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Chapter 1

Introduction

In this thesis we present some results regarding algorithmic aspects of certain algebraic
problems. A substantial part of the problems concerns computations in matrix algebras
and modules while the other major part addresses efficient quantum algorithms and related
probabilistic methods for problems from group theory. In this chapter we give a brief
and somewhat informal summary of the most important results presented in the thesis.
Chapter 2 is devoted to the definitions, basic facts, techniques, computational models used
later. For convenience of readers not familiar with quantum computing we give a rather
detailed description of a simple model of quantum computation.

The first group of the results presented in this thesis concerns algorithmic problems
in (associative) matrix algebras. Algorithms for matrix algebras and modules play an im-
portant role in several branches of computational mathematics, including computational
(modular) representation theory of finite groups, computing with finite or infinite Lie alge-
bras and also some computational aspects of differential algebra. L. E. Dickson [25] already
in 1923 proved a theorem which characterizes the Jacobson radical in a computational fla-
vor. The first systematic collection of polynomial time methods for finite dimensional
associative algebras can be found in the paper [38] by K. Friedl and L. Rényai from 1983.
Since then the collection has grown substantially, now polynomial time algorithms are
known for several problems regarding the structure of matrix algebras over various ground

fields.

One of the important structural invariants of a matrix algebra is its Jacobson radical,
the largest nilpotent ideal contained. Algorithms based on solving systems of (semi-)linear
equations arising from extensions of Dickson’s characterization to positive characteristic
have been proposed over various families of ground fields. See Rényai’s method [85] and
the slightly more efficient algorithm of W. Eberly [29] over finite fields, the method in
[60] over function fields and finally the procedure given in [21] which works over a wide
class of fields of positive characteristic. In the brief Chapter 3 we give an application of
computation of the radical to deciding finiteness of certain matrix (semi-)groups. We show
the following.

e There is a deterministic polynomial time algorithm which decides finiteness of a
matrix semigroup generated by a set of matrices with entries from a function field
with constant number of variables over a finite field, see Corollary 3.4.

To begin the description of the contents of Chapter 4, we note that the method presented
in [21] ultimately relies on an assumption which is, intuitively, similar to that pth roots
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can be efficiently taken where p is the characteristic. Taking roots is not possible using
merely the field operations, actually existence of roots is an undecidable problem over
general fields. Based on this observation W. Eberly showed in [28] that there is no general
algorithm based on merely the four field operations which determines the Jacobson radical
of a commutative matrix algebra over a general field of positive characteristic. He also
conjectured that there are no more obstacles in the noncommutative case. Although the
algorithm presented in [21] settles this conjecture in affirmative, a strong version of it —
namely, polynomial time reducibility to a unique instance of computing the radical of a
commutative algebra — was one of the sources of motivation for investigating alternative
approaches to computing the radical.

Simultaneously W. A. de Graaf was developing an algorithm for computing the solvable
radical of a Lie algebra of characteristic zero, see [44]. The method was based on computing
certain subalgebras (so called Cartan subalgebras) first; and in practice his algorithm
outperformed former methods which were based on applications of Dickson’s theorem to
certain related associative algebras. This drew our attention to considering methods which
use certain commutative semisimple subalgebras (maximal tori) and techniques similar to
weight decompositions. Note that the centralizers of these subalgebras are the associative
counterparts of Cartan subalgebras. The first result using the new approach gives the
desired reduction:

e Computing the Jacobson radical of a finite dimensional associative algebra A can be
reduced to computing the radical of a subfactor of A, see Theorem 4.1.

The input is a set of matrices which generate the algebra and the output is a set of
matrices which generate the radical as an ideal. Note however, that linear bases from such
generating sets can be computed in polynomial time. By a subfactor we mean a factor
of a subalgebra of the original algebra. We also remark that the reduction requires only
a polynomial number of field operations. To give an example of algebraic theorems that
support algorithms in this thesis, we also mention that the structure theorems behind the
reduction (Proposition 4.9 and Theorem 4.11) state that the radical of an algebra A can be
written as the sum of the ideal of A generated by the radical of the centralizer of a maximal
torus 7' and the commutator subspace [A, C] of A with certain subalgebra C' of T. The
sum is direct sum of vector spaces. The subalgebra C' consists of the elements of T" which
are central modulo Rad(A). In this introduction we shall refer to C' as the semi-central
part of T and the subspace [A, C] as the ”commutator part” of the radical. Of course, for
computing Rad(A) one needs an alternative characterization of the semi-central part. For
algebras over general ground fields regarded in Chapter 4, this is given in Theorem 4.12.
Following the lines of the reduction algorithm discussed above, we developed a ran-
domized algorithm for computing the radical of a matrix algebra over a perfect field. We
changed the model of the input, namely we assumed that besides having the algebra gen-
erators for A, we are supported by an oracle for drawing ”sufficiently random” elements
of the matrix algebra A. Here randomness is understood in an algebraic sense: zeros
of polynomial functions of moderate degree on A are assumed to be avoided with a good
chance. Such an oracle can be easily implemented if a linear basis of A is given. Also, there
are heuristic methods for producing random elements of algebras given by generators, like
the one used in the MeatAxe [52]. Note that in the assumption on algebraic randomness
it is implicit that the ground field is sufficiently large. The output (which, in previous
algorithms was a linear basis of Rad(A)) is a set which generate Rad(A) as an ideal of A.
We stress again that from such a set one can produce a linear basis in polynomial time.



However in certain applications it is sufficient to have an ideal generating set. Below is
a rough description of the result for the important case where number of generators is
constant.

e Assume that K is a perfect field and A < M, (K) is given by a m generators and
an oracle for producing "random” elements and m is constant. Then matrices which
generate Rad(A) with high probability can be found in time roughly O(n*) by a
randomized algorithm of Monte Carlo type. See Theorem 4.3 for a more precise
statement of the result.

Recall that a Monte Carlo type randomized algorithm may return a wrong answer with
probability which can be made exponentially small by independent repetitions. In the
rough complexity estimate O(n*) we ignored multiplicative factors of polylogarithmic order
and additive terms involving the cost of drawing several "random” elements of A as well
as terms involving the complexity of computing the squarefree part of polynomials over K
of degree n. The complexity of the latter task can be interpreted as how effective is the
perfectness of the field K. However, over finite fields or fields of characteristic zero the
number of field operations required for computing the squarefree part of a polynomial is
nearly linear.

Unlike the "algebraic randomness” assumption above, in the context of algebras over
finite fields — including both the radical computation algorithm and the analysis of the
MeatAxe discussed below — we assume ability of drawing uniformly random elements of
the algebra.

We observed that for purposes of module problems, like the principal subtask of the
MeatAxe, even exhibiting a single nontrivial element of Rad(A) is often sufficient. The
MeatAxe is a widely used collection of procedures performing various tasks in modules
for finite dimensional algebras over finite fields. The most important subtask is finding
a nontrivial submodule if exists. The original approach of R. Parker [79] performed well
in practice over small ground fields. D. F. Holt and S. Rees developed a randomized
extension [52] which worked efficiently over large ground fields as well, except in certain
special classes of algebras. We noticed that the bad cases were closely related to the
”commutator part” of the radical mentioned in the structure theorems above. Furthermore,
in these bad cases a good replacement for the semi-central part of a maximal torus is
available with high probability in the form of a primitive idempotent. This resulted in the
following (see Chapter 5).

e There is a simple extension of the Holt-Rees MeatAxe procedure which — without
essential loss in speed — finds a submodule with high probability even in the excep-
tional cases. See Section 5.2 for the description of the extension and Proposition 5.4
for a lower bound on success probability.

Together with the extension, with probability larger than a positive constant, the Meat Axe
either finds a submodule or finds a proof of irreducibility. Therefore it can be considered
as a Las Vegas type method, which never returns a wrong answer but may fail with a
probability which can be made arbitrarily small by repetitions. Our extension has been
first implemented in the C-MeatAxe package by M. Ringe and later in the computer algebra
systems GAP [39] (by A. Hulpke) and MAGMA [18] (by J. Cannon and C. Leedham-
Green).



Returning to the probabilistic algorithm for finding the radical of a matrix algebra, we
saw that the bottleneck of the method was determining the semi-central part of the maximal
torus. Independently W. Eberly and M. Giesbrecht developed a fast randomized algorithm
for computing the simple components of a semisimple matrix algebra over a finite field [31].
They considered an input model similar to the one used in the MeatAxe: assumed access
to random elements of the algebra. They posed the question whether there are methods of
the same complexity for certain tasks in non-semisimple algebras. The key ingredient of
the method in [31] is building a maximal split torus, or, equivalently, a complete system of
primitive idempotents. It turns out that for such a torus the semi-central part can be found
quickly. The method we present in Chapter 6 does substantially more than computing the
radical: it can also be used to construct a Wedderburn complement of the algebra A. Recall
that a Wedderburn complement is a subalgebra isomorphic to the factor A/Rad(A). For
a constant number of generators the result sounds as follows.

e Assume that K is a finite field and A < M, (K) is given by m generators and an
oracle for producing "random” elements and m is constant. Then a collection of
matrices which generate a Wedderburn complement in A and a set of matrices which
generate Rad(A) as an ideal can be found in time roughly O(n?) by a randomized
algorithm of Las Vegas type. See Corollary 6.5 for a more precise statement of the
result.

We remark that the complexity of a Monte Carlo version of the method (that is, a version
where correctness is not tested) is actually less than O(n?), it is roughly proportional to
the cost of a matrix multiplication. This is also the complexity of the algorithm of Eberly
and Giesbrecht in the semisimple case.

We conclude the part concerning computational representation theory with a brief
chapter on a deterministic polynomial time solution to a certain simple task. In Chapter 7
we address the problem of finding explicit isomorphisms between modules. The task (at
least over sufficiently large ground fields) admits a straightforward efficient randomized
solution by the Schwartz-Zippel lemma (see Section 2.4). We show the following.

e Assume that K is a field admitting a deterministic polynomial time method for
computing the Jacobson radical of finite dimensional algebras over K. Then there is a
deterministic polynomial time algorithm for deciding whether two finite dimensional
modules over an algebra are isomorphic and for computing explicit isomorphism
between isomorphic modules (see Corollary 7.3).

Chapter 8 connects the part related to computational representation theory to the part
whose main topic is quantum computing. The problem addressed there is actually related
to the physical realization of quantum computers.

Quantum circuits are built from so-called quantum gates. An n-qubit quantum gate
is an unitary transformation of the complex Euclidean space C?" capturing the possible
states of n qubits. For N > n there are N(N — 1)--- (N —n + 1) ways to wire an n-
qubit gate to a system consisting of N qubits. A wired n-qubit gate acts on the space
c¥” corresponding to the possible states of the N-qubit system as the tensor product of
the unitary operation acting on the 2"-dimensional space of the selected n qubits with
the identity on the 2¥~"-dimensional space corresponding to the rest of the qubits. A
circuit on an N-qubit system built from a fixed set I' of gates is just a sequence of wired
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elements from I". The operation implemented by the circuit is just the product of the
unitary transformations corresponding to the members.

If experimental physicists come up with realization of a specific set of gates it is natural
to ask how powerful circuits can be built from the collection. An n-qubit gate set I is said
to be N-universal if every unitary transformation of the space C2" can be approximated
with arbitrary precision by a circuit built from the elements of I'. Mathematically, the
N(Ny) -+ (N —n+1)|I'| unitary transformations corresponding to the wired gates should
generate a dense subgroup of the whole unitary group U,v. (More accurately, as scalar
multiples of a vector represent the same quantum state, density must be understood pro-
jectively, i.e., modulo scalar matrices.) If n > 1 then N-universality of a fixed gate set is
monotone in N: for N' > N > n, if [ is N-universal then it is N'-universal as well. Based
on this, we say that a set I' of n-qubit gates is universal if it is N-universal form some
N > n. This notion expresses certain ultimate usefulness of the gate set I'.

In Chapter 8 we use a combination of recent result from representation theory of fi-
nite groups and bounds on commutative algebra to show that universality of gate sets is
algorithmically decidable. Actually, N-universality for a fixed N can be decided using the
Zariski closure algorithm of H. Derksen, E. Jeandel and P. Koiran. Unless there is an effec-
tive bound on the smallest N such that a universal n-qubit gate set is already /N-universal,
decidability of the weaker notion does not follow immediately. However, we can show the
following.

e If an n-qubit gate set is universal then it is already N-universal for some N < 255n,
see Theorem 8.1. As a consequence, universality is an algorithmically decidable
property.

It turns out that N-universality can be tested by solving a system of m-2°®Y) homogeneous

linear equations in 2°™) variables where m is the number of gates in the collection. Note
that if the input is given as an array consisting of all the m - 22" entries of the 2" by 2"
matrices, then for N = 255n, the quantity m - 20 is still polynomial in the input size.

Chapter 9 is devoted to a polynomial time solution of the hidden subgroup problem in
a class of solvable groups. The hidden subgroup paradigm generalizes computing multi-
plicative orders of numbers modulo composite numbers as well as the discrete logarithm
problem in various groups. P. Shor’s polynomial time solutions to these two problems
[90] are the most remarkable achievements in the history of quantum algorithms. Shor’s
method generalizes to a polynomial time solution (in the logarithm of the group size) if
the hidden subgroup problem over finite abelian groups. Extensions to noncommutative
groups are subject of active research. We show the following.

e The hidden subgroup problem can be solved in polynomial time over solvable groups
of constant derived length whose commutator subgroups have constant exponent.
See Theorem 9.1 and Corollary 9.2 for more precise statements.

We remark that in 2003 when our paper [36] was published the class above included almost
all cases of groups for which polynomial time hidden subgroup algorithms were known.
Currently the most important groups with polynomial time hidden subgroup algorithms
outside this class are certain nilpotent groups of larger exponent having derived length 2,
see [8, 61, 62].

We conclude this thesis with Chapter 10. It can be considered as a quantum vs. classical
counterpart of Chapter 7, where we gave a deterministic polynomial time algorithm solving



a problem which had an easy randomized solution. In Chapter 10 we consider testing
multiplication tables of abelian groups. There is a relatively easy quantum algorithm
solving this problem in time polynomial in the table size. We substitute the power of
quantum computers by the assumption that a multiple of the exponent of the group is
given. We show the following.

e Given a table for a binary operation, it can be tested in time polynomial in the
logarithm of the size of the table whether the table corresponds to an abelian group
whose exponent is a divisor of a given number. The test always accepts tables corre-
sponding to such groups and rejects tables ”far away” from such group multiplication
tables with high probability. See Theorem 10.1 for a more precise statement.

We remark that the best previously known methods for related problems were slightly
sublinear in the table size.



Chapter 2

Preliminaries

This chapter is devoted to fixing notation and terminology used throughout the thesis and
to briefly recalling basic definitions and facts related to the problems addressed later on.
The main computational models we work with are also discussed here.

2.1 Fields, matrices and polynomials

We assume that the reader is familiar with the basic notions and facts regarding fields
and vector spaces over various fields. In this part we give a brief overview of the general
computational model for fields we use throughout the thesis. We also discuss complexity
of basic linear algebra tasks and introduce related notation.

In the most general computational model for fields it is merely assumed that the ground
field admits effective procedures for the field operations and equality tests. Alternatively,
one can assume that we are equipped with oracles ("black boxes”) for performing these
tasks. The complexity of an algorithm is measured by the number of operations and equal-
ity tests required by the algorithm in the worst case. Elementary tasks of linear algebra
(matrix multiplication, computing determinants, solving systems of linear equations, etc.)
admit efficient solutions in this model, cf. [14]. Let MM(n) := MMy (n) be a function on n
such that MM(n) arithmetical operations are sufficient to calculate the product of two n by
n matrices over K. We assume that MM(n) > n®. The standard method shows that one
can take MM(n) = O(n?). Using the asymptotically fastest known (but not very practical)
multiplication algorithm one achieves MM(n) = O(n*37). The complexity of all the linear
algebra tasks mentioned above is O(MM(n)).

2.2 Algebras

In this section we give some definitions and basic facts concerning the structure of associa-
tive algebras. We assume that the reader is familiar with the basic ring theoretic notions
for associative algebras over fields (subalgebras, homomorphisms, ideals, factor algebras,
nilpotency, modules, direct sums, tensor products, etc.). Throughout the thesis by an
algebra we understand a finite dimensional associative algebra over the field K. Unless
otherwise stated, we also assume that the algebra has an identity denoted by 14 (if the
algebra is A) or briefly by 1. Modules are assumed to be finite dimensional unital left
A-modules. (The A-module U is called unital if 14u = u for every u € U.) Let A be an
algebra and let M be an A-module (which can be A itself). For subsets B C A and C C M
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we denote be BC' the K-linear span of {bc|b € B, ¢ € C}. For b,c € A we denote by
[b, c] the additive commutator bc — ¢b of b and ¢. For B,C C A we use the notation [B, C|
for the linear span of {[b,c]|b € B, ¢ € C}. For a subset B C A, C4(B) stands for the
centralizer of B in A: C4(B) = {z € A|[z,b] = 0 for every b € B}. The center C4(A) of A
is denoted by Z(A). If K is a field then the algebra of n by n matrices with entries from
K is denoted by M, (K). By a matrix algebra over K we mean a subalgebra of M, (K)
containing the identity matrix for some integer n.

2.2.1 Structure of algebras

We recommend the reader familiar with the basic structure theory of algebras to skip
this part. Here we briefly recall Wedderburn’s theorems on the structure of algebras. In
every finite dimensional algebra A there exists a largest nilpotent ideal Rad(A), called the
Jacobson radical (or just radical) of A. A is called semisimple if Rad(A) = (0). The factor
algebra A/Rad(A) of an arbitrary algebra is semisimple. A is called simple if A contains no
proper nonzero ideals. A semisimple algebra A can be decomposed into the direct sum of
its minimal ideals Ay, ..., A,. We refer to the simple algebras A; as the simple components
of A. A simple algebra A is isomorphic to the algebra My(D) of d by d matrices with
entries from D, where D is a division algebra (or skew field) over A. By this we mean that
D contains no zero divisors. If Z is a subfield of Z(A) containing the identity of A then it
is possible (and often convenient) to consider A as an algebra over Z. A is called central
over K if Z(A) = K (more precisely, Z(A) = K1,4). The dimension of a central simple
K-algebra is always a square.

A module U over the semisimple algebra A can be decomposed as a direct sum of simple
A-modules (modules with no proper nonzero submodules). If A is a simple algebra then
there is only one isomorphism class of simple A-modules. By A°? we denote the algebra
opposite to A. A° has the same vector space structure as A but the multiplication is
reversed. A can be considered as an A ®y A°’-module by the multiplication law (a ® b)c =
achb. The ideal structure of A coincides with the A ®x A°%-submodule structure of A.
If Ais a central simple K-algebra then A @y A = My (K) (where d* = dimg A) and
every simple A ® A°P-module is isomorphic to A with the module structure given above
(cf. Corollary 12.3 and Proposition 12.4b in [80]).

Let U be a module for a finite dimensional arbitrary algebra A. By Rad(U) we denote
the radical of U which is the intersection of its proper maximal submodules. It is known
that Rad(U) = Rad(A)U.

2.2.2 Extending scalars

It is sometimes useful to consider the K’-algebra K’ ®x A where K’ is a field extension K.
We refer to this construction as extending scalars. (For example if A < M,,(K) is the matrix
algebra generated by matrices g1, ..., ¢, then we can think of K’ @ A as the subalgebra
of M, (K') generated by the same matrices gy, . .., g,, considered as matrices over K'.) For
a subspace B of A we consider K’ @ x B embedded into K’ ®x A in the natural way. Many
constructions such as products and commutators of complexes and even centralizers behave
well with respect to extension of scalars. For example, [K' @k B, K' ®k C| = K' ®k [B, C]
and CK’®KA(K/ Rk B) =K Q CA(B)



2.2.3 Idempotents and the primary decomposition

An idempotent of A is a nonzero element e € A with e = e. Two idempotents e and
f are called orthogonal if ef = fe = 0. An idempotent is called primitive if it cannot
be decomposed as a sum of two orthogonal idempotents. A system ey, ...,e, of pairwise
orthogonal idempotents is called complete if their sum is the identity of A. Primitive
idempotents of the center of A are called primitive central idempotents. The primitive
central idempotents are pairwise orthogonal and form a complete system in Z(A).

Idempotents can be lifted from the semisimple part A/Rad(A). That is, if € is an
idempotent in A/Rad(A) then there exists an idempotent e of A such that e € €. Even
complete systems of pairwise orthogonal idempotents can be lifted: assume that eq, ..., ¢,
are pairwise orthogonal idempotents of A/Rad(A) such that €;+...+€, = 14/raq(a)- Then
there exist e; € ¢; (i = 1,...,r) such that eq,...,e, are pairwise orthogonal idempotents
of Aand ey + ...+ e, = 14.

If we lift a complete system e, ..., e, of pairwise orthogonal primitive central idempo-
tents of Rad(A) as above, the we obtain a decomposition

A=eAe; + ... +e.Ae, + N/,

as a direct sum of vector spaces, where N’ is a subspace of Rad(A) and for every
i € {1,...,r}, the subspace A; = e;Ae; is a subalgebra of A with identity element e;.
Furthermore, A; are primary algebras. (An algebra B is primary if B/Rad(B) is simple.)
The decomposition above is called the primary decomposition of A, see Theorem 49.1 of
[67].

