the path (po — ¢, 7", pr -2 pl) is an accepting path for a” sy with |a”| < |a/2.
Let B’ be the NFA after these modification. Note that we have the following property.

(4'9) € L(B) € L(B) (26)
Rename the pair (a”, B') as (a, B).
endloop
For a = 0 we check whether there is a transition pg —> p; such that M1 (0) N L(B[p1,p:]) # 0.
We can do so by Lemmaf0} In the positive case we output “Yes”, otherwise we stop without any
output. Indeed, we have ¢; = 0and 0 =59 (2 4) 59 < (2%) € M11(0).
For 0 < a we ask whether there exists a matrix (2 ) € L(B[p1,p¢]) because so (2 5) = (& 5)
and ¢; = 1. Since a € Nand (¢ 9) € GL(2,Z), we conclude @ = d = 1. Note that we have
(L (1’) € L(B[p1,pt]) ifand only if 1 € (1 ?)ZL(B[pl,pt]). we check whether there is a transition
po —% py such that My1(0) N L(B[p1, p:]) # 0. We can do so by Lemma
Thus, for 0 < a we check first that « = 1. If a # 1, then we stop without any output. If a = 1,
then we check 1 € (1 9)”L(Bpy, p¢]). This is an instance of Problem
The algorithm returns “Yes” if and only if there is some transition py —2 p; such that 1 €
(1 ?)ZL(B [p1, pe]) is true. Otherwise it stops without any output.

endprocedure

» Lemma 42. Letn = || al|,;, + || Bll,;, and t(n) be an upper bound for worst-case running time
of the procedure FLOODING(a, B) under the assumption that instances to Problemare answered by
some oracle in constant time. Then the following assertions hold.

1. We can bound t(n) by some polynomial in n. In particular, every run terminates.
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) € L(B), then there is at least one successful run answering “Yes”.

2. I (4
0
a9) ¢ L(B), then no run answers “Yes”: either no output is produced or the answer is “No”.

0
3. If(3 0
Proof. Let s be the number of states of 3. The procedure never increases s. In order to find an
polynomial upper bound on ¢(n) we observe that in each loop either a new sy-transition is introduced
or 0 < a and we decrease the number a by at a/2.

If (3 9) € L(B), then we are able to guess at each step correctly; and there is at least one run
answering “Yes”.

If (89) ¢ L(B), then, of course, the first guess (& ) € L(B) is wrong. The procedure forces us
to leave the loop where (& J) € L(B) is still wrong.

Inspecting the behavior of the procedure after the line endloop an output “Yes” proves (& 9) €
L(B). Contradiction. <

Lemma 2] finishes the proof of Theorem [35]and therefore Section

8 Conclusion

Decidability of membership in group theory has a long history going back to the work of Dehn (and
others) at the beginning of the 20th century. Of particular interest are the membership problems for
GL(n,Z) and GL(n, Q) but as soon as n > 3 various natural decision problems become undecidable,
whereas the corresponding problems remain open for n = 2.

The contributions of the paper are as follows. On a conceptual level, we introduce the notion of a
family of flat rational sets Frat(M, N') with respect to a semigroup M and a submonoid N. It turns
out that Frat(M, N) contains Rat(V), and it is a subfamily of Rat(M). For us, the most interesting
case is when N = H is group. In this case Frat(M, N) has an inductive definition which is without
reference to a particular presentation of M or H, see Theorem

Another main contribution is the dichotomy stated in Theorem It shows that if a subgroup G
of GL(2, Q) contains GL(2,Z) and a diagonal but not central matrix g, then G contains a Baumslag-
Solitar group BS(1, ¢) where ¢ > 2 and the Baumslag-Solitar group has infinite index in G. As a
consequence there is no hyperbolic subgroup in GL(2, Q) which has GL(2, Z) as a proper subgroup.
In particular, with respect to inclusion, GL(2, Z) is a maximal virtually free group in GL(2, Q).

There is a natural hierarchy of decision problems.

. Membership to f.g. subgroups.

. Membership to f.g. submonoids.
. Membership to rational subsets.
. Equality of rational subsets.

HWON =

For GL(2,Z), equality of rational subsets is decidable. The dichotomy implies that for any subgroup
G, which is larger than GL(2, Z), either membership to rational subsets is decidable but equality
rational of subsets is undecidable or, in the other case, we don’t know (when the paper is written)
whether membership to f.g. subgroups for G is decidable. These facts were main reasons to define
the notion of a flat rational set. It pushes the positive decidability results for GL(2, Z) further to the
relative Boolean algebra Frat(GL(2, Q), GL(2,Z)) (and beyond if we include nonsingular matrices).
Using several structural results of flat rational sets, the main positive decidability result Theorem 37]
being a generalization of Theorem |36|since it includes singular matrices.

Lines for future research include the following topics. (1) Find other natural applications using
membership problems for flat rational sets. For example, when considering GL(2, k) where k is an
algebraic field over Q or a function field in one variable over a finite field. (2) Is the membership
problem for f.g. subgroups in any subgroup G of GL(2, Q) decidable if GL(2,Z) < Gand () € G
where p is prime? (3) Several statements of our paper contain complexity bounds but we don’t know
whether they are sharp. For example, we don’t know whether Problem [I)is NP-complete.
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9 Appendix

9.1 Missing proofs for Section[2.2]

Proof of Proposition W.l.o.g. suppose that 0 < b < a. We describe an algorithm ged(a, b) that
outputs z and y such that ax + by = ged(a,b) and |z, |y| < max{a,b}. If b € {0, a}, then output
x = 1 and y = 0 since the gcd(a, b) = a in this case.