2.2.4 Separability and the Wedderburn—Malcev theorem

It is obvious that K’ ® x Rad(A) is a nilpotent ideal of K’ ® x A. However, there are cases
where Rad(K’ @k A) can be bigger than K’ ®x Rad(A). A general sufficient condition for
Rad(K'®x A) = K’ ®x Rad(A) is that K’ is a (not necessarily finite) separable extension
of K. We say that A is separable over K if for every field extension K’ of K the K'-
algebra K’ ® g A is semisimple. (Note that in Chapter 10 of [80] a more general definition
of separable algebras over an arbitrary ring is given. The simple definition given here for
algebras over a field is equivalent to the general one, see Corollary 10.6 of [80]). Separability
of finite dimensional algebras generalizes the notion of separability of finite field extensions:
by Proposition 10.7 of [80], A is separable iff the centers of the simple components of A
are separable extensions of K. From this characterization it follows immediately that A
is separable over K if and only if K’/ ®x A is semisimple where K’ denotes the algebraic
closure of K. Obviously, over a perfect ground field K the notion of separability coincides
with semisimplicity. It is immediate that if A is separable then K’ ® A is separable as well
for an arbitrary field extension K’ of K. Direct sums, homomorphic images and tensor
products of separable algebras are separable as well (cf. Section 10.5 of [80]).

An extremely useful result where separability plays a role is the Wedderburn—Malcev
Principal Theorem (See Section 11.6 of [80] for a general form): Assume that A/Rad(A)
is separable. Then there exists a subalgebra D < A such that D = A/Rad(A) and
A =D + Rad(A) (direct sum of vector spaces). Furthermore, if D; is another subalgebra
such that D; = A/Rad(A) then there exists an element w € Rad(A) such that D, =
(14 w)~'D(1 +w). We shall refer to such subalgebras as Wedderburn complements in A.
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We shall make use of the following consequence of the Principal Theorem. It states
that separable subalgebras of A/Rad(A) can be lifted to A.

Corollary 2.1. Let A be a finite dimensional K-algebra and B < A be a subalgebra of
A which is separable over K and assume that D is a separable subalgebra of A/Rad(A)
containing B + Rad(A). Then there exists a subalgebra D of A such that B < D and
D=D.

Proof. Working in the pre-image of D at the natural projection A — A/Rad(A) we may
assume that D = A /Rad(A). Then, by the first part of the principal theorem there exists
a subalgebra D; < A such that D; = D and A = Dy 4+ Rad(A). Let 7 be the projection of
A onto D; corresponding to this decomposition and By = w(B + Rad(A)). By comparing
dimensions it is clear that B; +Rad(A) = B+Rad(A). By the second part of the principal
theorem, applied to the algebra B+Rad(A), there exists an element w € Rad(A) such that
(1 —w) 'B(1 —w) = B;. Now the subalgebra D = (1 — w)D;(1 — w)~! has the required
property. (]

2.2.5 Tori

A toral K-algebra or torus over K is a finite dimensional commutative K-algebra which is
separable over K. Let K’ stand for the algebraic closure of K. Then T is a torus if and only
if K'®T is isomorphic to the direct sum of copies of K’. Let T' < M,,(K) be a commutative
matrix algebra. Then T is a torus if and only if the matrices in T' can be simultaneously
diagonalized over K’. By this we mean that there exists a matrix b € M, (K") such that
b='Tb C Diag,(K'), where Diag,(K') is the matrix algebra consisting of the diagonal n
by n matrices. (The diagonalization can be obtained by decomposing K’ ® V' into a direct
sum of irreducible K’ ® T-modules.) By a maximal torus of the algebra A we mean a
torus which is not properly contained in any other toral subalgebra of A. Note that by
Corollary 2.1, maximal tori of A/Rad(A) can be lifted to maximal tori in A.

2.3 Polycyclic presentations of finite solvable groups

In Chapter 9 we present quantum algorithms for certain problems related to finite solvable
groups of constant derived length. In order to simplify discussion therein, we need to fix
a simple way to represent elements of such groups. We have chosen the so-called refined
polycyclic presentations (discussed later on). Using that representation, multiplication in
finite solvable groups of constant derived length can be accomplished efficiently, there is
a unique description for subgroups which can be found quickly from systems of genera-
tors, and data structures supporting computations in subgroups and factor groups can be
obtained easily.

We denote the commutator subgroup of a finite group G by G’. The derived series of
G consists of G,G',G" = (G'), etc. Recall that G is solvable if this sequence reaches the
trivial subgroup {1} = {1g}. The number of steps required to reach the trivial subgroup
is the derived length of G. We assume that the groups we encounter in Chapter 9 are
presented in terms of so-called refined polycyclic presentations [50]. Such a presentation of
a finite solvable group G is based on a sequence G = G; > ... > G,,4+1 = 1 where for each
1 <4 < m the subgroup G, is a normal subgroup of G; and the factor group G;/G;i1
is cyclic of prime order r;. For each i < m an element g; € G; \ G;11 is chosen. Then

10



g € Giy1. Every element g of G can be uniquely represented as a product of the form
g7t -+ - g, called the normal word for g, where 0 < e; < r;.

Note that in the abstract presentation the generators are gy, ..., g, and the for each
index 1 <7 < m the following relations are included:

. a; ; a; . )
e g" =u;, where u; = g;;7"" - gm™ is the normal word for ¢" € G4

— . . . b . bi s .
o g! 9;9; = w;; for every index j > i, where w;; = ¢;7"" -+ - gm”™ is the normal word

for g; " g;9: € Gisa.

We assume that elements of G are encoded by normal words (actually by the row vectors
consisting of the exponents e; as above) and there is a (in log |G|) polynomial time algorithm
— so called collection procedure — which computes normal words representing products.
This is the case for groups of constant derived length, see [51]. If there is an efficient
collection procedure then polycyclic presentations for subgroups (given by generators) and
factor groups can be obtained in polynomial time, cf. [50]. The major notable subgroups
including Sylow subgroups, the center, and the members of the derived series can also be
computed in polynomial time.

The usual way to compute polycyclic presentations of subgroups can be used to obtain

a unique encoding of subgroups. A sequence hy, ..., h, of elements of a subgroup H of G is
called an induced polycyclic series for H if there is a sequence of numbers j; < jo < ... < j,
between 1 and m such that for every i € {1,...,7},

e NGy, is generated by h;, hiy1,..., "y

An induced polycyclic series is in reduced echelon form if, in addition, for every i €

{1,...,r},
® hi€ gjiGji"rl )
e for every ¢ with i <4’ <r, the exponent of g;, in the normal word for h; is zero.

From an arbitrary system of generators for H such a series can be obtained in polynomial
time (using the efficient collection procedure) by a noncommutative analogue of Gaussian
elimination, combined with conjugation steps, see [50, 89]. By induction on the length, it
can be seen that different reduced row echelon form sequences generate different subgroups.

We remark that this choice of model for computing in groups is just for simplifying
presentation of our result. At the cost of introducing additional definitions and making
some explanations somewhat longer, one could use other — more general — models, such
as black box groups. Note however, that, using a quantum implementation [59] of an
algorithm of R. Beals and L. Babai [11], refined polycyclic presentation for a solvable black
box group can be computed in polynomial time.

2.4 Randomized algorithms
Recall that a classical randomized algorithm can be defined as a Turing machine (or a
family Boolean circuits) where the the original input string z is supplemented by a further

string z, called the random source. Assume that the machine computes the function f(x, z)
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on input z, z. If we assume that the random source consists of r bits then the randomized
algorithm computes on input x the value y with probability

Pr [f(x,2) =yl.

z€{0,1}7

The related complexity class is BPP (for Bounded error Probabilistic Polynomial time).
This is the class of languages L such that L can be recognized by a polynomial time
randomized algorithm with error probability at most 1/3. (That means that the output is
just one bit and if x € L then the output is 0 with probability at most 1/3 and if y &€ L
then the output is 1 with probability at most 1/3.) Note that with independent iterations
and taking the majority of answers the error probability can be made exponentially small.

Randomized algorithms are often referred to as Monte Carlo algorithms. In this thesis
we shall use the term Monte Carlo for distinguishing algorithms with possible incorrect
answers from so-called Las Vegas methods (the name has been introduced by L. Babai)
which may fail with probability at most 1/3 but never return an incorrect answer. Maybe
the most important practical advantage of a method of this type is that an unknown
deviation of the random source from the uniform distribution can be compensated by
iterations until a successful outcome of the procedure.

One of the most important tools used in randomized algorithms of this thesis is the
Schwartz-Zippel Lemma [87, 96].

Fact 2.2 (Schwartz-Zippel Lemma). Let F' be a field, let 2 be a non-empty finite subset
of F and let f € Flxy,...,x,] be a nonzero polynomial of total degree d. Then

Pr [far,.. an) = 0] < -

A1 yeeey @ €Q - |Q| '

We remark that refinements of the Schwartz-Zippel Lemma in important subcases where
F' is a finite field and €2 = F' are known from algebraic coding theory as theorems on the
relative distance of generalized Reed-Muller codes, see [2].

2.5 Quantum computing

In the description of quantum algorithms we use a simple, restricted model of quantum
computers which is — up to polynomial slowdown — equivalent to many others, including the
quantum Turing machine introduced by E. Bernstein and U. Vazirani in [13]. The model
we use is the quantum circuit model with one- and two-qubit gates. This model is very
close to the model introduced by D. Deutsch in [24], and whose computational power was
investigated by A. Yao [95]. The main difference is that while Deutsch and Yao consider
gates acting on 3 qubits, we — taking more recent developments regarding universality into
account — restrict ourselves to one- and two-qubit gates. (Note that in Chapter 8 of this
thesis we present some results regarding universality of gate sets acting on more than two
qubits, or even on several qudits. However for describing quantum algorithms it will be
convenient to stick to a very simple model.) In this section we describe this simple model,
and — for convenience of readers not familiar with quantum computations — give details
of certain basic techniques that we shall use in Chapter 8. An excellent introduction to
quantum computing written for pure mathematicians can be found in [10]. Its preprint is
available on the Internet.
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2.5.1 Quantum circuits

A qubit corresponds to the complex Euclidean space C2. We fix an orthonormal basis vy, v;
of C2%. We call this basis the computational basis. The state of the qubit is a unit vector
agvo + a1vy in C2. A system consisting of n qubits, or an n-qubit register corresponds to
the complex Euclidean space C?". It is instructive to consider C?" as the tensor product
of n copies of C?. In view of this decomposition, the register can be considered as if it
is composed of n qubits. The computational basis consists of just the products of the
computational basis elements corresponding to the qubits. These products correspond to
bit strings of length n. It is common to use the notation |s) for a computational basis
vector corresponding to the string s. Thus |0) stands for vy, |1) for vq, and |01) for vy @ vy,
etc. A possible state of an n-qubit register is a unit vector from C?". It can be written as
a linear combination (superposition according to the quantum computing literature)

Y=Y als). (2.1)

se{0,1}n

In this thesis we use the | )-notation exclusively for computational basis elements, empha-
sizing that they are states from a very specific collection. (Note that in the literature
Dirac’s | )-notation is also used to simplify some constructions in linear/tensor algebra
therefore |) is used to denote arbitrary vectors. Here we do not use those constructions
extensively, therefore general states will be typically denoted by underlined Greek letters.)

To every state of an n-qubit register, that is to every unit vector ¢ of the form (2.1)
there belongs a probability distribution over {0, 1}" where the probability of the string s
is |a,|®. Intuitively, the register in state 1 is considered as if it were simultaneously in all
the states |s) with "weight” (amplitude) a, and if we measure (or observe) the register then
we obtain |s) with probability |a,|?.

A one-qubit gate is just a unitary transformation on C? and a two-qubit gate is a
unitary transformation on C*. For instance, the linear extension of the NOT or bit flip
operation (|0) < |1)) is a one-qubit gate. Another important one-qubit gate is the so-called
Hadamard gate. Its matrix in the computation basis is

(1
v\l -1 )°
The linear extension of the exclusive or (also known as conditional not) operation which

maps |b1) ® |by) to |by @ by) ® |bs) is a two-qubit gate. Another example for a two-qubit
gate is the so-called controlled phase shift

1 000
010 0
0010 |’
0 00 w

where w is a complex number with |w| = 1.

Given a one-qubit gate U and ¢ € {1,...,n} then we can let U act on the ith qubit of
an n-qubit register as the operation U ® Ion—1, where we consider the decomposition of C?"
as the tensor product of C? corresponding to the ith qubit with c2! corresponding to the
rest. Thus, a one-qubit gate can be wired in n ways to an n-qubit system. Similarly, let
i#j€{l,...,n}. Then we can let a two-qubit gate U act on C*" as U ® Iyn-2, where U
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acts on the space corresponding to the ith and jth qubits (in this order) and Iy.-2 stands
for the identity of C2"* corresponding to the rest. Thus a two-qubit gate can be wired to
an n-qubit systems in n(n — 1) ways.

We consider quantum circuits built from one- and two-qubit gates. This is a finite
sequence of one- and two-qubit gates, each wired to an n-qubit system. The circuit imple-
ments the unitary transformation on C?" which is just the product of the individual wired
gates. The size of the circuit (or its running time) is just the length of the sequence.

We assume that a part of the n qubits is designated to the input, a disjoint part is
designated to the output and the rest are for temporary storage, the so-called workspace.
Thus we assume that n = n; + n, + n, and C?" is decomposed as a tensor product of
C? @ C?" @ C*"". Intuitively, we have an input register, an output register, and possibly
some further registers for the workspace. (We use the term register also for a subset of
{1,...,n} representing any meaningful piece of the system we are working with.) By
inputting x to the circuit we mean that we let the unitary transformation implemented by
the circuit act on |z) ® |0) ® |0). Assume that the result is the vector (or state)

Y(z) = Z (s, 50,5, (T)]5) @ |50) @ [Sw).

(si 75075uz)€{071}"i+no+nw

We say that the probability of that on input x the circuit computes y is the probability
according the distribution corresponding to ¢ (z) of that s, = y in the triple (s;, So, Sw),
that is N
Z s, ,50, ()%

$;€{0,1}™i,s,,€{0,1}nw
Intuitively, this notion of computation corresponds to that a computational phase which
consists of application of a quantum circuit is followed by measuring the result. The
quantum analogue of the class BPP is BQP. It consists of the languages recognized by a
quantum circuit in polynomial time with error probability at most 1/3. Note that using
independent iteration, the error probability can be made exponentially small.

2.5.2 Cleaning up

As constituents of other circuits, we shall encounter a restrictive class of quantum circuits
which compute functions. Let X be subset of {0,1}" and let f be a function f : X —
{0,1}". We consider a quantum circuit which, on every € X, computes the value f(z)
with probability 1. This means that on input |z)|0)|0), the result is the tensor product of
| f(x)) with some unit vector ¢'(z) € C>*"™. With a constant slowdown, we can modify
such a circuit to obtain a circuit which, for every z € X, transforms the state

[z) @ 10) @10) to [z) ®|f(z)) ©0).

This is done using the following standard cleanup trick. We extend the workspace by
space for a second copy of the output register, that is, we increase n,, by n,. We perform
the original circuit with this copy of output register and leave the original output register
intact. Notice that by the assumption, after executing the circuit, we have the state

Y (z) @ 10) ® | f (),

where ¢/(z) is some unit vector from O™ Next we copy the contents of the second
output register to the original output register. This can be done by computing the bit-wise
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exclusive or of the two registers into the original output register. Now we undo (perform
the inverse of) the circuit, leaving the current contents of the output register intact. The
result is the state

) @ [f(x)) @ 0),

as required. With some sloppiness, we will refer to such a circuit as a circuit which
implements

) @ 10) = [z) @ |f(x)).

Thus we omit the qubits in the workspace, which are zero both initially and finally. (The
starting state is actually the tensor product of |x) ® |0) with |0) in the workspace and,
similarly, the result is the product of |z) ® |f(x)) with |0).) As we are not concerned with
the accurate space complexity of our algorithms, ignoring such ”cleaned up” workspace
will lead neither to confusion nor to loss of information. (Note that a circuit of size ¢ can
actually use at most 2¢ auxiliary qubits, so a circuit of polynomial size can be actually
implemented on a polynomial number of qubits.)

The same trick applies to certain more general situations which we encounter as ingre-
dients of larger circuits. Assume that the domain of the function f is a subset ¥ of C?"
but the range is still from {0, 1}", that is, we allow f to be defined on certain ” quantum”
states but its value is always ”"classical”. (See the swap test discussed later in this section
for an important example of such a function.) Assume further that we have a circuit which
transforms the state 1) ® |0) @ |0) to the tensor product of |f(¢)) with a vector from C*
(depending on ) for every ¢ € W. Then the with the same trick as above, with a constant
slowdown we can construct a circuit which transforms ¢ @ |0) ® [0) to ¥ @ |f(¥)) ® |0) for
every ¢ € U. In this context we can also ignore designation of the workspace.

2.5.3 Classical computation as quantum computation

Although every quantum circuit implements a unitary (and hence invertible) operation,
with some care it can be seen that quantum circuits can simulate deterministic compu-
tations with a constant slowdown. To be more precise, if the function z — f(z) (from
X C€{0,1}™ to {0,1}") can be implemented by a Boolean circuit of size ¢ then there is a
quantum circuit of size O(¢) which implements |z) ® |0) — |z) @ |f(z)) for x € X. This
follows from the results of the theory of reversible computations, see [91]. (We remark that
the procedure may actually use some workspace which is cleaned up.)

A randomized algorithm can be simulated on a quantum computer as follows. Assume
that a Boolean circuit computes the function (z, z) — f(z, z) where z € {0, 1}" corresponds
to the random bit string. Given

|z) ®10) ©0)

we first apply the Hadamard gate to each of the qubits of the second register and obtain

the state )

oG Y el el

z€{0,1}"

We next apply the quantum implementation of |z) ® |2) ® [0) — |z) ® |2) ® | f(z, 2)) and
obtain

Y(r) = GG ZE%V |7) @ [2) @ [f(x, 2)).
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It is immediate that, according to the distribution corresponding to 1 (z), the probability

that the third register contains y is the usual probability that f(z, z) = y where z is drawn
uniformly from {0, 1}". This argument shows that BPP C BQP.

2.5.4 Numerical vs. probabilistic errors

Very often we are satisfied with sufficiently good approximate implementations of quantum
circuits. The error is the Euclidean distance from the correct outcome. If a compound
circuit consists of ¢ smaller circuits then in order to obtain error at most € it is sufficient
to have approximations of the constituents which work with error at most €/¢ for each
meaningful input state.

Assume for example that f is a function from X C {0,1}" to {0,1}" and we have a
circuit, which, for every x € X, transforms the state |z) ® |0) to a unit vector

Y= ) ala)ls)

s€{0,1}mi+no

at distance form |x) ® |f(x)) at most e. Then, taking the square of the distance we have

> jas(2)[* < €.

s € {0, 1}mtne
s # (z, f(x))

Notice that the left hand side is the probability of s # (z, f(x)) according to the distribution
corresponding to the state ¢'(z). Thus, a numerical error € in a quantum circuit which
computes the function f results in a probabilistic error 2. This argument shows that
the class BQP is robust against taking sufficiently good approximation of ingredients of
quantum algorithms.

One of the most important applications of this fact is the following. Instead of allowing
arbitrary one- and two-qubit gates as building blocks of quantum circuits, one can take a
fixed finite set which generate a dense subgroup of the unitary group U,. Then, by the
Solovay—Kitaev Theorem [69], for every € > 0, an arbitrary unitary operation in Uy can
be approximated with error at most € by a product of 60% operations from the fixed set
(the implicit constant O(1) depends on the gate set). Thus a circuit of length ¢ built from
arbitrary gates can be approximated with error 0.01 by a circuit of length ¢ - (log ¢)°M
with a set of restricted gates.

2.5.5 State sampling

As certain building blocks of our algorithms we shall use classical algorithms performing
a sort of statistical distribution analysis in the following context. Assume that we have K
copies of a state of the form

fz Z a/s‘5>®£87

s€{0,1}"

where for every s € {0,1}", ¢, is a unit vector from C?"' and we want to evaluate a
function f at ¢ using these K copies. (We assume that the domain of f is ¥ C cm
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its range is a subset of {0,1}", and ¢ € W.) Having K copies of ¢ means that we are
actually given the tensor power g@( . By expanding the tensor power we see that

¢®K: Z asl...a8K|51>®£91®...®|5K>®£5K

We pass this tensor power to a classical algorithm which computes the value f'(sq,. .., sk)
as an estimate for f(¢), where f’ is a function from {0,1}" to {0, 1}".

To be more precise, the initial sate (ignoring workspace) is actually 1™ ® |0), the result
of the estimating procedure is N

¢®K: Z aSI...aSK|51>®£SI®...®|3K>®£SK®|f/(31,...,81<)>,

and we are interested in the distance of it from the desired result QK ® |f(¥)). Observe
that the square of the distance is at most

2 Z ’a81’2”'|a’81<‘2'

S1y..., 8k €{0,1}"
f’<51,~--,SK)7£f<f)

Notice that this is 2 times the probability of that f'(sy,...,sk) # f(¥), where sy, ..., sk
are drawn independently according to the distribution (on {0,1}") corresponding to .
Thus the error is related to the statistical error of the classical procedure applied. N

To see a specific example, we consider the followmg problem. Assume that we want
to decide whether two states ¢ and ¥, from C2"* are identical under the promise that
they are either identical or orthogonal and we are given K copies of both states. Thus the

initial state is (1, ® 1,)** ®|0) and the desired outcome is (¢, ® 1 )** ®@0) if ¢, L ¢,
and it is (¢, ®%2)®K @) if ¢, =9,

This task is accomplished by the swap test [17] which we outline below. We take
a workspace consisting of K auxiliary qubits, one for each pair. So our initial state is
actually

(¥, ® 4, ®10))°" ® 0).
We apply the Hadamard gate to each qubit of the workspace and obtain the state

1 RK
(Eyl ® 1, @ (|0) + \1))) ® |0).

Now we swap (exchange bit by bit) each copy of the pair if the corresponding auxiliary
qubit contains 1. If the qubit contains zero we do nothing. The result is

Next we apply the Hadamard gate again to the auxiliary qubits and obtain the state
1 QK
(5 ((% ®Y, + 1, ®%1> ®10) + (gl ®Y, — v, @@1) ® |1>)> ® |0).
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If ¢, = ¢, then put ¢ =) = and ¢ = ¢, ®@1[0) +0-¢) @ |1). If ¢, L ¢ then put
U= B, @0, + 4,0, ¥ = (W, © 1, — b, ®8,) and ¥ = (0, ®10) + 4,]1)
We have the state ®* ® |0) and apply the scheme described above in this context. Here
f(¥) =1if ¢, :@2 and f(¢) = 0if ¢ L 1. In the first case, the probability of 1
according to the distribution on {0, 1} corresponding to v is zero, while in the second case
both 0 and 1 have probability 1/2. We take f/(0) = 1 and f(s) = 0 if s # 0, that is, we
return 1 if and only if all the K bits we see are zero. The probability of that we make
a wrong decision is 0 in the first case while it is 2%{ in the second case. Thus, after this
simple statistical distribution analysis, the distance from the desired state ¥®* @ |f(¢))
is exponentially small in K. If we perform the usual cleanup technique, the distance from
the desired final outcome (¢, ® 1, )®* |answer) will remain the same.

2.5.6 The hidden subgroup problem

Almost all the computational problems in which quantum algorithms have an exponential
advantage over the known classical methods are related to the hidden subgroup problem
(HSP) which is the following. Let G be a finite group, and let H be a subgroup of G. Let
f be a function mapping G into a finite set, say {0,1}°. We say that f hides the subgroup
H < G if f is constant on every left coset of H but it takes different values on distinct
cosets. (Equivalently, f(x) = f(y) if and only if tH = yH.) We assume that f is given by
a quantum oracle (that is, a unitary operation mapping states of type |z) ® |0) (z € G)
to |z) @ |f(z)). The task is finding H, say, by means of generators. (In this thesis we
are concerned with a restricted version where the output is required to be a well defined
unique description of H.)

In the most important applications the oracle is implemented by polynomial time al-
gorithms. For example, in the discrete logarithm problem in an abelian group we have
G = Zpm ® Ly, and f(u,v) = a"b~" (computed using fast exponentiation) where we want
to compute log, b and — to simplify discussion — m is assumed to be the order of both a
and b. Then H = {((log, b)v,v)|v € Z,,} and from any system of generators for H one
can compute the desired logarithm easily. Similarly, if we want to compute the order of
a in an abelian group of exponent m then G = Z,,, f(u) = a*, and H = o(a)Z,,. Again,
from a system of generators of H one obtains o(a) easily. (We remark that Shor’s order
finding and discrete logarithm algorithms do not need knowledge of the exponent. These
methods should be rather interpreted as hidden subgroup algorithms for the infinite groups
7. & Z and Z, respectively.) For computing automorphism groups of graphs (testing graph
isomorphism can be reduced to this problem) the group G is the symmetric group (acting
on the vertex set) and the values of the function are the ”permuted” versions of the graph.
Then the hidden subgroup is just the automorphism group of the graph.

2.5.7 The quantum Fourier transform

The quantum Fourier transform is one of the most important tools in the existing hidden
subgroup algorithms. The quantum Fourier transform of an abelian group G is the unitary
transformation which maps vectors of the form |z) where x € G to

ﬁzxm)m,

xeG
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where by G we denote the set of the (linear) characters of the group G. Recall that
a character of a finite abelian group is a homomorphisms from G to the multiplicative
group of C. With the point-wise multiplication G is an abelian group isomorphic to G.

In particular,

@) = |G|, so we can use a bijection between G and G so that the Fourier

transform is a transformation of a space onto itself. Note that it maps |0) to the uniform
superposition of characters, which, by the bijection above, is the uniform superposition
of the element of G. (The uniform superposition of a set S C {0,1}® is just the vector
ﬁzses |s).) For an arbitrary finite abelian group G, its Fourier transform can be

approximated in time polynomial in log |G|. More precisely, for any abelian group G and
for any €, there is a quantum circuit of size log |G |O(1) log % which approximates the Fourier
transform of G with precision €, see [68]. The precision is understood in the operator
norm. That is, when we apply the approximation to a unit vector then the distance from
the precise Fourier transform will be at most e.
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Chapter 3

Finiteness of matrix semigroups over
function fields over finite fields

This brief chapter is based on the note [55]. Here we present an application of computing
the radical of a matrix algebra to deciding finiteness of a matrix semigroup given by
generators whose entries are from a function field over a finite field.

In [4], L. Babai, R. Beals and D. Rockmore proposed an ingenious polynomial time
algorithm for deciding finiteness of groups generated by matrices with entries from algebraic
number fields. We remark that this algorithm is an ingredient of Jeandel’s polynomial
method for deciding N-universality of a set of quantum gates defined over a number field,
see Chapter 8 for more details.

In [83] D. Rockmore, K.-S. Tan and R. Beals considered testing finiteness of matrix
groups over function fields F'(¢). Using a reduction to the case solved in [4], they showed
that the problem is soluble in polynomial time if the base field F' is a number field. They
also showed that the problem is algorithmically solvable (in exponential time) in the case
where F' is a finite field. In this chapter we improve and extend this latter result: we
present a deterministic polynomial time algorithm for testing finiteness of a semigroup S
generated by matrices with entries from function fields over finite fields with a constant
number of variables.

Finiteness of matrix groups over a univariate function field over a finite field was shown
to be algorithmically soluble in [83] by giving a sharp exponential upper bound on the
dimension of the matrix algebra generated by S over the field of constants. One of the
exponential time algorithms proposed in [83] was expected to be improvable. The polyno-
mial time method presented in this chapter actually combines the ideas of that algorithm
with a procedure (e.g. from [60]) for calculating the radical.

The following simple observation from [83] reduces our task to deciding finiteness of
certain matrix rings.

Observation 3.1. Let F' be a finite field, K be an arbitrary extension field of F, and S
be a multiplicative subsemigroup of M, (K) generated by the finite set {ay,...,as} of n by
n matrices. Then S is finite if and only if the F-subalgebra A of M,(K) generated by
ai,...,as 1s finite.
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It is pointed out in Theorem 3.16 of [83] that dimr A can be exponential in n. The
next statement enables us to avoid computing a basis of the whole algebra.

Lemma 3.2. Let A be a finitely generated algebra over an arbitrary field F' and assume that
I is a nilpotent ideal of A such that A/1 is finite dimensional. Then A is finite dimensional
as well.

Proof. Assume that aq,...,as generate A as an F-algebra. Choose elements by, ..., b, from
A such that by + I,...,b, + I form a basis of A/I. Write

a; = Z Ollkbk + ]

k=1
and

bib; = Z Bijibi + dij
k=1

with alk;ﬁijk € F and cl, dij el

We claim that the elements ¢; (I = 1,...,s) and d;; (i,7 = 1,...,7) generate [ as an
ideal of A. Indeed, let J be the ideal generated by these elements. Obviously J < [.
On the other hand, b; + J,...,b. + J span a subalgebra of A/J complementary to I/J.
Also, it contains all the generators a; + J for A/J. Hence I/J = (0), which means that
I = J. From the claim we infer that 7/I? is a finitely generated A/I-module and hence it
is finite dimensional over F. Thus A/I? is finite dimensional as well and the proof can be
completed by induction on the nilpotency class of I. ]

The next result states that modulo the radical of KA, the dimension of A is small.

Theorem 3.3. Let F' be an arbitrary field. Assume that K is an extension field of F
such that for every finite extension E of F' the algebra K Qp E is a field (e.g., K is purely
transcendental over F'). Let A be a finitely generated F-subalgebra of the finite dimensional
K-algebra B. Let ¢ stand for the natural projection B — B/Rad(B). Then the following
assertions are equivalent.

(1) dimp A is finite.

(2) dimp ¢(A) is finite.

(3) ¢(KA) and K @ ¢(A) are isomorphic K-algebras.
(4) dimp ¢(A) < dimg (B).

Proof. The implications (1)=-(2), (3)=-(4), and (4) = (2) are obvious.

To shorten notation in the rest of the proof we put J = Rad(B). Since J is nilpotent
we have J4mx/ = (0). This also implies that ker ¢4 = AN J is a nilpotent ideal of A.
The implication (2)=-(1) follows from this observation and the lemma.

To see that (2) implies (3) assume that dimp ¢(A) is finite. Without loss of generality
we may assume that B = KA. By going over the factors A/(ANJ) and B/K(ANJ), we
may further assume that AN J = (0). Then, since the K-linear span of every nilpotent
ideal of A is a nilpotent ideal of B, A is either semisimple or zero. If A is zero then
(3) trivially holds. Otherwise let Ay,..., A, be the minimal nonzero ideals of A. Then
A=A+ ...+ A, and the sum is direct. Also, K ®p A is the direct sum of the ideals
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We claim that for every index i the K-algebra K ®p A; is simple. Indeed, let C; be the
center of A;. Then C; is a finite extension field of F'. By the assumption on K, K ®p C; is
again a field. On the other hand, it is easy to see that the center of K @ A; is K ®@p C;.
Thus K ®r A; is a simple K-algebra, as claimed.

Next we observe the natural map K ® A — B induced by the multiplication of elements
of A by scalars from K is a K-algebra epimorphism. But this map is a monomorphism as
well because it is nonzero on any simple component K Q@ A; of K ®x A. This concludes
the proof of the theorem. O

The algorithm proposed in [60] is directly applicable in the context of the theorem
above. It is a deterministic method which computes the radical of a matrix algebra A <
M, (F,(zy,...,2,)). The running time is (n + s+ d + log )°™), where s is the number of
generators and d is the maximum degree among all the numerators and denominators of
the entries appearing in the generators for A. We remark that a more general — and more
transparent — approach to computing the radical of algebras of positive characteristic can
be found in [21]. Even the more efficient method discussed in the next chapter of this thesis
could also be used. However, as we are merely interested in polynomial time methods and
as the time complexity of the algorithm of [60] is explicitly given, it is easiest to refer to
that paper.

Using the algorithm of [60], we can find generators for the algebra ¢(A) defined in
the theorem in time (n 4 s + d + log ¢)°™. Then we proceed with collecting F,-linearly
independent elements of ¢(A) as products of generators. We either find a basis of ¢(A) in
O(n?) rounds, or stop with the conclusion that our semigroup is infinite. We remark that
the method can be considered as an improved and generalized version of the algorithm
proposed in Subsection 3.4.1 of [83]. We obtained the following.

Corollary 3.4. There is a deterministic algorithm, which, in time (n + s + d + log )™
decides whether the semigroup generated by a finite set of matrices with entries from the
function field Fy(xy, ..., xy) is finite. Here, s is the number of generators and d stands for
the maximum among the degrees of all the numerators and denominators of the entries in
the generators. In particular, the algorithm runs in polynomial time for constant m.
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Chapter 4

Finding the radical of matrix
algebras using Fitting decompositions

The material of this chapter is based on the paper [53]. Here we present an approach to
calculating the Jacobson radical of a matrix algebra based on the Fitting decomposition
with respect to the simultaneous adjoint action of maximal tori. This idea results in a
reduction to finding the radical of a Lie nilpotent subalgebra or a commutative factor
thereof. We also describe a probabilistic version for computing elements which generate
the radical as an ideal.

We assume that the input is a (usually small) finite set of matrices which generate A
as an algebra and the output is expected to be a set of matrices which generate Rad(A)
as an ideal. We sketch a deterministic algorithm which works over an arbitrary field with
effective arithmetic and reduces the problem of calculating Rad(A) to finding Rad(B) for
a commutative algebra B which is a factor of a subalgebra A. The algorithm performs
n®W operations and is of theoretical interest as the task of computing the radical is known
to be unsolvable by an algorithm using merely the field operations. This result can be
interpreted as all the obstacles regarding computability of the radical of an algebra are
already there in a commutative subfactor.

We also present a probabilistic algorithm of Monte Carlo type which works over a
sufficiently large perfect ground field where square-free factorization of polynomials can be
carried out efficiently. (Examples of such fields are fields of characteristic zero and finite
fields). This appears to be the first attempt to make use of randomization in computing
the radical. Provided that the number of generators is small and random elements of A
can be generated efficiently the method performs about O(n*) operations in K.

All the known methods for computing the radical are based on solving systems of linear
(or semilinear) equations (cf. [38, 85, 28, 21]). The coefficients are the traces (and other
invariants in positive characteristic) of the products b;b; where by, ..., b, is a basis of A.
Unfortunately it is not known how to determine the coefficients in a way more efficient
than computing the diagonal elements of the product b;b; for O(s?) pairs b;, b;. Since s can
be as large as n?, all the previously known algorithms require 2(n%) operations.

The approach presented here is different. The key idea parallels the method used
by de Graaf [44] in a practical algorithm for computing the nilradical of Lie algebras.
Here, using the Fitting decomposition with respect to the adjoint actions of appropriate
subalgebras, we reduce the task to computing the radical of a subalgebra which is nilpotent
as a Lie algebra. Factoring by the commutator ideal this leads to a reduction to the
commutative case. The probabilistic version is based on the same ideas combined with
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methods for generating random elements of centralizers of certain subalgebras rather than
computing the whole centralizers by solving systems of linear equations.

This chapter is structured as follows. In the rest of this introductory part we give a
brief description of the computational models we work with and discuss assumptions on
random generators for the probabilistic algorithm. The main algorithmic results are also
stated here. Section 4.1 is devoted to a summary known facts related to tori in associative
algebras. The theoretical background of the algorithms is presented in Section 4.2. The
reduction algorithm which works over an arbitrary field can be found in Section 4.3. Our
basic computational tool, an efficient algorithm for generating elements of the centralizer
of a single semisimple matrix is presented in Section 4.4. We conclude with Section 4.5,
where we describe the probabilistic method for finding the radical.

We assume that the field K admits effective procedures for performing the field opera-
tions as well as equality tests. For such a general field we obtain the following.

Theorem 4.1. There is a deterministic algorithm which reduces the problem of computing
the radical of A to the problem of calculating the radical of a commutative algebra B which
is a factor of a subalgebra of A. The algorithm performs n®® operations in K.

It is known [88] that there is no algorithm based merely on the field operations which
finds the irreducible factors of a polynomial f(z) € K|x] for a general field K. Even the
weaker problem of finding the square-free part of f(x) (the product of the irreducible factors
of f(z)) appears to be unsolvable in this model (over a field of positive characteristic). In
Section 4.5 we shall restrict ourselves to fields where this latter task can be effectively
solved. For such a field K we denote by SFk(n) the number of arithmetical operations
required to calculate the square-free part of a polynomial of degree n. If K is an arbitrary
field of zero characteristic then the square-free part of f(x) is simply f(x)/gcd(f(z), f'(x))
and hence SFy(n) = n'*°M (cf. [14]). If K is a finite field then SFg(n) = n'te) 4
O(nlog |K]) (cf. [72]).

The probabilistic algorithm of Section 4.5 also assumes the presence of an auxiliary
procedure which selects random elements from the algebra A independently. The distri-
bution of the elements is typically concentrated on an appropriate finite subset of A. We
do not require uniformity. Instead, we assume randomness in an algebraic sense explained
below.

Let U be a finite dimensional vector space over K and let K’ be an algebraic closure of
K. Let 0 < 0 < 1and D be an integer. We say that a probability distribution on U satisfies
condition AlgRand(U, D, ) if for every nonzero polynomial function f : K' @ x U — K’
of degree at most D the probability of f(u) = 0 is at most §. A possible way to obtain
a distribution with AlgRand(U, D, ) is the following. Assume that ui,...,us form a K-
linear generating system of U. Let Q be a finite subset of K with |Q| > %. We take u =

a1uy + . .. + agus where the coefficients aq, . . ., a, are drawn uniformly and independently
from €. Then, by the Schwartz—Zippel Lemma (see Section 2.4), the probability of f(u) = 0
is at most ﬁ < 4.

We shall make use of the following lemma. The proof can be carried out by a simple
induction on k. We omit the details of the proof which follows the lines of the most common
proof of the Schwartz—Zippel Lemma.

Lemma 4.2. Let 0 < € < 1 be a real number. Let f : U* — K’ be a nonzero polynomial
function of degree at most D. Let h = [(logk+log %)/log 5] and assume that the elements
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ULy - ooy ULhy - - -, Ukl - - -, Upn € U are chosen independently according to a probability distri-
bution satisfying AlgRand(U, D, ). Then with probability at least 1 — e there exist indices

Jis--y gk €{1,..., h} such that f(uyy, ..., uk;) # 0.

The probabilistic algorithm of Section 4.5 requires that the random elements of A are
chosen according to a probability distribution satisfying condition AlgRand(A,n?,6) for a
constant 0 < 0 < 1, say § = % Of course, in our construction above it is implicit that
the ground field K is sufficiently large (namely |K| > n?/§). The cost of selecting a single
random element is denoted by R(A). For a matrix algebra A < M,,(K) given by algebra
generators unfortunately no mathematically rigorous efficient random generator is known
which satisfies the requirement unless we have a K-linear generating system bq,...,bs of A
and take a random linear combination of by, . .., bs. Then the cost R(A) is O(sn?). However,
there are heuristic random generators (e.g., the one used in the Meataxe procedure [52] for
finding composition series of modules over finite algebras) appear to work well in practice
for similar problems.

Theorem 4.3. Let A < M, (K) be given by m generators and 0 < ¢ < 1. Then a system
of matrices which generate Rad(A) with probability at least 1 — € as an ideal of A can be
computed by a probabilistic algorithm which performs O((n 4+ nzm)(MM(n) + SFx(n) +
R(A))polylognlogl) operations in K. If A/Rad(A) is commutative then the algorithm
performs O(m(MM(n) + SFg(n) + R(A))polylognlog ) operations.

Recall that MM(n) stands for the cost of matrix multiplication, see Section 2.1. We
stress that our probabilistic method is of Monte Carlo type: the algorithm may fail or even
produce an incorrect output within a prescribed error probability e.

4.1 Tori and maximal tori

The material of this section consists of an easy combination of known more or less elemen-
tary facts. However, we are unable to propose a single textbook where all the facts we
need in the subsequent parts are stated. Therefore we formulate the less trivial facts in
lemmas and give some hints to the proofs.

Let T} and T3 be tori in A (see Section 2.2.5 for the definition) such that T} < C4(7%).
Then by Proposition 10.5¢ of [80], the subalgebra T generated by T3 U T is a torus as well.
In particular, a commutative algebra contains a unique maximal torus. Furthermore, a
maximal torus of A must contain the maximal torus of Z(A). We call an element a € A
semisimple (or separable) if a is contained in a torus 7" < A. This is equivalent to that the
subalgebra Ka] generated by a and 14 is a torus. As Ka] = K|[z]|/f(x) where f(z) is the
minimal polynomial of a this is further equivalent to that f(z) is a separable polynomial,
i.e., ged(f(x), f'(x)) = 1. Assume that A is a commutative algebra. Then the unique
maximal torus in A consists of the semisimple elements of A. Hence if A is a field, then
the maximal torus of A is the separable closure of K in A.

Lemma 4.4. Let A be a finite dimensional K-algebra and T < A be a torus. Let ¢ : A —
Rad(A) stand for the natural projection. Assume further that A is a direct sum of ideals
Ay, ... A and Z > K14 is a subfield of Z(A).

(o) T is a maximal torus in A.

(1) ¢(T) is a mazimal torus of A/ Rad(A).

25



(i) T N A; is a maximal torus of A; fori=1,...,r.

(iii) TZ, considered as a Z-algebra, is a mazimal Z-torus of A and Z is a purely insepa-
rable extension of Z N'T.

(w) T is a mazimal torus of its centralizer Ca(T).