Suppose 0 < b < a. Compute % and 7 such that a = kb 4 r, where 0 < r < b. Note that we also
have r < a/2. The computation of k involves an integer division which is known to have the same
complexity as multiplication. For example, by Schonhage-Strassen multiplication can be done in
time O (n). Since we use soft-O-notation the reduction from integer division to multiplication is easy
using Newton’s method.

If » = 0, then return « = 0 and y = 1 since ged(a,b) = b. If » > 0, then recursively call
ged(b,r). Let u,v be the outputs of ged(b,r) such that bu + rv = ged(b,r) = ged(a,b) and
|u|, |v| < b. Then we have

ged(a,b) = bu+ rv = bu+ (a — kb)v = av + b(u — kv).

The algorithm ged(a, b) outputs © = v and y = u — kv. The number y = u — kv can be computed
in time O(n) since the absolute values of u, v and k are bounded by a, and hence they are n-bit
numbers. We already have |x| = |v| < b < a. To estimate |y|, observe that

| ged(a, b) — av| < ged(a, b) n alvl < ged(a,b)

b = b b = 1@

ly| <

The assumption r > 0 implies that gcd(a, b) < b. Thus ged(a, b)/b < 1. Since |y| and a are integers,
it follows that |y| < a as required.
It is not hard to see that ged(a, b) requires O(n) recursive calls because as we noted above
r < a/2. Since each call takes O(n) time, the total running time is O(n?). <
It is possible to improve the running time to compute the values x, y in time O(n?). But this is
not important since for the following results any polynomial time bound would suffice.

Proof of Lemma For |g| = 1, the numbers + = y = 1 are coprime; and they satisfy
b+ yd = 0 mod ¢ because all integers are congruent modulo 1. Hence, we may assume 2 < |q|.

Let P, be the set of primes p such that ged(p, d) = 1 and P, the set of all other primes. That is
p € P, implies p | d. Write ¢ = ¢ - g2 such that g; uses primes from P;, only. For every prime p we
have

peE P = ged(p,d) =1 27
p € P, = ged(p, b) = 1, because ged(b,d) = 1. (28)

Hence, d is invertible in Z/q; and b is invertible in Z/qs. Therefore we can solve the following.

1 =1mod ¢, and y; = —bd ! mod ¢, (29)
Yo = 1 mod g¢o and 5 = —db~! mod ¢, (30

Since ged(qi, g2) = 1 we obtain by Chinese remaindering x, y with 1 < z,y < |¢| such that

z=1mod ¢ andz = —db~ ! mod ¢» 3D
y=1mod ¢ andy = —bd~! mod ¢; (32)

The congruences in and tell us that these x,y with 1 < z,y < |q| satisfy

zb+ yd = 0 mod gq. 33)
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Indeed, the congruence in holds modg; and mod g, hence it holds modg.

We claim that ged(x, y, ¢) = 1. To see this, let p | . Then p | ¢; for exactly one i € {1,2}. Say
i =1, then z = 1 mod ¢, implies z = 1 mod p because p | ¢;. Hence, ged(z,q1) = 1. Fori = 2
we obtain ged(y, g2) = 1 and therefore ged(z, y, ¢) = 1 since ¢ = g1¢2. Thus, the claim.

It is still possible that there is a prime p such that p | z and p | y. However, since ged(z, y,q) = 1
such a prime p is invertible in Z/g. Thus,

Eb+ ydz 0 mod gq. (34)
p D
The property gcd(%, %, q) = 1 is inherited. So we can make x and y smaller. We are done. |

9.2 Generators of SL(2,Z[1/p])

First, we prove a claim used in the proof of Corollary [I2] which states that if H is a subgroup of finite
index in a f.g. group G such the word problem for H is decidable, then the word problem for G is
decidable.

Since G/ H is finite, H is f.g.. This is classical fact, see e. g. [31]]. Having this, assume we can
decide the word problem for H in time ¢(n) for words on length n over some finite generating set A
for H. Let R C G be a subset of size |G/H| — 1 such that G\ H = HRU H. Then AU R generates
G. Moreover foreacha € AU R and r € R we find a word v, € A* and an element s, € R such
that ra = v, 54, in G. By moving coset representatives to the right we can transform any word
w of length n over AU R to a word w’ in A* U A* R. The length of the word w’ is bounded by cn
where ¢ = max {|v, r||a € AUR,r € R}. Forw =1 € G we must have w’ € A*. Thus we can

check whether w’ = 1 in time ¢(cn). Changing to another generating set for G leads to time t(O(n)).

Finally, we give a simple proof for the well-known fact that SL(2, Z[1/p]) is generated by (§ '),

($1),and (g pgl ) Asusual, Z[1/p] is the ring {p"™r € Q| n,r € Z}. We use the following notation:

let «, 8,7, § denote elements in Z[1/p], and a, b, ¢, d denote elements in Z. Starting with a matrix

(: [g ) we do the following:

1. Multiply by (pgl 2) on the left until we reach (7).

2. Multiply by ((1) _01 ) ((1] ill ) and (ill ?) until we reach ((0’ g
the other case we may assume |c| > |d|. Next, transform (® ©) into a matrix of type (ci d 5)
such that |c & d| < |¢|. Use induction on |c| + |d].

3. Multiply by ( 0 ) on the left until we reach ( 3 g).

). This is trivial for [¢| = |d|. In

P

0 p71

4. Now, ad = 1. Hence o« = p™a and 6 = p™d where ged(a,p) = ged(d, p) = 1. Since p is a
prime, m +n = 0 and ad = 1.

5. WLOG a =d = 1and m > 1 and hence, (§ %) = (p(;n p_bm).

6. Using (§ ') we can add or subtract the lower row p™|b| times to the upper row. Since m > 1

. p 0o \™
we 0bta1n<0 71) .
p
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