Proof. We only give proofs that both the conditions (i) and (iii) are equivalent to (o). The
rest is easy and we leave the details to the reader. Assume that 7" is a maximal torus and U
is a torus of A/Rad(A) containing ¢(T"). Then by Corollary 2.1, there exists a subalgebra
U<A isomorphic to U which contains 7. Since T is a maximal torus we have U = T
whence U = ¢(T'). Thus condition (i) is necessary. Sufficiency of (i) is obvious.
Concerning condition (iii), let Zy be the separable closure of K in Z. Then Zj is the
unique maximal K-torus of Z and for every maximal K-torus T of A we have ZNT = Z,.
Let T be a K-torus of A containing Z; and let T1,...,T be the simple components of T'.
Then the simple components of ZT are ZTy, ..., ZT, and by Proposition 2.5.13 of [9], each
ZT; is a purely inseparable field extension of T; of degree dimy, Z = dimg Z/dimg Z, as
well as a separable extension of the field Z N ZT; = Z. 1t follows that ZT is a torus over
Z and dimg ZT/dimg T = dimg Z/ dimg Zy, a ratio independent of 7. From this it is
immediate that if 7" is not a maximal K-torus then Z7T is not a maximal Z-torus either.
To prove the reverse implication, let U be a Z-torus of A containing T'Z and let
Uy, ...,U; be the simple components of U. Then each Uj; is a separable field extension of Z.
Also, the unique maximal K-torus W of U is the sum of W7, ..., W; where W; is the separa-
ble closure of K in U;. By Proposition 2.5.13 of [9], dimg U;/ dimg W; = dimg Z/ dimg Zj.
From this we infer dimg U/dimxg W = dimg 7/ dimg Zy = dimgx ZT/ dimg T. Hence if
T is maximal then "= W and dimg U = dimy ZT whence U = ZT for every Z-torus U
containing Z7T'. O]

Lemma 4.5. Assume that T is a mazimal torus of A. Then Ca(T)/Rad(Ca(T)) is com-
mutative.

Proof. By Lemma 4.4, (i) and (iv), 7'+ Rad(Ca(T")) is a maximal torus of the factor
Ca(T)/Rad(C4(T)). Replacing A with C4(T")/Rad(C4(T)) we have to show that if A is
semisimple and 7" < Z(A) is a maximal torus of A then A is commutative. In view of
Lemma 4.4, (ii), we may further assume that A is simple. Assume that A is not a division
algebra. Then there exists an idempotent e € A such that e ¢ Z(A). The subalgebra
B generated by T and e is a torus properly containing T (because B = T[z]/(z* — z)),
a contradiction. It remains to eliminate the case when A is a noncommutative division
algebra. Then by Lemma 13.5 of [80], there exists a subfield L < A which is a proper
separable extension of Z(A). Then the separable closure of K in L is a torus properly
containing 7', a contradiction. 0

Lemma 4.6. Assume that T is a mazimal K-torus of A and let K’ be an arbitrary field
extension of K. Then K' @k T is a mazximal K'-torus of K' @ A.

Proof. Let A = K @x A, T' = K' @k T, H = C4(T), and H' = Cux(T"). 1t is obvious
that that H' = K' ® H. Let I' = K’ ® x Rad(H). Then I' is a nilpotent ideal of H'.

We claim that it is sufficient to show that 7" + I’ is a maximal torus in H'/I’. Indeed,
if U’ > T" is a torus of A’ then U’ 4+ I’ is a torus of H'/I' whence by the maximality of
T'+1' we have U'+1I' <T'+1I'. On the other hand U’ NI’ is a nilpotent ideal of U’ which
must be zero as U’ is separable. From this it is immediate that U’ < T".
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By the claim, we can work with H/Rad(H) in place of H, i.e., we may assume that H
is a commutative semisimple algebra. If char K = 0 then H = T and H' = T" therefore
the assertion is obvious. Assume that char K = p > 0. Let Hy,..., H, be the simple
components of T'. Then T is the sum of the separable closures of K is H;. In particular, by
Corollary 2.5.14 of [9], T is the linear span over K of {a*'|a € H} where [ is a sufficiently
large integer. By the commutativity of H’ the subalgebra 7" is the linear span over K’
of {a*|a € H'}. Assume that U’ is a torus of H'. By Lemma 4.4(ii) and again by
Corollary 2.5.14 of [9], {u?'|u € U’} span U’ over K’. We obtained U’ < T". O

Lemma 4.7. Assume that T is a maximal torus in a semisimple algebra A. Then Cx(T') =
TZ(A). Furthermore, if A is a central simple K-algebra then dimg T = /dimg A.

Proof. We only give a proof of the first statement. The second assertion can be proved
in a similar fashion. It is obvious that Cy(7) > TZ(A). In view of Lemma 4.4(ii) it is
sufficient to give a proof of the statement in the special case where A is simple. Then
TZ(A), considered as a Z(A)-algebra is a maximal Z(A)-torus of A. Replacing K with
Z(A) we assume that A is a central simple K-algebra. Let K’ be the algebraic closure of
K. By Lemma 4.6, T" = K' ® T is a maximal K'-torus in A’ = K’ @, A. Obviously
C(T") = K' @k C(T). On the other hand, A" = My(K) for some integer d. In My(K)
every maximal torus is conjugate to Diagy(K), the subalgebra of d x d diagonal matrices
and it is straightforward to verify the assertion for Diagq(K). O

4.1.1 Centralizers of tori and Fitting decompositions

Let T be a torus over K with d = dimg 7. We recall some facts from Section 10.2 of [80],
specialized to the context of tori. Let T" be a torus over K. The map p: T ®x T — T
given by the law u(a ® b) = ab is a K-algebra epimorphism. The kernel of yu is the ideal
of T ®k T generated by the elements b® 1 — 1 ® b where b runs over T' (or, equivalently,
on a basis of T'). Let I = {u € T|uker u = 0} be the ideal of T ®x T complementary to
ker . Then T @y T = I @ ker 1 and the restriction of i establishes an algebra isomorphism
I =T. Let &7 stand for the identity element of I. Note that ®r is characterized by the
properties p(®r) = 1 and (1 ® b)Pr = (b ® 1)Pr for every b € T. (We remark that this
is the definition of a separating idempotent. Separating idempotent exists for an arbitrary
separable algebra. However, in the noncommutative case it is not necessarily unique.)

Let U be a T ®k T-module. Then for every u € U we have u = ®ru + (1 — $p)u.
This gives rise to a decomposition of U as the direct sum of submodules Uy = IU = &7U
and U; = (kerp)U = (1 — ®7)U. Then &7 and 1 — $7 act as the projections of U
to Up and U; with respect to the decomposition U = Uy @ U;. We have Uy = {u €
Ulkker p))U = (0)} ={u e U|(b®1—-1®b)u =0 for every b € T} and U; = (ker p)U =
{bR@1—-1bbeT}HT R T)U={b®1—-1®0bb € T}U. We refer to Uy as the Fitting
null component and to U; as the Fitting one component. This terminology is justified by
the following. The adjoint action of b € T on U is defined as the linear transformation
adb: ur— (b®1—1®b)u. This gives rise to a representation of T" considered as an abelian
(and hence nilpotent) Lie algebra and the decomposition U = Uy + U; appears to be the
same as the Fitting decomposition of U given in Theorem I1.4 of [63].

Now assume that the torus 7' is a subalgebra of the algebra A. We consider A as a
T ® T-module in the natural way (multiplication from both sides). Then the Fitting null
component Ay is {a € A|(b® 1 —1®b)a = [b,a] = 0 for every b € T'} = C4(T") while the
Fitting one component A; is the linear span of the elements of the form (b&®1—1®b)a = [b, a
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(a€ A,beT). Thus A = Cy(T)+][T, A, a direct sum of vector spaces and the projections
of A corresponding to this decomposition are ® and the map a — a — ®r(a).

Similarly, let U and W be T-modules. For convenience we consider U and W as right
T-modules. For u € U, ¢ € Homg(U,V) and a,b € T let ((a ® b)c)u := acbu. The linear
extension of this rule to T'® T makes Homg (U, V) a T ® T-module. Then the Fitting null
component of Homg (U, V') is Homy(U,V).

We also need an explicit representation of @7 in terms of rank one tensors. This appears
to be extremely useful for computational purposes. We use a construction which can be
extended to the more general context of Frobenius algebras, cf. Theorem 62.11 of [22].
For an application in computational group theory we refer the reader to [5, 35]. Since the
formulations appearing in the literature are slightly different from that we need, we give
some hints to an easy proof of correctness of the construction in the special case of tori.

For a € T let Tr(a) stand for the trace of the linear transformation of 7' given as
b +— ab. By Proposition 3.8.7 of [9], the separability of 7" implies that the linear function
Tr: T — K is not identically zero. As a consequence, the the bilinear trace form (, ) on
T given as (a,b) = T'r(ab) is a non-degenerate bilinear form on 7. Let by,...,b; be an
arbitrary basis of 7" and b] ..., ), be the dual basis with respect to the form (, ). We claim
that

d
O = bi®D,. (4.1)
=1

To see this we note first that it is straightforward to verify that the element f = Zle b; ®
b, € T ®k T does not depend on the particular choice of the basis by,...,bs. Let K’ be
the algebraic closure of K and 7" = K’ @k T. We think of T" as embedded in 7" in the
natural way. It is obvious that & satisfies the conditions for ®7., and hence &7 = &.
On the other hand, we know that 7" is isomorphic to the direct sum of d copies of K’. Let
€1,...,eq be the identity elements of the simple components of 7’. Then ey, ..., e4 form
a self-dual basis of T” with respect to the bilinear trace form and hence f = Zle e; R e;.

One easily verifies that Z?Zl e; @ e; also satisfies the properties characterizing ®7.. Thus
d
(DT = (I)T’ = Zi:l e; Qe = f

4.2 Decomposition with respect to a maximal torus

In this section we develop a structure theory which serves as a theoretical foundation for
the subsequent algorithms. First we fix some notation. Let K be an arbitrary field. We
denote by ¢ the natural projection A — A/Rad(A). Let C be the set of those central

elements of A/Rad(A) which are separable over K. Obviously, C' is the unique maximal
torus of Z(A/Rad(A)). Let T be a fixed maximal torus of A and let the set C' C T consist
of those elements of 7" which are central modulo the radical:

C = {z € T|¢(z) € Z(A/Rad(A))}.

C is a subalgebra of T as C'is the intersection of T" and the subalgebra ¢~!(Z(A/Rad(A))).
By Lemma 4.4, ¢(7T) is a maximal torus of A/Rad(A) and hence

$(C) = ¢(T) N Z(A/Rad(4)) = C.

In view of Subsection 4.1.1,
A=S+N, (4.2)
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where S = C4(C) and N = [C, A]. We remark that, by Wedderburn-Malcev, applied to
the algebra ¢~1(C), the subalgebra C' (and hence S) is determined up to conjugation by a
unit in A. Therefore the structural properties of S and N are independent of the particular

choice of T'.

Proposition 4.8. N is an S-invariant subspace of Rad(A), i.e., SN C N, NS C N, and
N C Rad(A),

Proof. The inclusions SN C N and NS C N follow from sz, y] = sxy—syr = xsy—syx =
[z, sy| and [z, y|s = zys —yxs = xys —ysx = [x,ys], respectively (s € S,z € C,y € A). To
prove the remaining inclusion, observe that ¢(C) = C is in the center of A/Rad(A). From
this we immediately obtain that ¢(N) = [¢(C), ¢(A)] = (0), whence N C Rad(A). O

The radical inherits the decomposition (4.2) of A in the following sense.
Proposition 4.9. Rad(A) = Rad(S) + N.

Proof. ARad(S) = (S + N)Rad(S) = Rad(S) + NRad(S) C Rad(S) + N C Rad(S) +
Rad(A), hence the element as is nilpotent for every a € A and s € Rad(.S). This implies
the inclusion Rad(S)+ N C Rad(A). To prove the reverse inclusion let a € Rad(A). Then
a =s+mn for somes € Sand n € N. We have s = a—n € (Rad(A) + N)N S =
Rad(A) NS C Rad(S), whence a € Rad(S) + N. O

A part of the next statement asserts that the radical part of the primary decomposition
of S is zero. Actually, the subspace N’ in the primary decomposition (Subsection 2.2.3) is

a subspace of N in (4.2) and S is a subalgebra of the sum of the primary components of
A.

Proposition 4.10. Let C,...,C, be the simple components of C'. Then S is the direct
sum S = S1+...+ S, of ideals S1 = C15,...,S, = C.S. Foreveryi € {1,...,r} the factor
algebra S;/ Rad(S;) is a simple algebra. Furthermore, if we consider S; as a C;i-algebra in
the natural way then Z(S;/Rad(S;)) is a purely inseparable extension of C;.

Proof. To see the first two assertions, we use the the primary decomposition of S, see
Subsection 2.2.3. Let ¢; € C; (i = 1,...,r) be the primitive idempotents of C' and put
S; =¢e; 5. As ¢;S = Se;, we have ¢;Se; = S; and Z#j eiSs; = 0.

To see the last assertion, let Zy,..., Z; be the simple components of S/Rad(S). Then
the simple components of ¢(C), the image of C' at the the natural projection ¢ : S —
Rad(S), are Z; N ¢(C). It follows that (after re-indexing) Z; N ¢(C) = ¢(C;). Hence
o(C)S = ¢(CiS) = Z;p(S). Since Z;¢(S) are the simple components of S/Rad(S) we
obtained that S;/Rad(S;) = ¢(S;) are simple. Also, as ¢(C;) is the set of elements of Z;
which are separable over K, Z; = Z(Z;¢(S)) is purely inseparable over ¢(C;). O

Let H = C(T), the centralizer of T'. Obviously, H is a subalgebra of S. We remark
that, by Theorem. 4.4.8 of [94], H is a Cartan subalgebra of A (considered as a Lie algebra).

Theorem 4.11. Keeping the notation introduced above, Rad(S) is the ideal of S generated
by Rad(H), that is, Rad(S) = SRad(H)S. Furthermore, every nilpotent element of H is
in Rad(H).
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Proof. 1t is clearly sufficient to prove the assertions for the primary components of S
separately. Therefore we assume that S is primary, i.e., C' is a field. We can further
consider S as a C-algebra rather than as a K-algebra. Thus it is sufficient to consider an
algebra S where Z = Z(S/Rad(S)) is a purely inseparable field extension of K.

First we show that every nilpotent element of H is in the radical of S. To see this,
let i be an arbitrary nilpotent element of H. Let T' denote the image of T' at the natural
projection ¢ : S — S/Rad(S). By Lemma 4.4, (i), 7" is a maximal torus of S/Rad(5).
Consider the centralizer U of the algebra T in S/Rad(S). Obviously ¢(h) is a nilpotent
clement of U. By Lemma 4.7, U = TZ(S/Rad(S)) is a commutative semisimple algebra.
Since in a commutative algebra every nilpotent element is in the radical, ¢(h) € Rad(fj )=
(0). This implies the last statement of the theorem together with the inclusion Rad(H) C
Rad(S). From this SRad(H)S C Rad(S) is immediate.

To prove the reverse inclusion, let K’ be the separable algebraic closure of K, S’ =
K ®gk S, T = K'®g T, and H = K' ) H. Then, by Lemma 4.6, 7" is a maximal
torus in the K'-algebra S” and H' is the centralizer of 7" in S’. Let I' = K' ® x Rad(A).
Then K' ®x Rad(H) = I'NM H' = Cp(T"). Since K’ is a separable extension of K,
Rad(S") = K' @k Rad(S) and Rad(H') = K’ ®k Rad(H), therefore we are done if we
prove that Rad(S") = S’Rad(H)S’. In order to simplify notation, we replace K with K,
S with 5, etc.

Let T denote the image of T at the natural projection ¢ : S — S /Rad(S). The algebra
S/Rad(S) is a central simple Z-algebra. By Theorem 13.5 of [80], there exists a finite
separable field extension L of Z such that L @z S/Rad(S) = My(L) for some integer
d. Since Z is a purely inseparable extension of K which is closed under finite separable
extensions, so is Z and hence L = Z. This implies S/Rad(S) = My(Z ) Obviously T'Z is a
torus of S/Rad(S). Since the minimal polynomial of every element of TZ splits into linear
factors over Z, by Proposition 1.4.4 of [94], TZ considered as a subalgebra of Md(Z ) is
conjugate in My(Z) to a subalgebra of Diagq(Z). In other words, there exists a Z-algebra
isomorphism 1 : S/Rad(S) 2 My(Z) such that ¢(T'Z) < Diagi(Z 7). Since (T is the set of
elements of 1(TZ) which are separable over K, we have ¢(T) < Diagy(K), the subalgebra
of My(Z) of diagonal matrices with entries from K. In particular, ¢(T) < My(K). On
the right hand side of the inclusion stands a central simple K-subalgebra of Md(Z ). Then
D = ¢ My(K) is a central simple (and hence separable) K-subalgebra of S/Rad(S)
containing T as a maximal torus. Corollary 2.1 implies the existence of a central simple
K-subalgebra D of S containing 7.

We are going to show the equality Rad(S) = DRad(H)D. To this end we con-
sider Rad(S) as a module over D ®j D where D is the algebra opposite to D. By
Proposition 12.4b of [80], D ®x D = Mg (K) (d = dimg T), which is a simple al-
gebra. In particular, every simple D ®jx D°-module is isomorphic to the module D
with multiplication law (d; ® d2)v = djvdy (cf. Corollary 12.3 of [80]). Obviously, this
module is generated by the identity element 1p of D which belongs to the subspace
{v € D1 ®a)v = (a®1)v for every a € D} = Z(D). Now Rad(S), being a unital
D ® g D°P-module, can be decomposed into a direct sum of simple modules. The preced-
ing observation, applied to the simple components, implies that Rad(S) is generated by
the subspace {v € Rad(S)|(1 ® a)v = (a ® 1)v for every a € D} = {v € Rad(S5)|va =
av for every a € D} = ORad(S)(D) < CRads) (T') = Rad(H). This concludes the proof of
the theorem. ]

30



We shall make use of the following characterization of C' which will enable us to compute
C without calculating Rad(A) first.

Theorem 4.12. Set L = [A,A]NT. Then L is a linear subspace of T and C = {x €
TlaL C LY.

Proof. 1t is obvious that L is a linear subspace of T'. Let Cy = {z € T|xL C L}. The
inclusion C' C C follows easily from C[A, A] = [CA, A] = [A, A]. We have to show that
dimK Cl S dlmK C.

We claim that L = ([A4, A] + Rad(A)) NT. The inclusion L C ([A, A] + Rad(A))NT is
obvious. To prove the reverse inclusion, let K’ be the algebraic closure of K, A’ = K'®Qg A,
T"=K'®gA,and L' = K'® L. Obviously [A’, A'] = K'®[A, A] and hence L' = [A", A'|n
T'. We have to show that L' D [A", A'] + K’ ® x Rad(A) NT". In view of K’ ® Rad(A’) D
Rad(A’) it is sufficient to establish the inclusion L' D ([A’, A']+Rad(A"))NT". Since T" is a
torus in A" and K’ is perfect, by Corollary 2.1 there exists a subalgebra D’ which contains
T’ and is isomorphic to A’/Rad(A’). Obviously [A", A'] + Rad(A’) = [D’, D'] + Rad(A4’).
From D NRad(A) = (0) and [D’, D'] C D" we infer that D N [A", A'] + Rad(A’) = [D’, D'].
As T" < D" we have T" N ([A", A'] + Rad(A4")) = [D", D'|nT' C [A,A|nT' = L.

By the claim it is sufficient to verify the assertion modulo Rad(A). Furthermore, we
can work separately in the simple components of A/Rad(A). Thus for the rest of the
proof we may assume that A is a simple algebra. Then Z = Z(A) is a purely inseparable
extension of C. As Cy = ZT NT and C' = Z N T it is sufficient to establish the inequality
dimg ZCy < dimg Z. Observe that ZCy, C{z € ZT|xZL C ZL} and ZL = [A, A|NZT.
Consider A as a central simple algebra over Z. Then ZT is a maximal Z-torus in A and it
is sufficient to show that dimz{x € ZT|¢ZL C ZL} <1 In order to simplify notation, we
write K in place of Z, T in place of ZT and ZL in place of L. Then it remains to prove
dimg C7 < 1 in the special case where A is a central simple algebra over K. It is also clear
that we may assume that K is algebraically closed.

Then we can identify A with the full matrix algebra M;(K) where d = dimg T and
T can be identified with Diagy(K'), the algebra of diagonal matrices. For an arbitrary
element z € A let Tr(x) stand for the trace of = as a d by d matrix. It is well known
that [A, A] = {z € A|Tr(x) = 0} even if the characteristic is positive. (Both subspaces
have codimension one.) From this fact we infer L = {x € T|Tr(x) = 0}. Observe that the
bilinear form < z,y >= Tr(zy) is non-degenerate on 7. The preceding characterization
of L implies that C is the orthocomplement of L in T with respect to the bilinear trace
form, therefore dim C; = 1, concluding the proof of the theorem. ]

4.3 A reduction to the commutative case

This section is devoted to the proof of Theorem 4.1. Recall that the algebra A < M,,(K)
is assumed to be given by generators. That is, the input consists of matrices ¢1,...,9m €
M, (K) and A is the algebra generated by g, ..., gn and the identity matrix. The output
is expected to be an array ay,...,a; of matrices from Rad(A) such that the ideal of A
generated by ay,...,a; is Rad(A).

Proof of Theorem 4.1. We can can calculate a basis by,...,bs, of A by a straightforward
method with n®® operations in K. Then we find a K-basis u, .. ., ug of a maximal torus
T of A using the method of [45]. at s cost of n®1) operations. We use the notation of
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Section 4.2. Calculation of a K-basis of the centralizer H = C4(T") can be accomplished

by solving the system of homogeneous linear equations zu; —u;x =0 (i = 1,...,d) in A.

We find the subalgebra C' using the characterization given in Theorem 4.12. We select
a linear basis of the subspace [A, A] from the commutators [b;,b;] (i,7 = 1,...,s) and
calculate a basis of the intersection L = T N [A, A] and then a basis ¢i,...,¢; of the

stabilizer C' = {x € T|xL C L}. Both tasks can be accomplished with n®") operations by
solving systems of linear equations. We omit the details.

Now a basis of N can be selected from the commutators [b;,¢;| (1 = 1,...,t, j =
1,...,8). We can select a basis of the ideal I = H[H, H|H in a similar way. Also, we
can find a basis of the factor algebra H; = H/I together with the multiplication table
of H/I with respect to that basis. By Lemma 4.5, H/Rad(H) is commutative, therefore
I < Rad(H) and hence H; is a commutative algebra. We pass the multiplication table
of H; to the oracle for finding the radical of commutative algebras. Then Rad(H) is
generated by a basis of [H, H| and a system of representatives of the generators of H;.
These together with the basis of NV generate Rad(A) as an ideal of A by Proposition 4.9
and Theorem 4.11. n

We remark that a nilpotent ideal J of B together with a presentation of B/.J in terms
of s = O(log, dimg B) generators can be calculated in a rather straightforward way. (The
technical details appear to be too complicated to include here.) Therefore computing
Rad(B) can actually be reduced to calculating the radical of an ideal in the polynomial
ring K[xq,..., 2.

4.4 Computing Fitting decomposition with respect to
a semisimple matrix

Let w € M,,(K) be a semisimple matrix and 7" be the torus generated by u and the
identity matrix. Let &7 stand for the element of T'®x T given in Subsection 4.1.1. Our
aim is to calculate ®ra efficiently for an arbitrary matrix a € M, (K). We know that
T = Klz]/(f(z)) where f(x) is the minimal polynomial of u. Let V = K™, the vector
space of column vectors of length n over K. We consider V' as a T-module or, equivalently,
as a K[z]-module. Then Cy, k) (T) = Endp(V) = Endgg)(V).

We presume that we have found a decomposition of V' as a direct sum of cyclic T-
submodules Vi, ..., V; such that for any pair V;,V; of components either V; = V; as T-
modules or Homr(V},V;) = (0). Then Endy (V) = @, ; Homgk(V;, V;) and for a = 3, ; aj;
where a;; € Homg(V;,V;) we have ®rpa = ZZ] ®ra;j. For non-isomorphic V;, V; we know
that Homg (V;, V;) = (0) therefore @7 is zero on Homg(V;,V;). For isomorphic V; and V;
we identify V; and V; using a T-module isomorphism.

The main task is computing &7 on a cyclic T-module W. Let d = dimg W. We may
assume that 7' acts faithfully on W. Indeed, if I is an ideal of 7" such that IW = (0)
then ®7/; and ®¢ coincide on Endg(W). We identify 7" with a subalgebra of Endg (V).
A faithful cyclic T-module is isomorphic to the regular module T" = Klz|/(g(x)) where
g(x) is the minimal polynomial of the generator u on W. These isomorphisms (provided
that we constructed it effectively) will allow us to perform a multiplication in 7" as well as
multiplication of a vector and a matrix from 7" with O(dpolylogd) operations in K using
polynomial arithmetic modulo g(x) (cf. Section 1.3 of [14]). The isomorphisms are assumed
to be given as follows. Let w be a vector which generates W as a T-module. We work in
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the basis w; = u'w (i =0,...,d — 1) of W. Note that in this basis the coefficients of g(z)

can be read from the last column of the matrix of u. In T we use the basis 1,u, ..., u% "
If we have an element a € T represented as a matrix in terms of the basis wy, ..., wq_1
then the coordinates of a with respect to the basis 1,...,u%! can be read from the vector

awy which is the first column of the matrix. Conversely, if a is given as Y, ayu’ then the
columns of the matrix of a are the vectors aw,;. Hence the matrix of a can be calculated
at total cost O(d?polylog d).

From dimg W = dimg T we infer Endr(W) = T. (This can be seen by noting that over
the algebraic closure of K the torus 7' is conjugate to the algebra of the diagonal matrices.)
Hence we know that ®ra € T for every element a € Endr(W). In view of the preceding
discussion we have to show how to calculate ®rawy efficiently. In view of formula (4.1),
we have ®ra = Z?:_OI wiau’ where v is the basis of T' dual with respect to the trace form.
Representation of u in terms of 1,...,u%"! can be obtained as the rows of the inverse of
the matrix (Tr(uiuj));-i’]_-:lo. The matrix (Tr(uiuj))g;:lo and its inverse can be calculated
using O(d?polylog d) operations using the method described as a part of Algorithm 2.6.1
n [14]. Observe that au'wy = aw;, which is the ith column of the matrix of a. Then for
every i € {0,...,d—1} the vector u,au;wy can be calculated with O(dpolylog d) operations
using polynomial arithmetic modulo g(x). The total cost of computing ®ra (on a cyclic
module with the presumed basis) is therefore O(d*polylog d).

We return to determining ®7a on the whole V. Assume that we have a basis

Vi1, - -+ Vldys - -+ Vtly - - -5 Udt

such that the subspaces V; spanned by v;i, ..., vy, are cyclic T-submodules such that V;
and Vj are either isomorphic T-modules or Homy(V;,V;) = (0) (i, = 1,...,t) and the
basis given on V; is of the form vy, = u*~lv; (i =1,...,t, k=1,...,d;). Then for every
matrix a € M,(K) writing a in terms of the new basis (i.e. conjugating a by the basis
transition matrix) can be accomplished with O(MM(n)) operations. Then we calculate
®ra block-wise. The total cost of this amounts to O(n?*polylogn) = O(MM(n)polylogn)
operations. Writing the result back in terms of the standard basis of V' requires further
O(MM(n)) operations.

It remains to show how to find a basis with the required properties. We follow the
method of Giesbrecht for calculating the rational Jordan form, cf. [41]. However, here we
are not allowed to factor the minimal polynomial. Recall that the the companion matrix
Comp(g(z)) of a monic polynomial g(z) € K[z] of degree d is the matrix of the action of =
on the K[z]-module K[z]/(g(z)). For every matrix v € M, (K) there exists a unique block
diagonal matrix Frob(u) similar to « which is composed from the companion matrices of
polynomials fi(z),..., fs(xz) € Klz] satisfying fs(z)|fs—1(z)| - |fi(z). The polynomials
fi(x),..., fs(z) are called the invariant factors of u and the matrix Frob(u) is called the
Frobenius form of u. Obviously fi(z) is the minimal polynomial of u and fi(x)--- fs(z)
is the characteristic polynomial of u. The Frobenius form Frob(u) together with a matrix
V € GL,(K) such that v'"'ubl = Frob(u) can be computed with O(MM(n)polylogn)
operations in K using the Las Vegas algorithm of Giesbrecht [41]. Let fi(z),..., fs(z) be
the invariant factors of U. Set foi1(x) = 1 and let gi(z),...,g,(x) be the collection of
non-constant quotients of the form f;(z)/fir1(x) (i = 1,...,s). In our case where u is
semisimple and therefore f;(x) is square-free we have fi(x) = g1(x) - - - g, (x). Furthermore,
it is easy to see that w is similar to the block diagonal matrix v’ composed of s; companion
matrices of fi(z), sy companion matrices of fy(z), and so on. The multiplicities s; are
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determined by [[;_; fi(z) = [[;_, gi(x)*. Since «’ is similar to u, we have Frob(u') =
Frob(u) and, again by the method of Giesbrecht, we can calculate a matrix " € GL,,(K)
such that v~ '/t = Frob(u). With b = ¥'b"~! we have «' = b~'ub. Now the columns
of the matrix b form a basis with the required properties. The total cost amounts to
O(MM(n)polylogn) operations. We have proved the following.

Proposition 4.13. Let u € M, (K) be a semisimple matriz and let T' be the matriz algebra
generated by u and the identity matriz. Let a € M, (K) be an arbitrary matriz. Then ®ra
can be calculated by a Las Vegas algorithm using O(MM(n)polylogn) operations in K.

4.5 A Monte Carlo method for finding the radical

In this section we prove Theorem 4.3. Throughout the section we assume that K is a
sufficiently large perfect field together with an efficient method for finding the square-free
part of polynomials of degree n with SFx(n) operations. Also, K’ stands for an algebraic
closure of K and A’ = K' ® A. We think of A as embedded into A’. The input is the
same as described in Section 4.3. We assume that random elements of A are generated
independently according to a distribution satisfying condition AlgRand(A,n?,d) defined in
the introductory part of this chapter. The cost of selecting a single random element of A is
denoted by R(A). The algorithm follows the lines of the method described in Section 4.3.
We describe the main ingredients using the notation of Section 4.2.

4.5.1 Jordan decomposition

Let u € M,(K) be a matrix. Since K is perfect, there exists a semisimple matrix us €
M,(K) and a nilpotent matrix u, € M,(K) such that [us,u,] = 0 and v = us + u,
(cf. Propositions 1.4.6 and 1.4.10 of [94]). Furthermore, u, and u, are unique with these
properties and both belong to the matrix algebra generated by u. The decomposition u =
Us+1u, is referred to as the Jordan decomposition of u. The matrices u, and u,, are called the
semisimple respectively the nilpotent part of u. In this section it will be more convenient
to denote u; by Js(u) and u, by J,(u). In [3] a method based on the Newton—Hensel lifting
procedure is presented which calculates a polynomial s(z) € K|x] of degree less than n from
the square-free part of the minimal polynomial of u such that s(u) = Js(u). Combining
this with Giesbrecht’s Las Vegas methods [41] for calculating the minimal polynomial and
for evaluating s(u) we can compute Js(u) with O(MM(n)polylogn + SFk(n)) operations.

4.5.2 Finding a maximal torus

We show that the semisimple part of a random element generates a maximal torus with
a good chance. The argument used here is a simplified (and improved) version of a proof
given by Eberly and Giesbrecht [30] for a special case.

Lemma 4.14. Let d stand for the dimension of a mazximal torus in A’. There exists a
polynomial function f : A" — K’ of degree d*> — d such that for uw € A’ the subalgebra T"
generated by the semisimple part Js(u) of u and the identity matriz is a mazximal torus of

A" if and only if f(u) # 0.

Proof. By Wedderburn’s theorem A’/Rad(4) = @;_, M,,(K’). A maximal torus in
M, (K") is conjugated to the set of diagonal matrices. It follows that d = >°7  n;,. We

7
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assume that @;_, M, (K’) is embedded into My(K’) in the natural way. Let ¢ : A’ —
My (K') be the composition of the natural projection A” — A’/Rad(A’) with this embed-
ding. Observe that ¢ commutes with taking the semisimple part: ¢(Js(u)) = Js(¢(u)) for
every u € A’. We claim that the torus T generated by the identity of A and semisimple
part Jg(u) of u has dimension d if and only if ¢(u) has d distinct eigenvalues. Indeed, since
ker ¢ = Rad(A’) and T'N Rad(A’) = (0), T and ¢(T) are isomorphic. On the other hand,
o(T) is generated by ¢(Js(u)) = Js(¢(u)) and the identity, hence the dimension of ¢(7T')
is the degree of the minimal polynomial of Js(¢(u)) which equals the number of distinct
eigenvalues of ¢(u).

Let x,(x) denote the characteristic polynomial of the adjoint action adé(u) : w —
d(u)w — wo(u) of p(u) on My(K'). We claim that the nullity of ad¢(u) is at least d and
equality holds if and only if ¢(u) has d distinct eigenvalues. Indeed, we may assume that
¢(u) is of Jordan normal form. One easily verifies that ad¢(u) acts nilpotently on the block
diagonal matrices whose blocks correspond to the Jordan blocks of ¢(u). This implies the
inequality and the ,,only if” part of the claim concerning the equality. The ,,if” part is
even easier.

It follows that ¢(u) has d eigenvalues if and only if the coefficient ¢, of the term z¢ in
Xu() is zero. Let f(u) stand for this coefficient. It is known that the coefficient of 2! in the
characteristic polynomial of a linear transformation on a vector space W is a homogeneous
polynomial function on End(W) of degree dim W — [. In our case dim W = d? and [ = d.
Our function f being the composition of a homogeneous polynomial function of degree
d?* — d and the linear maps ad and ¢ is either zero or homogeneous of degree d> — d. An
element u € A’ such that ¢(u) is a diagonal matrix with distinct eigenvalues witnesses that
this polynomial is not identically zero. [

d

Thus a semisimple matrix u € A such that the torus T generated by u is probably
maximal (with error probability ¢) can be found with O(MM(n)polylog n+ SFx(n)+ R(A))
operations. The error probability can be pushed under a prescribed bound € by repeating
this procedure O(log 1) times independently, and taking the element which has minimal
polynomial of maximal degree, see Lemma 4.2.

In the steps described in the rest of this section we assume that we are provided with
an element u which generates a maximal torus 7. We keep the notation introduced in
Section 4.2 (C, S, H, N). We denote dimg T by d.

4.5.3 Calculating C

We follow the method suggested by Theorem 4.12. First we calculate the subspace L =
[A, A]NT. The next two lemmas provide us with a tool for generating random elements
of L.

Lemma 4.15. The map a — Js(Pra) is a linear map of A onto T and the map a +—
Jo(Pra) is a linear map from A onto Rad(H). Furthermore, J,(®ra) = a, for every
a € Rad(H), and Js(Pra) = a, for everya € T.

Proof. We know that ®r is a linear projection of A onto H. Also, ®rRad(A) = Rad(A)
and J, is zero on Rad(H). By Wedderburn-Malcev, H = T+ N, a direct sum of vector
spaces. Let m : H — T and p : H — Rad(H) stand for projections corresponding to
this decomposition. It remains to show that Jg and J, (restricted to H) coincide with 7
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and p, respectively. For every a € H, m(a) is semisimple and p(a) is nilpotent. Since H
centralizes T, m(a) commutes with a and the same holds for p(a) = a — 7(a). From the
uniqueness of the Jordan decomposition we infer that 7(a) = Js(a) and u(a) = J,(a). O

Lemma 4.16. J,(®r[A,A]) =L =[AANT.

Proof. Since J4(®ra) = a for every a € T it suffices to show that Js(Pra) € [A, A] for
every a € [A, A]. By Corollary 2.1 A = B+ Rad(A) (direct sum as vector spaces) for some
semisimple subalgebra B < A containing 7'. Since Js(®ra) = 0 for every a € Rad(A)
it is sufficient to prove the assertion for the semisimple algebra B in place of A. By
Lemma 4.7 we have T' = Cg(T) hence Jy(Pra) = Pra for every a € B. We know that
®ra —a € [T, B] C [B, B]. Hence ®ra € [B, B] if and only if a € [B, B]. O

We calculate a basis of L by generating sufficiently many random elements of the form
Js(Prla, b]).

Lemma 4.17. Let k < dimg L, 0 < ¢,6 < 1, and let h > k[(logk + log1)/logs].
Assume that the elements ai1,bi1,...,010,b1 4,041,041, ..,a¢41ban are chosen inde-
pendently from A according to a probability distribution which satisfies the condition
AlgRand(A,dimg L, §). Then with probability at least 1 — €, the set {Js(Prlaij, bij])|i =
L,....k, 4,5’ =1,...,h} contains at least k linearly independent elements of L.

Proof. Let | = dimg L. By fixing a K-basis by, . .., b; of L we identify L with K'. For a tuple

(Y1, 21, - -, U, 26) € A% let Y stand for the | x k matrix whose columns are J,(®7[y;..,])
(t=1,...,k). Let I be the family of all k-element subsets of {1,...,l}. For each v € T let
fv(y1, 21, .., Yk, 2x) be the determinant of the k£ x k£ minor of Y which consists of the rows

indexed by the elements of 7. Obviously f, is a multilinear function. We observe that all
the functions f, (v € T') vanish on a particular tuple (v, 21, ..., Y, 2x) € A% if and only
if the elements Js(®r[y;, z]) (i = 1,..., k) are linearly dependent over K. By Lemma 4.16
this cannot be the case for every (y1, 21, ..., ¥k, 2x) € A?* and hence there exists at least
one v € I' such that f, is not identically zero. By Lemma 4.2 with probability at least 1 —¢
there exist indices ju, ..., jk, ji, - - -, jj, such that f,(aiji, bij;, ..., axjy, brjr ) # 0. Then the
elements Js(Pr(ayj,, bij]), - -, Js(Prlakj,, bej;]) are linearly independent. O

Like in Section 4.4, it will be convenient to perform calculations in 7" in terms of the
basis 1,u,...,u?'. If it has not been done before we calculate the Frobenius normal
form Frob(u) of u together with a transition matrix b such that b~'ub = Frob(u) using
Giesbrecht’s method with O(MM(n)polylogn) field operations. Then we can read the
coordinates of an element z € T in terms of the basis 1, u,...,u%"! from the first column
of the first block of b~ ub.

We find a basis of L with O(log £ dimy L(MM(n)+R(A)+SFk(n))polylog n) operations
(even if dimg L is not known a priori) as follows. Set h = [(logd + log ¢)/log +]. For k =
1,2,4,...,2M082d gelect a maximal linearly independent system from {J(®r[a;;, bij/])|i =
1,....k, 3,7/ = 1,...,h} where a;,b; are random elements of A chosen independently
according to a distribution which satisfies AlgRand(A,d, ). We stop if we obtained less
than k elements, otherwise we proceed with 2k in place of k. By the lemma, the probability
that we stop with a system which does not generate L is at most e.

Note that A/Rad(A) is commutative iff L = (0). Then C' = T. Otherwise assume
that we have a basis by,...,b of L. We choose linear function fi,..., f4—; : T'— K such
that L | ker f;, Then C = {z € T|2L C L} = {z € T|fi(zb;) =0 (i = 1,...,1, j =

36



1,...,d—1)} whence we obtain a basis of C' by solving a system of [(d — ) linear equations
in d variables. This costs O(MM(d)l(d —1)/d) = O(dMM(d)) operations. Finally we find
an element v’ € C which generates C' as an algebra with identity by taking a random linear
combination of these basis elements. (By Lemma 4.14, a random element of C' will generate
C'. Note that we can verify whether u’ generates C' with O(MM(d)polylog d) operations by
testing linear independence of 1,u,...,udmc=1)

The total cost of the algorithm described in this subsection amounts to
O(log Ld(MM(n)+ R(a) + SFxk(n))polylog n) operations in K. If A/Rad(A) happens to be
commutative then O(log X (MM(n) + R(a) + SFx(n))polylogn) operations are sufficient.

€

4.5.4 Generating elements of NV

Throughout this subsection we assume that we are provided with an element u' which
generates C' as an algebra with identity.

Lemma 4.18. Assume that aq,...,a,, generate A as an algebra with identity. Then the
elements {[u’,a1],...,[u an]} generate ANA as an ideal of A.
Proof. Let J be the ideal generated by [u/,aq],..., v, a,]. Obviously J C Afu/, AJA C

A[C, A]JA = ANA. Observe that u' + J centralizes the generators a; + J of the factor
algebra A/J. Hence [u/, A] C J and since C is generated by u' we have [C,A] C J. By
definition N = [C, A]. O

Hence generators of ANA can be calculated with O(mM>M(n)) operations by taking
[U/, g1]7 SR [Ul, gm]

4.5.5 Generating elements of Rad(H)

We generate elements of Rad(H) as follows. From a random element a € A we first
calculate ®ra using the method described in Section 4.4. Then we compute the nilpotent
part J,(®ra) of ®ra. The cost is O(MM(n)polylogn + SFk(n)) operations. Note that
because of the linearity of the map a — J,(®ra) (cf. Lemma 4.15) the method can be
considered as a way to generate ,,random” elements of Rad(H). To be more specific, if
we choose the element a according to a distribution satisfying AlgRand(A, D, ¢) then the
distribution of J,(®ra) satisfies condition AlgRand(Rad(H), D, 9).

We are going to give an upper bound for the number of elements from Rad(H) which
— in addition to the generators of AN A — are sufficient to generate Rad(A) as an ideal.
The following elementary lemma is well known. A proof can be obtained by combining
Corollary 4.1b of [80] and Lemma 4.2 of loc. cit..

Lemma 4.19. Let B be finite dimensional K-algebra and M C Rad(B). Then Rad(B) =
BMB if and only if Rad(B) = BM B + Rad(B)?. In other words, the ideal generated by
M is Rad(B) if and only if the same holds modulo Rad(B)?.

Lemma 4.20. Assume that A/Rad(A) is a central simple K-algebra of dimension d?*.
Then Rad(A) as an ideal of A can be generated by [dimg Rad(A)/d*] elements from
Rad(H). Furthermore, A as an algebra with identity cannot be generated by less than
[dimg Rad(A)/d*| elements.
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Proof. Let v stand for the natural projection A — A/Rad(A)% Then ¢(T) is a maximal
torus in A — A/Rad(A)?. We have Cyay¢(T) = @y(ry(¥(A)) = Y(PrA) = ¢¥(H). In view
of this together with Lemma 4.19 it is sufficient to prove the assertion for A/(Rad(A))?
in place of A. In other words, we may assume that Rad(A4)*> = (0). By Wedderburn—
Malcev, there exists a subalgebra D < A such that A = D 4+ Rad(A) (direct sum as vector
spaces). Assume that A is generated by ay,...,a,. Let a; = b; + ¢; where b; € D and
¢; € Rad(A). One easily verifies that ¢y, ..., ¢, generate Rad(A) as an ideal. On the other
hand, since Rad(A)? = 0 we have A¢;A = (D + Rad(A))c;(D + Rad(A)) = D¢; D, whence
dimg Ac;A < (dimg D)? = d*. This implies the inequality m > [dimg Rad(A)/d"].

To prove the first assertion we use a refinement of the argument of the proof of The-
orem 4.11. We consider Rad(A) as a D ®x D-module in the natural way. Then ide-
als of A contained in Rad(A) are exactly the D ®x D-submodules and elements b of
Rad(H) = Rad(A) N C4(T) are characterized as (1 ® a)b = (a ® 1)b for every a € T.
We know that D ®x D = Mg(K) and Rad(A) as a D ®g D-module is isomorphic
to D", the direct sum of h copies of the simple D ®x D-module D (with the natural
module structure). Here h = dimg Rad(A)/d?>. We claim that if ay,...,a, are linearly
independent elements of D then (ai,...,a,) generates the D ®x D-module D". This
can be verified at once if we identify D ®x D with Mg (K) and D with the standard
Mg (K)-module K "’ Let r < d and choose r linearly independent elements aq,...,a,
from T. Then by the claim, b = (ay,...,a,) generates D" as a D ®x D-module and
(1®a)b = (aa,...,a.a) = (aay,...,aa,) = (a ® 1)b. Hence [h/d] generators of Rad(A)
with the required property can be constructed by distributing the irreducible summands
of Rad(A) into appropriate blocks and taking a single generator in each block. ]

Corollary 4.21. Assume that A as an algebra with identity is generated by m ele-
ments.~5uppose thqvt the simple components of A/Rad(A) are Ay, ..., A, with dimensions
dimg A;/ dimg Z(A;) = d?. Then there exists a subset M C Rad(H) of size at most

N|=

Max{Min(md;, [dimgx A/d3])|i = 1,...,r} < [(dimg A)imi] < [nzmi]

such that A(M + N)A = Rad(A).

Proof. As in the proof of Lemma 4.20 we can assume that Rad(A)? = (0). Then N2 = (0)
as well and by Proposition 4.8, N is an ideal of A. Hence S = A/N and S is also generated
by m elements. This means that for the rest of the proof we may further assume that
N = (0), or, equivalently, A = S. By Proposition 4.10, A is a direct sum of subalgebras
Ay, ... A, where A;/Rad(A;) = A;. Assume that M; C Rad(H;) = Rad(H) N H; such
that A;M;A; = Rad(A;) (i = 1,...,r). It is easy to construct a set M C Rad(H) of
cardinality Max |M;| such that for every i € {1,...,r} m(M) = M; where m,...,m, are
the projections corresponding to the direct decomposition of A. It is immediate that such
an M generates Rad(A) as an ideal. Hence it is sufficient to prove the assertion in the
special case where A = A/Rad(A) is a simple K-algebra. Then C'is a field in Z(A) and we
can consider A as a C-algebra. The statement now follows from Lemma 4.20, applied to A
as a C-algebra. (The bound independent of the d;s is obtained by taking an appropriate
weighted geometric mean of md; and dimg A/d?.) ]

The next lemma gives a bound on the random elements of Rad(H) which probably
generate Rad(A) modulo the ideal AM A. We omit the proof which is rather technical and
can be carried out in a fashion similar to the proof of Lemma 4.17.
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Lemma 4.22. Assume that there exists a subset M C Rad(H) of size k such that A(M +
N)A = Rad(A). Let 0 < ¢,6 < 1 and h > k[(logk + log2)/log$]. Assume that the
elements ay,...,ap, € A are chosen independently according to a probability distribution
satisfying AlgRand(A, dimg Rad(A),d). Then with probability at least 1 — € the subspace
N UA{Jp(Pra;)|i =1,...,h} generate Rad(A) as an ideal of A.

4.5.6 Computing Rad(A)

Here we summarize the algorithm for computing Rad(A) and conclude the proof of The-
orem 4.3. The input consists of matrices ¢q,..., g, such that A is the matrix algebra
generated by the identity matrix and g¢q,...,g,. We assume that random elements of a
are generated independently according to a probability distribution satisfying condition
AlgRand(A,n? 6) for a constant 0 < § < 1, say 1/2. An error probability bound 0 < € < 1
is also given as a part of the input. We require that each of the three big steps which make
use of randomization of the algorithm works correctly with probability at least 1 — .

First we find a semisimple matrix u which generates a maximal torus 7" by the method
of Subsection 4.5.2. Then we calculate the subalgebra C' < T (and a generator v’ of C)
using the method described in Subsection 4.5.3. If C' = T then we set k = m otherwise
k = [n2m1]. Then we calculate the commutators [u/, g;] (i = 1,...,m) as well as J,(®ra)
for O(log 3-k log k) random elements a € A. (The exact constant is given in Lemma 4.22.)
These elements generate Rad(A) with probability at least 1 — €. This finishes the proof of
Theorem 4.3.

4.6 Remarks

Assume that char K = 0, € is a constant and m is small, say m = O(logn). Then the
cost of the algorithm is O(nMM(n)polylogn) = O(n*) operations provided that we can
draw random elements very efficiently (e.g., R(A) = O(MM(n)polylogn). If a basis for A
is also available then we can produce random elements of A using O(n?) field operations.
Then the cost of the algorithm is roughly O(n®). Even this is definitely better than the
cost of the previously known methods based on Dickson’s characterization (see [38]) which
appears to be around O(n®).

Note that for applications it seems to be important to exhibit a single nonzero element
of Rad(A) (provided that Rad(A) # (0)). For this task an algorithm of complexity around
O(MM(n)) could be considered optimal. By a version of the algorithm presented here
we can almost achieve this bound in the special cases where Rad(H) # (0) or A/Rad(A)
is (nearly) commutative. In the general case computation of the subalgebra C' with its
complexity roughly O(nMM(n)) appears to be the weakest point of the present algorithm.
The results of the next two chapters rely on alternative methods for computing subalgebras
analogous to C' or at least certain replacements in the finite ground field case.
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Chapter 5

Treating the exceptional cases of the
Meat Axe

In this chapter, based on the paper [58] (joint work with Klaus Lux), we show that the Holt-
Rees extension of the standard MeatAxe procedure finds submodules of modules over finite
algebras with positive probability in slightly greater generality than originally claimed. For
the case when the Holt—Rees method fails we propose a further, but still simple and efficient
extension.

The problem of finding the irreducible composition factors of a finite module M for
a finite dimensional associative algebra A over a finite field F' is one of the fundamental
tasks in computational modular representation theory. The most commonly used practical
approach to this problem is the MeatAxe algorithm described in R. Parker’s paper [79]. Tt
solves the problem of proving constructively that M is irreducible but originally, the method
did not perform satisfactorily when the ground field F' is large. D. F. Holt and S. Rees in
[52] propose an extension to Parker’s method which is based on factoring the characteristic
polynomial of random elements from A. They provide an accurate analysis and show
that their approach proves efficiently that a given module is irreducible independently of
the size of the ground field. Furthermore, in most cases of reducible modules, they also
have a good chance of finding a nontrivial submodule. In this chapter we prove that the
extension works for a wider class of inputs than claimed in [52]. However, there is still
one type of modules where the algorithm definitely fails. We propose a method for this
case. We remark that the implementation of M. Ringe as part of the C-MeatAxe shows
that our algorithm is also practically feasible. See the original paper [58] for a report on
experimental results with this implementation.

In this section by F' we denote the finite field GF(q) consisting of ¢ elements. We
assume we have an associative algebra A (with identity) over F' and we work with the
module is M = F?, the space of column vectors of length d where the action of A on M
is unital, faithful and is given in terms of matrices for generators of A. (Note that, in
contrast to the GAP implementation of the MeatAxe, which is based on row vectors and
right action, the discussion of this chapter is presented in terms of column vectors and
left action.) Furthermore, we identify A with its image in My4(F'). Finally, we assume
that we are provided with an auxiliary procedure which generates random elements of A
(independently and uniformly). This differs from the ”algebraic random” model used in
Chapter 4. Most notably, this assumption does not imply that that the ground field is
large. The procedure either concludes that M is an irreducible A-module or returns a
nontrivial submodule of M.
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The rest of this chapter is structured as follows. In Section 5.1 we briefly comment
on the original algorithm proposed in [52] in order to extend the probability analysis to
slightly more cases and to describe a class of algebras A which contains all the situations
where the method fails. In terms of the structure theory of Chapter 4, it will turn out
that these algebras are very special cases of those where the radical has only ”commutator
part”. Therefore what we need is finding efficiently the subalgebra C' of a maximal torus
— or at least a good replacement for C'. This replacement will be C' - ¢, where ¢ is a
primitive idempotent. The algorithm for this class of algebras is outlined in Section 5.2.
The probability of success will be estimated in Section 5.3.

It will be convenient to introduce some additional notation. By the Wedderburn—Malcev
principal theorem (see the Section 2.2.4), A can be written as

A =5+ Rad(A), where S = A/Rad(A).

Since the complementary subalgebra S is unique up to a conjugation by an inner automor-
phism of A, we can speak about the structural properties of A in terms of S even if S is
not specified explicitly.

5.1 The exceptional algebras

In [52], the extension of MeatAxe is proved to succeed in constructing a nontrivial submod-
ule with probability at least 0.144 in many cases. In particular, it recognizes irreducible
modules, finds a nontrivial submodule if M/Rad(M) is decomposable or M contains non-
isomorphic composition factors. The submodule is generated from the kernel of p(x), where
x is a random element and p(t) is an appropriate irreducible factor of the characteristic
polynomial of z on M (see Lemma 5.1 below). The probability analysis of success is based
on the following observation, which will be useful in the analysis of the present chapter as
well.

Lemma 5.1. Let W be an irreducible A-module and E = Ends(W), the algebra consisting
of the A-endomorphisms of the module W. Then for at least 21.4% of the elements x € A
the characteristic polynomial over F' of x on the module W has an unrepeated irreducible
factor of degree dimp E.

Proof. By Schur’s lemma and Wedderburn’s theorem on finite division algebras, F is a
finite extension field of F'. Note also that if W as an E-module is isomorphic to E™ and
I = {z € AlzW = (0)} is the annihilator ideal of W, then A/I = M, (F). Since uniform
selection of elements in A corresponds to uniform selection in the factor A/I, we may
assume throughout the proof that I = (0) and identify A with M, (E). The statement
for the case E = F' is proved in [52] (with a somewhat bigger constant), therefore we may
restrict ourselves to the case e = dimp £ > 1. The argument given in [52] for this case
appears to contain a minor mistake, therefore we give a corrected proof below.

The condition is equivalent to that x, considered as a matrix over F, has an unrepeated
eigenvalue A such that A is not contained in any proper subfield E' with F' < E’ < E and
for every automorphism o € Gal(E|F) such that A7 # A\, \? is not an eigenvalue of x. (This
follows from the fact that the characteristic polynomial of z over F'is [ cqumr) c(t),
where ¢(t) € E[t] is the characteristic polynomial of z, regarded as a matrix over E. See
for example Theorem 9.10 and Exercise 9.4 in [82].)
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Note that at most half of the elements in £ can be contained in a proper subfield of E.
This establishes the case n = 1. For the rest of the proof we assume n > 1.

Let ' = GF(q) and E = GF(¢°). Following the arguments given in [52], let H denote
the number of matrices z € M,,(E) such that a specific A € E is an unrepeated eigenvalue
of x. Also, let H' stand for the number of matrices with two distinct specific unrepeated
eigenvalues A\, u € E. In [52] it is shown that H and H’ are independent of the particular
choice of A and pu, and

n—1

_ et d Hl< .
¢“) an S

1=0

Let R denote the set of elements A € E such that A has exactly e conjugates over Gal(E|F)
and let r = |R|. By inclusion-exclusion, at least rH — () H' > (r — T((e 1)))]-] matrices
have some unrepeated eigenvalue from R. For the number of matrices having at least two

cigenvalues from some orbit of Gal(E|F) on R we have the crude upper bound = (5) H' <

E (;) q‘fli 1

(=) = ()

e —4 e
14 +e (i
2(¢¢—1) ) 2
1 -3 ¢ 7
(L e Yy Ty
2 2(¢—-1)) 2 30
The first inequality follows from ¢¢/2 < r < ¢ — ¢ < ¢°— 2, while the second one from that

the maximal value of (e —3)/(2¢° — 2) for the integers ¢, e > 2is 5 (taken at ¢ = 2,e = 4).
Hence the proportion of such matrices is at least

v

7 : T T TN
‘Hig™ = [0 -¢) > — ) > 0.214.
g0 ™ =5 11 011 0

i=2
]

Remark. The mere assumption that z, regarded as a matrix over E contains an unre-
peated eigenvalue A which is not contained in any proper subfield (cf. [52]) appears to be
insufficient even for the purposes of the MeatAxe. Indeed, if an algebraic conjugate A’ of
A, different from A, is also an eigenvalue of x, then the characteristic polynomial of x over
F' contains the minimal polynomial p(¢) of A at least twice and therefore the dimension of
the kernel of p(z) over E is at least 2.

The only possible situations when the Holt-Rees extension of MeatAxe may fail are
modules M such that Rad(M) # (0), M/Rad(M) is irreducible and all the composi-
tion factors are isomorphic to M/Rad(M). Since M is faithful, this implies that every
irreducible A-module is isomorphic to M/Rad(M). Let E = Enda(M/Rad(M)), as in
Lemma 5.1. Then F is a finite extension field of F' and M /Rad(M) is isomorphic to E™ as
an S-module for some integer n, where S is a subalgebra of A isomorphic to A/Rad(A).
Note that the multiplicity of E™ in M is d/en, where e = dimpg E and S = M,,(E). The
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center of S is therefore isomorphic to £. We may and shall identify E with Z(S). In
summary, we have

Rad(A) # (0), S M,(F), E =17(S) is an extension field of F'. (5.1)

The Holt-Rees extension of the MeatAxe is shown to succeed even in this case provided
that £ = F. We extend the proof given in [52] to the more general case where F < Z(A).

Proposition 5.2. Assume that (5.1) holds, M/Rad(M) is irreducible and E < Z(A).
Then, for at least 14.4% of the elements x in A, there exists a factor p(t) € F|[t] of the
characteristic polynomial of x on M such that the kernel of p(x) is a nonzero subspace of

Rad(M).

Proof. The statement is proved for E = F in [52]. Assume that £ > F. Note that
every element x € A can be uniquely written in the form x = xq + z; where zy € S
and z; € Rad(A). Assume that the characteristic polynomial (over F') of 2y € S on the
irreducible S-module M/Rad(M) = E™ has an unrepeated irreducible factor p(t) € F[t]
of degree e = dimp E. By Lemma 5.1, this is the case for at least 21.4% of the possible
choices for zg. Let A1,..., A be the roots of p(t) in E. Then there exists an element
A€ {A, ..., A}, say A = A; such that the kernel of zy— A\ is an E-submodule of M /Rad(M)
of rank 1 (i.e., a one dimensional E-linear subspace). Furthermore, o — A; is a unit in S
fori=2,... e.

Obviously, for every z; € Rad(A), the kernel of xq + 7 — A in M is nonzero, since the
quotient map on M/Rad(M) is zo — A. Let L stand for the set consisting of z; € Rad(A)
for which this kernel is not contained in Rad(M). We claim that L is contained in a
proper E-submodule of Rad(A). To this end consider M as an S-module. Since S is a
simple algebra there exists an S-submodule M, complementary to Rad(M). Then My, as
an S-module, is isomorphic to M/Rad(M). In particular, there exists a nonzero element
v € My such that (zg — A)v = 0. Then for every element z; € Rad(A), the kernel of
xo+x1 — A is contained in the E-submodule Ev + Rad(M). Assume now that z; € L, i.e.,
this kernel contains an element v € M \ Rad(M). Then v = v + w for some unit g € E
and some element w € Rad(M). Multiplying by 87!, we may assume that v = v + w with
w € Rad(M). Now

0= (zo+z1—A)(v+w)=2x04+ (g — Nw + 210,
and hence
v = —(T9 — N)w — Tw
is in

(zo — M)Rad(M) + Rad(A)Rad(M) = (zo — A\)Rad(M) + Rad*(M).

Thus
L C L' = {x; € Rad(A)|z1v € (zo — N)Rad(M) + Rad*(M)}.

Obviously L’ is an E-submodule of Rad(A). Assume that L' = Rad(A). Then
Rad(M) = Rad(Av) = Rad(A)v = L'v C (o — A)Rad(M) + Rad2(M).
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(Here, the first equality holds because of M = Av 4+ Rad(M) and Nakayama’s lemma.)
From this we infer that z — \ acts surjectively on the factor module Rad(M)/Rad*(M), and
hence on its composition factors as well. Since all these composition factors are isomorphic
to M/Rad(M), this is a contradiction to the fact that x — A is singular on M /Rad(M).
Thus L is included in the proper E-submodule L’ of Rad(A), as claimed.

By the claim, for at least 1 — ﬁ of the possible choices for x;, the kernel of x — \ =
zo + @1 — A is a subspace of Rad(M). Let p = [[;_,(x — A;). Then p is a unit modulo
Rad(A) and hence p itself is a unit in A. Therefore the kernel of (z — A\)p = p(x) is equal
to the kernel of x — A. Thus, the kernel of p(z) is a nonzero subspace of Rad(M) provided
that the kernel of x — A is. As the components xy and x; of x are chosen independently,
this gives 0.214(1 — I_I{JI) > 0.214 - 3/4 > 0.16, so that at least 16% > 14.4% of the elements

x € A satisfy the desired property. ]

This means that the Holt-Rees extension of MeatAxe succeeds with probability at least
0.144 in this case. Hence we can restrict our attention to the case where E' is not central,
i.e., algebras A satisfying (5.1) and the additional hypothesis

A E) > (0) (5.2)

5.2 The algorithm

We propose the method described below for treating algebras with properties (5.1) and
(5.2).

In the following, we assume that a random element x € A is selected and the irreducible
factors of the characteristic polynomial ¢(t) of x over F' are computed. Note that these
computations are carried out as a part of the original algorithm described in [52]. We
select a factor p(t) of minimum degree among the factors of ¢(t) of minimum multiplicity
and do the following.

(i) Determine the polynomial i(t), a representative of the primitive idempotent of the
algebra F'[t]/(c(t)) corresponding to the factor p(t). More precisely, by the Chinese
Remainder Theorem,

Flt]/(c(t)) = F[t]/(p'(1) & Ft]/(a(1)),

where [ is the multiplicity of p(t) in c(t) and q(t) = c(t)/p'(t) and we want the
identity element of the component isomorphic to F[t]/(p'(t)). To be explicit, 1 can
be expressed using the extended Euclidean algorithm in the form

1= a(t)p (1) + b(t)a(t)
with polynomials a(t) and b(t). Then i(t) = b(t)q(t) (mod c(t)).

(ii) Choose another random element y € A as well as a random vector v € M and
calculate the submodule N generated by [z,i(x)yi(z)]v. If this is a proper nonzero
submodule then return N, otherwise report failure.

We make comments only on the costs of steps which are additional to the Holt-Rees
extension of the MeatAxe procedure. The polynomial i(t) can be determined with O(d?)
operations in F' (Note that [ is less than d). The cost of computing the vector [z, i(z)yi(x)]v
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is O(d®) arithmetical operations assuming that we use a method based on performing O(d)
matrix-by-vector multiplications. We remark that using a method based on fast calculation
of Krylov sequences (see [14]) the cost can be reduced to O(MM(d) log d) operations, where
MM(d) stands for the number of arithmetic steps required to multiply two d by d matrices.
We remark that in [30], Lemma 3.1, an efficient algorithm is described which computes
all the primitive idempotents of the subalgebra generated by = simultaneously in explicit
matrix form. The method is based on computing the rational canonical form of x (cf. [41]),
and the running time is essentially O(MM(d) log d).

Thus the total number of arithmetical steps required by the algorithm is dominated
by the cost of computing the submodule N in step (ii), which is O(d?), provided that the
number of generators of A is fixed.

5.3 Probability of success

Below we give an estimate for the probability of finding a proper submodule in the situ-
ation where the algebra A satisfies conditions (5.1) and (5.2). Actually we show that the
commutator [z,i(z)yi(z)] has a positive chance for being a nonzero element of Rad(A).

Lemma 5.3. Assume that the finite dimensional F-algebra A with identity satisfies con-
ditions (5.1) and (5.2). Let v be an idempotent of S. Then

(a) [tEL, LAl = ([E, A]t,
(b) S([E, Al)S = [E, A], and
(c) (0) C [tEt, tAl] C Rad(A).

Proof. First we note that since ¢ commutes with E, (bt = tb = b for every b € E and
hence tFit = 1E = FEi. Part (a) is immediate from the following equalities which hold for
every b € E and a € A.

th-ar —ar-tb=1be-ar —a- b =1b-ar—ta- b = 1(ba — ab)t.
To prove part (b), let s,s' € S, b€ E, a € A. Then
su[b, alus’ = swbars’ — svabis’ = bsiars’ — siavs'b = [b, staws'],

where the second equality holds because b commutes with the elements ¢, s, s’ € S. From
this we infer that S¢[E, A]uS = [E, StAuS]. It remains to establish the equality StAuS = A.
To this end observe that 5.5 is a nonzero ideal in the simple algebra S, therefore St.5 = S.
Hence StALS = StSASLS = SAS = A. (The first and the last equalities are obvious
because S contains 14.)

Part (c) follows from (a) and (b) and the fact that E is central modulo Rad(A). O

After these preparations we are ready to give a lower bound on the probability of success
of the algorithm.

Proposition 5.4. Assume that the matriz algebra A < My(F) satisfies conditions (5.1)
and (5.2). Then the proportion of the triples (z,y,v) € Ax A x F¢ for which the algorithm
described in the preceding section finds a proper submodule is at least 0.08.
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Proof. Assume that p(t) is an unrepeated irreducible factor of the characteristic polynomial
of z + Rad(A) on E”. Then the degree of p(t) is the dimension (over F') of the kernel of
p(z + Rad(A)). This subspace is obviously a Z(A/Rad(A))-submodule of E™, and hence
the degree of p(t) is at least e = dimp Z(A/Rad(A)) = dimp E. Assume that the degree of
p(t) is exactly e. By Lemma 5.1, such a factor does exist for at least 21.4% of the elements
x € A. Furthermore, all the factors of this kind are characterized as the minimum degree
factors amongst the factors of minimal multiplicity of the characteristic polynomial of x
on the whole module M.

Referring to the homomorphism Ft]/(c¢(t)) — A induced by z — z, it is immediate
that ¢ = i(x) is an idempotent. Let T = x +Rad(A) and 7 =+ + Rad(A). Furthermore, the
characteristic polynomial of 7z on E™ is p(t)x"~Ve. Tt follows that 7z and 7 have rank e,
therefore 7 is a primitive idempotent of A/Rad(A). Hence 7(A/Rad(A))7 = 7Z(A/Rad(A))z.
In particular, 7z € 7Z(A/Rad(A)). On the other hand, the minimum polynomial of 7Z on
1Z(A/Rad(A)) is of degree e, therefore 7z generates the whole 7Z(A/Rad(A)).

Now [z,tyt] is a nonzero element of Rad(A) for at least 1 — ﬁ > 3 of the elements
y € A, see Lemma 5.5 below, and let us assume in the following that this is the case. Then
[z, 1y¢] is a nontrivial F-linear transformation and hence the kernel has codimension at least
1. Therefore for at least 1 — - > I of the elements v € M the vector [z, tyt]v is a nonzero

IF =
element of the proper submodule Rad(A)M = Rad(M). Putting the bounds together, the
algorithm finds a proper submodule with probability at least 0.214 - % . % > (.08. ]

The proposed method, complemented with the Holt-Rees approach gives an algorithm
of Las Vegas type for every case.

We now give the promised proof of the statement used above.

Lemma 5.5. Assume that the finite dimensional F-algebra A with identity satisfies condi-
tions (5.1) and (5.2). Assume further that x is an element of A and ¢ is an idempotent of
the subalgebra of A generated by x and 14 such that the subalgebra of A/RadA generated
by tx + Rad(A) is (v + Rad(A))Z(A/Rad(A)). Then [z,1Al] C Rad(A) and [z,wyt] # 0 for
at least 1 — ‘—}J' of the elements y € A.

Proof. Let A, denote the subalgebra of A generated by tx. We first note that ¢ is the
identity element of A,. Indeed, ta = ar = a holds for every element a € A,. On the other
hand, it is straightforward to see that A’ = A, + Ft is a subalgebra and A, is an ideal of
A!.. By the assumption

(A" + Rad(A))/Rad(A) = (A, + Rad(A))/Rad(A) = Z(A/Rad(A)),

thus A, is a local algebra and A, is not a nilpotent ideal. But since in a local algebra every
proper ideal is contained in the radical, A, = A’ establishing the containment ¢ € A,.

We are now going to replace S and F with appropriate conjugates in order to achieve
the situation where + € S and (FE is a subalgebra of A,. By the Wedderburn—Malcev
principal theorem, A, = S, + Rad(A,), where S, is a semisimple subalgebra of A,. Since
every maximal semisimple subalgebra of A is a conjugate of S by an inner automorphism
(cf. [76]), there exists a unit a € A such that S* = a~'Sa > S,. Because conditions (5.1)
and (5.2) are invariant under automorphisms, we may replace S with S® and F with E?,
or, equivalently, assume that S, < S. Note that ¢ is just the identity element of .S,.

By the assumption

(A, + Rad(A))/Rad(A) = (¢ + Rad(A))Z(A/Rad(A)) = E,
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is a simple algebra, therefore Rad(A, +Rad(A)) = Rad(A). On the other hand, Rad(A,)+
Rad(A) is obviously a nilpotent ideal of A, + Rad(A). It follows that Rad(A,) < Rad(A),
A, 4+ Rad(A) = S, + Rad(A) and S, = LE.

Observe that, since the idempotent ¢+ commutes with z, for every y € A we have

[z, yt] = zeye — e = xwye — wyur = wiye — wux = e, wel.

The equality «E = S, and the preceding lemma give [S,, tAi] C Rad(A). Since S, < A, <
S: + Rad(A), we have

[Ay, tAl] C [S,, LAl + Rad(A) € Rad(A).

The first inclusion of the formula above holds because Rad(A) is a two-sided ideal and
hence [tAr, Rad(A)] € Rad(A). In particular, [z, At = [z, A C Rad(A). So we have
proved the first part of the statement.

In order to see the second part, notice that, since S, < A,,

CLAL(x) = CLAL(AJJ> < CLAL(SJ;) < LAL.

The latter inclusion is strict because not the whole tAr commutes with S, = «E by
Lemma 5.3. Obviously, C,4,(S;) is an S,-submodule of ¢tAr (multiplication by elements
from S, from the left hand side). The set of elements y such that [z, tyt] = 0 is the F-linear
subspace (14 — t)A+ A(14 —¢) + C,a,(x). By the preceding argument the codimension
of this subspace is at least dimp .S = dimpg E, whence the second part of the assertion
follows. ]
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Chapter 6

Computing the radical of matrix
algebras over finite fields

In this chapter, based on the paper [54], we discuss randomized algorithms which compute
algebra generators of a Wedderburn complement as well as ideal generators of the radical of
a matrix algebra over a finite field given by algebra generators. The cost of the algorithms
is comparable to that of a polylogarithmic number of matrix multiplications.

Concerning fast randomized computations in matrix algebras over finite fields given
by generators, the first results are due to Eberly and Giesbrecht [30, 31]. They presented
randomized algorithms for determining the structure of semisimple matrix algebras over
finite fields using a few (i.e. (logn)°™) matrix multiplications. These algorithms are nearly
optimal, one cannot expect substantially faster methods. The most important result of
[30, 31] is valid for arbitrary matrix algebras over finite fields: they can efficiently find a
complete system of pairwise orthogonal primitive idempotents.

In Chapter 4 we described a randomized algorithm for computing the radical of matrix
algebras over a wide range of ground fields. The number of matrix multiplications per-
formed by the method presented therein is roughly O(n?) if we ignore the cost of producing
random algebra elements and that of computing squarefree part of polynomials. In this
chapter, based on the algorithm of Eberly and Giesbrecht, we give an improvement on this
result in the special case where the ground field is finite. Furthermore, we also compute a
subalgebra which is isomorphic to the radical-free part.

We fix some notation used throughout this chapter. The ground field (which is a finite
field) is denoted by F'. Following the notation introduced in Section 2.1, we assume that
O(MM(n)) operations are sufficient to multiply two n X n matrices over F'. We also make
the following (very reasonable) assumptions on the function MM(n): MM(ny)+ MM(ny) =
O(MM(ny 4+ ny)) and n? MM(ny) = O(MM(nins)). Notice that these assumptions hold for
the examples O(n?) or O(n?37®) given in Section 2.1.

Let A < M, (F) be a matrix algebra containing the n by n identity matrix I,,. We
denote by V the vector space of the length n column vectors. We assume that A is given
by matrices aq, ..., a,,, which, together with the identity matrix I, generate A as an F-
algebra.

Like the MeatAxe procedure discussed in the preceding chapter, the algorithm of Eberly
and Giesbrecht [30, 31] for finding a complete system of pairwise orthogonal primitive
idempotents presumes the presence of a method for selecting random elements of A in-
dependently according to a (nearly) uniform distribution. The number of arithmetical
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operations in F performed by the algorithm is O((MM(n) + n*log |F| + R(A))polylogn),
where R(A) stands for the cost of selecting a single random element of A. Note that, since
there can be as many as n pairwise orthogonal idempotents, writing the output as a list of
matrices would not fit within the desired complexity bound. Instead, the output is given
with the aid of a matrix of a basis transformation such that the idempotents written in
the new basis are diagonal.

The algorithm is of Monte Carlo type, i.e., it may return a false output, although
with an error probability which can be made arbitrarily small. (Actually, the only possible
error is that not all of the idempotents in the system are primitive.) In the semisimple case
Eberly and Giesbrecht also showed how to supplement the algorithm with a randomized
correctness test of cost within the same complexity bound. This upgrades the algorithm
for a semisimple algebra A to a Las Vegas method, i.e., a randomized algorithm which may
report failure (with a small error probability) but never returns a false output.

In this chapter we give positive answers to a part of the questions posed in [31]. By
the Wedderburn—Malcev principal theorem there exists a subalgebra S < A such that
SN Rad(A) = (0) and A = S + Rad(A). Furthermore, any pair of such subalgebras are
conjugated by an element of the form 147 where r € Rad(A). We refer to such subalgebras
S as Wedderburn complements of A. Obviously, a subalgebra S < A is a Wedderburn
complement iff S = A/Rad(A). Also, it is an easy consequence of conjugacy part of
the principal theorem that Wedderburn complements are just the maximal semisimple
subalgebras of A. Note that to construct a Wedderburn complement of A we do not need
to work with the whole algebra A. Indeed, if A’ is a subalgebra such that A’+Rad(A) = A
then every Wedderburn complement of A’ is a Wedderburn complement of the whole A.

It will be convenient to introduce the following concept. Let S be a Wedderburn
complement of A. Then the map og : A — A which is the identity on S and zero on Rad(A)
is an algebra epimorphism from A to S. We refer to og as a Wedderburn projection of A.
Assume that S < M, (F) is a semisimple matrix algebra containing the identity matrix.
By an absolute Wedderburn projection to S we mean a map o : M,,(F') — M, (F) such that
o restricted to S is the identity map and for any matrix algebra A" < M,,(F) having S as a
Wedderburn complement (i.e., A" = S+Rad(A’)), o restricted to Rad(A’) is the zero map.
For an arbitrary subalgebra A < M, (F'), an absolute Wedderburn projection of A is just an
absolute Wedderburn projection o to some Wedderburn complement of A. We require that
o is given by a procedure which computes o(a) for an arbitrary matrix a. By the complezity
of 0 we mean the maximum number of arithmetical operations sufficient to compute o(a)
for a € M,(F). Note that we do not require ¢ to be linear on the whole M, (F'). The
advantage of the concept is that an absolute Wedderburn projection of a sufficiently large
subalgebra A’ (such that A"+ Rad(A) = A) is automatically a Wedderburn projection of
the whole A.

Our main result is an efficient method for finding an absolute Wedderburn projection
of complexity roughly O(MM(n)polylogn).

Theorem 6.1. Assume that matrices eq,...,es are given such that eq,...,es form a
complete system of pairwise orthogonal primitive idempotents of A. Then an abso-
lute Wedderburn projection o of A can be constructed by a Las Vegas algorithm per-
forming O(m(MM(n) + n*log|F|)polylogn) operations. The complexity of o is also
O((MM(n) + n*log | F|)polylogn).

Applying o to the generators ay, ..., a,, it is obvious that o(ay),...,o(am) (together
with the identity matrix) generate the Wedderburn complement o(A) as an F-algebra.
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Also, a; — o(ay), ..., an, — o(ay,) generate Rad(A) as an ideal of A.

Corollary 6.2. Keeping the assumptions of the theorem, m matrices which generate
Rad(A) as an ideal of A as well as m matrices which generate a Wedderburn complement
of A as an algebra with identity can be calculated by a Las Vegas algorithm performing
O(m(MM(n) + n*log |F|)polylogn) arithmetical operations in F.

Combining with the result of [31], we obtain

Corollary 6.3. Assume that we have an auxiliary method which produces random elements
of A independently and uniformly at the cost of O(R(A)) operations per each element. Then
m matrices which generate Rad(A) as an ideal of A as well as m matrices which generate a
Wedderburn complement of A as an algebra with identity can be calculated by a Monte Carlo
algorithm performing O((m(MM(n)+n?log |F|) + R(A))polylogn) arithmetical operations
in F.

It turns out that the map o returned by the algorithm of Theorem 6.1 (if it succeeds)
is always a Wedderburn projection to a semisimple subalgebra of A. Thus, to upgrade
the algorithm to a Las Vegas method it is sufficient to test nilpotency of the (right) ideal
generated by a; — o(ay),...,a, — o(a,). In this direction we have the following result.

Theorem 6.4. Let A < M, (F) be a matriz algebra given by generators ay, ..., a,,. Let
bi, ..., by be further elements of A. Assume that S is a subalgebra of A containing the
identity matriz such that S and by, ..., b, generate A. Suppose further that we have an
auziliary procedure for generating random elements of S uniformly and independently at
the cost of O(R(S)) operations per each random element. Then there exists a Las Vegas
algorithm performing O(((m+m/)n® +nR(S)) log p n) operations which either detects that
not all of the matrices b; are in Rad(A), or constructs a chain of A-submodules (0) =
Vo < Vi <... <V, =V such that b;V; < Vi for every i € {1,...,m'} and for every
je{l,...,n}.

Note that a divide and conquer method based on iterative application of the MeatAxe
procedure gives a composition series of V. No accurate complexity analysis of such an
algorithm can be found in the literature. We think that the implementation in the C-
MeatAxe package requires €2(n') operations for certain nilpotent algebras. A chain of
submodules with the properties stated in the theorem together with a complete system
of primitive idempotents seem to be applicable to construct a composition chain with
O(n®polylogn) operations.

Such a chain of submodules witnesses that all the elements b; are in the radical. Indeed,
b; must be upper triangular in terms of a basis of V' compatible with the chain. We shall
also see in Section 6.3 that for a Wedderburn-complement S constructed by the method
of Theorem 6.1, after a preprocessing of cost O(mn?®) operations, random elements can be
drawn using R(S) = O(n?) operations per each. Thus, by combining Theorem 6.4 with
Corollary 6.3 we obtain the following.

Corollary 6.5. Under the assumptions of Corollary 6.3, m matrices which generate
Rad(A) as an ideal of A as well as m matrices which generate a Wedderburn complement
of A as an algebra with identity can be calculated by a Las Vegas algorithm performing
O((m(n® +n?log |F| + R(A)))polylogn) arithmetical operations in F.
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In Section 6.1, we give a proof of Theorem 6.1 for local algebras. In Section 6.2, using
techniques similar to those given in [31], we describe a reduction to the local case. The
proof of Theorem 6.4 is given in Section 6.3.

We remark that one could propose variants of the algorithms given in this chapter which
use random elements of A instead of the generators. The complexity bounds would involve
terms R(A) in place of the multiplicative factor m. We have chosen a presentation in terms
of generators because — although these variants might be more efficient in practice — it is
not known how to generate random elements of A efficiently in a mathematically rigorous
way. Also, we hope that the algorithms presented here can contribute to eliminating the
random choice of elements of the whole algebra from the algorithm of [30, 31] for finding
a complete system of primitive idempotents.

6.1 Wedderburn complements in local algebras

Recall that A is a local algebra if A/Rad(A) is a field. Throughout this section we assume
A < M,(F) is a local algebra. Then a Wedderburn complement S of A is a subfield of
M, (F) (containing the identity matrix).

Let C = Ca(S). Then S is a Wedderburn complement of C' and S < Z(C). By
the conjugacy part of the principal theorem, S is the unique Wedderburn complement
of C. We call a matrix b € M, (F) semisimple if the matrix algebra generated by b is
semisimple. Since S is the unique maximal semisimple subalgebra of C it is just the set
of semisimple elements. It follows that every element b € C' can be uniquely written in
the form b = bs + b, where by € S and b, € Rad(C), or, equivalently, b, is a semisimple
matrix and b, is a nilpotent matrix from C. Of course, this construction also works for the
subalgebra generated by b in place of C'. The decomposition b = b, + b, is referred as the
Jordan decomposition of b. The matrices b, and by are called the nilpotent part and the
semisimple part of b, respectively. The Jordan decomposition can be computed by with
O((MM(n) + nlog |F|)polylogn) operations using the Las Vegas rational Jordan normal
form algorithm of Giesbrecht [41]. Thus the map b — b, is a good Wedderburn projection
of C.

We use a simple version of the Fitting decomposition technique of Chapter 4. This
gives a well defined subspace of A complementary to C' as follows. Since S is a finite
field there exists an element a € S which generate S as an F-algebra. Of course, a is a
semisimple matrix. The linear map ad, : b — ab — ba is a semisimple linear transformation
on M, (F). Therefore M, (F) = ker ad, + im ad,, a direct sum as vector spaces. Note that
this decomposition is inherited by any subspace of M, (F') invariant under ad,, such as A
and Rad(A). Also note that kerad, = Cy, (r)(a). Hence A = C + ad,(A), a direct sum as
vector spaces. Since A/Rad(A) is commutative, ad,(A) is in fact a subspace of Rad(A).

In this chapter ®, denotes the map which is the identity on Cyy,(r)(a) and zero on
imad,. A Las Vegas algorithm for computing ®,(b) with O(MM(n)polylogn) operations
is described in Section 4.4.

It is straightforward to check that the composition map o, : b — (®4(b))s) is zero on
Rad(A) and maps S identically onto itself. We obtained the following.

Proposition 6.6. Assume that we have a matrix a such that the matrixz algebra S gen-
erated by a and the identity matriz is a field. Then the map o, : M, (F) — M,(F) given
above is an absolute Wedderburn projection of S. The complexity of o, is O((MM(n) +
nlog | F|)polylogn).
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Assume that the matrices aq, ..., a,, generate the local algebra A. It is not difficult to
show that if the ground field is sufficiently large then the semisimple part of a random linear
combination of aq,...,a,, will generate a Wedderburn complement with high probability.
In the rest of this section we describe an iterative algorithm which works over small fields
as well. The method is also based on projecting onto the centralizer and then taking the
semisimple part.

We calculate a sequence ¢y, . . ., ¢, of semisimple elements of A such that the subalgebra
S; of A generated by ¢; satisfies ay, ..., a; € S;+Rad(A). Then a = ¢, will be a semisimple
matrix such that for the subalgebra S generated by a we have S + Rad(A) = A. Since S
is semisimple S N Rad(A) = (0) and hence S is in fact a Wedderburn complement.

We start with ¢g = I,, the n by n identity matrix. Assume that 0 < ¢ < m and
we have already calculated a matrix ¢; with the desired property. Then the subalgebra
S; generated by ¢; is semisimple and hence S; N Rad(A) = (0). Therefore the natural
projection A — A/Rad(A) embeds S; into A/Rad(A), which is a field. We first calculate
biv1 = D, (a;+1) and take the semisimple part d;;q of b;y1. Then d;i1 is a semisimple
element of A commuting with S;. Since commutative algebras generated by semisimple
matrices are semisimple, the algebra S;; generated by S; and d;,; is semisimple.

We claim that for every j € {1,...,i+ 1}, a; € Sit1 + Rad(A). For j <1 it is obvious
from the inductive hypothesis as S; < S;1;. It remains to establish the containment
a;i+1 € Siy1+Rad(A). Since A/Rad(A) is commutative, ad.,A C Rad(A) and hence a;;1 —
®. (a;+1) € Rad(A). Thus it is sufficient to show that b1 = P, (a;11) € S;+1 + Rad(A).
But b;y1 — d;;1 is nilpotent. In particular b;,; — d;11 + Rad(A) is a nilpotent element
of A/Rad(A). Since A/Rad(A) is a field, this implies b;1; — d;11 € Rad(A) and hence
biv1 € Siy1 + Rad(A). We have proved the claim.

To finish, we need an element ¢;; 1 € S;;1 which generate S;,; as an F-algebra. As by
induction S; is generated by c¢;, therefore S;,; is a field generated by ¢; and d;,, this can
be done as described below.

Lemma 6.7. Given matrices c¢,d € M,(F) such that the matriz algebra S generated by
c and d is a field, a single matriz which generates S can be calculated by a Las Vegas
algorithm performing O(M M (n)logn + n*lognloglogn) operations.

Proof. We adopt a version of the method of Giesbrecht [41] proposed for evaluating uni-
variate matrix polynomials. Let S, and S; be the subfields of S generated by ¢ and d,
respectively. Set r = dimg S, r. = dimg S,, and ry = dimg S;. Then r is the least common
multiple of r, and r4 and the vectors &’c’ (1 = 0,...,7.—1,j=0,...,r/r.—1) form a basis
of S over F'. Choose random coefficients «;; from F' uniformly and independently. Then the
linear transformation h = 37, ; a;;d’c" generates S with probability at least 1/4 (cf. [42] ,
Theorem 5.2). We compute the matrix of & in terms of a special basis of V' = F". When
it is done we write h in terms of the natural basis at the cost of O(M M (n)) operations.

Assume we already know 7,74 and 7. (These dimensions can be computed using the
Frobenius normal form of ¢ and d, which will be needed for other purposes, too.) V = F"
can be considered as a vector space of dimension n/r over S. The probability of that
n/r random vectors vy, ..., U,/ (chosen uniformly and independently from V') are linearly
independent over S is

(L= ST =S|y (1 =[S
>T[a-1s =JJa-27) > o028
i=1 i=1
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Suppose that the vectors vy, ..., v,/ are linearly independent over S. Then the vectors
ddv (Il=1,....n)r,i=0,....,r.— 1,5 =1,...,r/r. — 1) form a basis of V. In this
basis the (,,7)th column of h will be the vector Zi’,j’ i d’ & dI vy = & cwy, where
w; = Y, aijd’ ¢’y Note that in the basis d/v’v; the vector w; is just the column vector
having «;; in the ([, 4, j)th position and zero elsewhere. Thus computing h is equivalent to
computing the vectors d’cwy, for {=1,... ,n/r,i=0,...,r.—1,7=1,...,7/r.—1. This
can be done as follows.

By (a slightly simplified version of) the algorithm of [41] for Frobenius normal forms,
we can find matrices u., uq € GL,(F') such that both u_'cu, and u;ldud have at most 2n
nonzero entries. The algorithm requires O(M M (n)logn + n?lognloglogn) operations.
The simplification is that, in spite of the general case of the algorithm, we do not need to
go over an extension field if I’ is small. Indeed, if we choose random vectors wy, ..., w,,
the first n/r. (resp. n/ry) of them will form a basis of V' over the field S. (resp. Sy) with
probability at least 1/2.

Having u, and ug at hand, we start with computing u_ 'v;. This requires O(M M (n))
operations. Then we compute u_'clv; = (u;tcu.) (ustyy) for i = 0,...,r. — 1 iteratively.
This can be done with O(nr.n/r) operations because the cost of multiplying a vector by
u; teu, is O(n) as u_ 'cu, has only at most 2n nonzero entries. Next we multiply these vec-
tors simultaneously by u, using O(M M (n)) operations in order to obtain the vectors c'wy.
From these vectors, computing d’cv; for all ¢, j and [ can be accomplished in a similar fash-
ion with O(MM (n)+n(r/r.)re(n/r)) = O(MM(n)+n?) = O(M M (n)) operations. We see
that the cost of the whole algorithm is dominated by the O(M M (n) log n+n?log nloglogn)
operations used to compute the normal forms of ¢ and d.

We can test the correctness of the output as follows. Let vy,...,v,, be as above.
Then the vectors h'v; (1 = 0,...,7 — 1, 1 = 1,...,n/r) form a basis of V. This basis
can be computed with O(M M (n)logn) operations using the algorithm of Keller-Gehrig
[66]. In this basis h is in Frobenius normal form. Writing ¢ in terms of this basis requires
O(MM (n)) operations. If ¢ = 32— 4k then cv; = 3 7;(h'vy), thus the coefficients ;
are just the first r entries of the first row of ¢ in the new basis (all the other entries of this
raw must be zero). This means that we can read the (possible) coefficients 7; from the
matrix of c. Computing the polynomial 37— 4;h’ (in the basis hiv;) requires further O(n?)
operations (cf. [41], Lemma 6.1). Finally, testing whether the result equals ¢ requires n?
comparisons. Testing whether d is a polynomial of h can be accomplished in the same way.

Note that at the cost of further O(nlog|F|) operations we can verify irreducibility of
the minimal polynomial of h, which is equivalent to that h generates the field. [

The overall cost of computing the generator a = ¢, of a Wedderburn complement of A
amounts to O(m(MM(n) + nlog|F|)polylogn) operations. Together with Proposition 6.6,
this gives the following.

Proposition 6.8. Assume that A s local and matrices aq,...,a,, are given such that
a1 + Rad(A), ..., an + Rad(A) generate A/Rad(A) as a F-algebra. Then an absolute Wed-
derburn projection o of A of complezity O((MM(n)-+nlog |F|)polylogn) can be constructed
by a Las Vegas algorithm performing O(m(MM(n) + nlog |F|)polylogn) operations. Fur-
thermore, the algorithm calculates a matriz a which generates the Wedderburn complement
a(A).

Remark. Assume that we run this algorithm on an input when the algebra A is not
local. If the algorithm succeeds and a has an irreducible minimal polynomial (passes the
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additional test mentioned at the end of the proof of Lemma 6.7), then o(A) is subfield of
A and o is an absolute Wedderburn projection of 0(A). However, ¢ is in general not linear
on A and has very little to do with the structure of A.

6.2 Using a complete system of primitive idempotents

In this section we show how to use a complete orthogonal system of primitive idempo-
tents to reduce the construction of a Wedderburn projection of an arbitrary algebra to the
local case. The approach follows the lines of the primary decomposition of A (see Subsec-
tion 2.2.3). Assume that ey, ..., es form a complete system of pairwise orthogonal primitive
idempotents of A. Two primitive idempotents e and f are called equivalent if e + Rad(A)
and f + Rad(A) lie in the same simple component of A/Rad(A). In other words, e; and e;
are equivalent if eAf Z Rad(A) (or, equivalently, fAe Z Rad(A)). Let fi,..., f; denote
the sums of the equivalence classes of eq,...,e,. Then the primitive central idempotents
of A/Rad(A) are f, +Rad(A),..., ft + Rad(A) and hence A = fiAfi + ...+ fiAfi + N/,
a direct sum as vector spaces, where N' =}, 4 fiAf;. Recall that the components f;Af;
are pairwise orthogonal primary subalgebras of A and N’ is a linear subspace of Rad(A).
The following observation is obvious.

Lemma 6.9. Using the notation introduced above, assume that for every l € {1,...,t},
the map o, : fiAfi — fiAf, is a Wedderburn projection of fiAf,. Then the map o : Aw— A
which is zero on N' and coincides with o; on fiAf; is a Wedderburn projection of A.

For primary algebras we have the following. Assume that A is primary. Then, by
Theorems 49.4 and 26.8 of [67], A = M (A,) for some local algebra A; and Rad(M(A,)) =
M;(Rad(A;)) (the subalgebra consisting of matrices with entries from Rad(A)). As a
consequence, if Sy is a Wedderburn complement in A; then M,(S;) (the subalgebra of
matrices with all entries from ;) is a Wedderburn complement of M (A;). Hence the
following is straightforward.

Lemma 6.10. Assume that Ay is a local algebra and oy is a Wedderburn projection of A;.
Then the map o : My(Ay) — M(A1) given as o((ui;); j=1) = (01(wij)); = is a Wedderburn
projection of Mg(Ay).

In order to accomplish a construction suggested by the two lemmas above, we need
to determine the equivalence relation between the given idempotents, and then, for each
primary component, an explicit isomorphism with a full matrix algebra over a local al-
gebra. In an interpretation in the spirit of Chapter 4, the complete set of idempotents
corresponds to a special torus T' (a maximal split torus rather than a maximal torus) of A
and determining the equivalence relation corresponds to computing the semi-central part
of T.

Throughout this section we assume that a complete system ey, ..., e, of pairwise or-
thogonal primitive idempotents of A is given as a part of the input. We assume that
e1,...,es are given with the aid of a new basis of V' such that the e;s written in that
basis are diagonal matrices of the form e; = diag(0,...,0,1,...,1,0,...,0). The reader is

referred to the papers [30, 31] for the details of a Monte Carlo algorithm for finding such
a system with O((MM(n) + n?log |F| + R(A))polylogn)) operations.

It will be convenient to supplement the system aq,...,as of generators with ag = I,,.
We shall represent linear transformations in terms of the basis described above. Writing
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ai,...,a, in terms of that basis can be accomplished with O(mM>M(n)) operations by
conjugating by the appropriate basis transformation matrix. Similarly, if the result of any
computation consists of m’ n by n matrices, we can write it back in terms of the natural
basis of V' at the cost of O(m’MM(n)) operations.

The following observation is obvious.

Lemma 6.11. The set {e;aiejli,j =1,...,s,1=0,...,m} generate A as an F-algebra.

Note that in terms of the basis we are working with, for an arbitrary matrix a, the
product e;ae; is zero except in its 4, jth block, which is equal to that of a. With some
abuse of notation, sometimes we will also denote the 7, jth block of a by e;ae;.

Our first aim is to determine the equivalence classes of eq, ..., e,.

Lemma 6.12. Let e and f be two orthogonal primitive idempotents of A and a € A. Then
either eaf € Rad(A) or the restriction of eaf to fV is an F-linear isomorphism fV = eV.
To be more specific, in the latter case there exists an element b € A such that the map

fbe : eV — fV is an inverse of the map eaf : fV — eV.

Proof. Assume that eaf ¢ Rad(A). Then there exists an element d € A such that deaf is
not nilpotent. An easy induction shows that (deaf)* = (fdeaf)*+ (1 — f)deaf(fdeaf)*?
for every positive integer k. Hence fdeaf is not nilpotent either. Since fAf is a local
algebra, this means that fdeaf is a unit in fAf: there exists an element ¢ € A such that
f = feffdeaf = fefdeeaf. Put b = cfd. Then f = fbeeaf and, since f acts on fV as
the identity, fbe is indeed an inverse of eaf. ]

Note that the "or” in the first sentence of the lemma above is not exclusive: it can
happen that eaf is in Rad(A) but eaf is still a regular map from fV to elV/. However, in
this case there is no inverse of eaf from fAe. In particular we have the following useful
characterization of equivalence. It is a generalization of Lemma 3.4 of [30].

Lemma 6.13. Let e and f two orthogonal primitive idempotents of A. Then e and f are
equivalent if and only if there exist elements a,b € A such that both of the linear maps
eaf : fV — eV and fbe : eV — fV are F-linear isomorphisms between the vector spaces
eV and fV.

Proof. The ”only if” part of the statement follows from the preceding lemma. To establish
the reverse implication, assume that e and f are not equivalent. Then both eAf and fAe
are subspaces of Rad(A) and hence fAeeAf C Rad(A). In particular, the product fbeea f
is nilpotent for a,b € A. This implies that either fbe or eaf is singular. ]

The lemmas provide us with a tool for determining the equivalence classes of idempo-
tents eq,..., e, efficiently. We define a directed graph G on vertices ey, ..., e, as follows.
Let e; — e; be an edge if there exists a generator a € {ag,a; ..., a,} such that e;ae; is a
linear isomorphism e;V. — ¢;V.

Lemma 6.14. The strongly connected components of the graph G defined above are the
equivalence classes of the idempotents eq, ..., es.

Proof. By taking compositions, the existence of a path in G from e; to e; clearly implies
the existence of an element a € A such that e;ae; is a linear isomorphism e;V = ¢e;V.
Thus, by Lemma 6.13, if e; and e; are in the same strongly connected component then e;
and e; are equivalent idempotents.
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To establish the reverse implication, observe that e;Ae; is the linear span of all the
products of the form e; a;ej,ai,ej, - - - €j,a1,€;,.,, where u is a positive integer, j; = 1,
Jut1 = J, each jj, is from {1,...,s}, and each [ is from {0,...,m}. Therefore if e;
and e; are equivalent there exists such a product which is not in Rad(A). Since Rad(A)
is a two sided ideal, none of the components e;,a;,e;,,, of that product is in Rad(A).
By Lemma 6.12, the map e;, aj,e;j,,, is a linear isomorphism e;, [V = e; V for every
h € {1,...t}. This means that there is a path from j to i. The existence of a path in the
reverse direction can be proved in the same way. ]

To determine whether the block e;ase; is nonsingular (of course, only in the case if this
block is a square, i.e., e; and e; are of the same rank) requires O(MM(rk (e;)) operations.
Assume that for every positive integer r the number of idempotents e; of rank r is wu,.
Then the overall cost of determining the edges of G is

Zu20 (MM(r Zo (MM(ru,)) = O(MM( Zrur = O(MM(n))

by the assumptions on the function MM(n). The strongly connected components can be
determined by the usual algorithms based on depth first search at uniform cost O(n?).

Assume now that the components are E, ..., E;. For every [ € {1,...,t}, let f; stand
for the sum Zeie p, €~ Then the primary components of A are fiAf1,..., fiAf;. Effective
faithful matrix representations of fjAf; are given by the actions on f;V. These just cor-
respond to embeddings into the blocks fiM, (F)f; = M, (F) (where 7, stand for the rank
of f;). Assume that for every index 1 <[ <t the map o; : fiM,(f)f, is an absolute Wed-
derburn projection of fjAf;. Then, by Lemma 6.9, the direct sum o : M, (F) — M,(F),
which is zero on the non-diagonal blocks fiM,, (F)fy (I #1') and o; on the diagonal blocks
fiM,(F) f; is an absolute Wedderburn projection of A. Furthermore, if the complexity of oy
is Cy = O((MM(r;) + r?log |F|)polylogr;) (I =1,...,t), then the complexity of o amounts
to Y°1_, C1 = O((MM(n)+n?log | F|)polylog n) by the assumptions on the function MM(n).
A similar statement holds for the cost of computing the data structure representing o.

Thus it is sufficient to construct Wedderburn projections (and prove the complexity
bounds stated in Theorem 6.1) for the primary components fjAf; separately. In general,
we cannot give generators for the whole f;Af; efficiently. However, it will be sufficient to
work with somewhat smaller subalgebras which are equal to f;Af; modulo the radical. Let
A; stand for the subalgebra generated by the set {e;anejle;,e; € Ej, h=0,...,m}.

Lemma 6.15. For everyl € {1,...,t}, A; is a subalgebra of fiAf; and A;+ Rad(fiAf) =
fiAfi + Rad(fiAf).

Proof. The inclusion A; < f;Af; is obvious. To prove the second part, observe that f;Af;
is the linear span of products of elements of the form e;aze;, where h € {0,...,m} and
i,7 € {1,...,s}, and the first and last idempotents in the product are from E;. However,
such products containing also idempotents from different Eps are in Rad(A) and hence
A; + Rad(A) = fiAf, + Rad(A). To finish the proof, observe that Rad(f;Af,)) = fiAfiN
Rad(A).

Assume that for every I € {1,...,t}, B = {e},... e, }. We fix a basis B} of ¢}V and
along a spanning tree in G rooted in €, we propagate this basis to the other subspaces
etV as follows. Assume that eé — el is an edge of the spanning tree and B! is already
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deﬁned Choose an element e}; of the form €laxe} (h € {0,...,m}) which is an isomorphism
e; LV = elV and set B! := e”BJZ For a fixed { thls procedure requires O(s;) multiplications
of pairs of n; X n; matrices where n; = rke} = dimg e}V. The total cost of calculating
the bases for all the components requires ZEH O(siMM(n;)) = O(MM(n)) operations.
The union of these bases is a basis of V. From now on we work with this new basis.
Again, writing the generators in terms of the new basis can be accomplished be performing
O(mMM(n)) operations and a similar bound can be given for the operations required to
writing the possible results back in terms of the original basis.

The new basis has the following remarkable property. For every | € {1,...,t} let eéj
stand for the matrix which is the n; by n; identity matrix in the block corresponding to
elV and e}V and zero otherwise (i,7 =1,...,s).

Lemma 6.16. For every [ = 1,...,t and for every i,5 = 1,...,s;, the matriz eﬁj s an

element of A;.

Proof. First we note that the matrix e - already defined for a pair 7, j of indices such that
eé — ¢l is an edge of the spanning forest is of the desired form. We claim that for such
an edge the matrix e}, is in A; as Well Indeed, €!; is the matrix = € el M, (F)él uniquely
determined by the equation xeﬁ- = e We know that there exists an element a € e Ale

such that a is a regular linear map elV — e Ly, Tt follows that ael ;; 18 a unit in el Ale

there is an element b € el A€l such that bae” = ej Then x = ba € e;Aie} and zel; = e;.
Thus the claim holds. The assertlon for the remaining ¢! ;8 follows as these elements are
products of eéjs for edges and reverse edges of the spanning forest. ]

We remark that the proof of the lemma also suggests an algorithm to give effective
presentations of e}; in terms of the idempotents €] and the generators ay,.
The following is an immediate consequence of Lemma 6.15.

Lemma 6.17. The subalgebra e} Aje} is generated by the set

{elh-aheé»1|h =0,....m, 4,7 =1,...,8}

Again, the action of e} M, (F)e} on eV gives a faithful representation of e} M, (F)el.

Also, for every matrix a € M, (F), the matrlx of ehae , in this representation is just the
((1,2), (1, 7))th block of a (i.e, the block e}ae)).

Proof of Theorem 6.1. We have s?m n; by n; matrices which generate the local subal-
gebra e Ajel. By Proposition 6.8, an absolute Wedderburn projection o} of €} Ae! can
be calculated with O(ms?(MM(n;) + n;log |F|)polylogn;) operations. The complexity
of o is O((MM(n;) + n;log|F|)polylogn;). Using Lemma 6.10, one can see that the
map o; built from ¢! as an application of ¢! block-wise is an absolute Wedderburn pro-
jection of A;. The complexity of o; is O(s?(MM(n;) + n;log |F|)polylogn;). By the
assumptions on the function MM(n), this is O((MM(s;n;) + s?n;log |F|)polylogn;) =
O((MM(ry) + r?1og |F|)polylogr;), where r; = sy = tk f;. Similarly, the cost of con-
structing the data structure of o; (which is essentially the block structure of A; together
with the data structure for o}) is O(mMM(r;) + r?log | F|)polylogr;). Combined with the

direct sum construction described earlier, this establishes Theorem 6.1. O]

Remark If not all of the idempotents ey, ..., e, are primitive in A, the algorithm pre-
sented here — if imprimitivity of some idempotent is not discovered — calculates a map
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o M,(F) — M,(F) of the given complexity. Actually, it is an absolute Wedderburn
projection of the semisimple subalgebra o(A) of A and maps A into A. Also, we can verify
that for every [ = 1,...,t, the subalgebra S; = o(c} Ajel) is a field. Indeed, the algo-
rithm of Section 6.1 gives an explicit generator for S; and we can test whether the minimal
polynomial of this generator is irreducible. We also have an explicit representation of the
subalgebra o(fiAf;) as a full matrix algebra over S;.

We conclude this section with a related result.

Lemma 6.18. The subalgebra Y ;,_, et Al is generated by the set {elianeli|n =
0,....m, kJl=1,...t,i=1,...,8,j=1,... 8}

Again, the only possible nonzero block of elh-ae;‘?l equals the appropriate block of a. The

subalgebra B(A) = 3"} ,_, €t Ael is called the basic algebra of A. Tt is up to isomorphism
independent of the choice of the system of primitive idempotents.

Corollary 6.19. Matrices which generate B(A) can be calculated with O(mMM(n)) oper-
ations.

6.3 Verifying correctness

We keep the notation of Section 6.2. As already mentioned, if the algorithm (supplemented
with irreducibility tests) succeeds we can be sure that o is a Wedderburn projection of the
semisimple subalgebra o(A) of A. As o(A) together with the matrices b, = a; — o(a;)
(I = 1,...,m) generate A, to prove that o is a Wedderburn projection of the whole A
it is sufficient to verify that by,...,b, € Rad(A). A witness of that can be a chain
0) =W <V <..<V, =V of Asubmodules of V.= F" such that b,V; < V,;_;
(t=1,....m,j=1,...,n.

We can work with a special basis of V' such that random elements of o(A) can be drawn
efficiently. We assume that generators b, of S; = o (e} Ae}) are given for | = 1,...,t, and
a bases B! of €|V are computed such that for every [ the matrix of b; in term of B! is
in Frobenius normal form. Furthermore, the basis of the whole V' is the prolongation of
Bls described in the preceding section. Finding such a basis and writing the generators
of that basis requires O(mM M (n)polylogn) = O(mn?®) operations. In the new basis
random elements of o(A) can be generated uniformly as follows. We fill every ”big block”
corresponding to the subspace f;V with n? independent random polynomials in o; of degree
at most dimpS;. Since b; is in Frobenius normal form, by the results of [41] we can
evaluate all of these polynomials at total cost of O(n?) operations. An application of
Theorem 6.4 gives that verifying correctness of the Wedderburn decomposition as well as
verifying that all the idempotents are primitive can be done by a Las Vegas algorithm
performing O(mn?®logn) operations. The rest of this section is devoted to the proof of the
theorem.

Proof of Theorem 6.4. Let B stand for the linear span of the matrices by, ..., b,,. We can
produce random elements of B by taking linear combinations of by, ..., b, with random
coefficients at the cost of O(m'n?) operations. Let R = BA be the right ideal of A
generated by B. Note that the products bc (b € B, ¢ € S) generate R as an F-algebra
(without identity). Since Rad(A) is the largest nilpotent right ideal of A, the subspace B is
contained in Rad(A) if and only if R is nilpotent. The algorithm consists of two parts. It is
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analogous to the two-phase depth first search method to determine the strongly connected
components of a directed graph. In the first part we attempt to calculate a basis vy, ..., v,
of V' such that for every index i, the subspace Ruv; is contained in the subspace generated
by the first ¢« — 1 basis vectors vq,...,v;_1. Note that R is nilpotent if and only if such
a sequence exists. In the second part we determine the A-submodules V; generated by
the the first ¢ basis vector vy, ...,v; (Vo = (0)). If R is nilpotent and the first part works
correctly then BU; = B(Av; + V;_1) C BAv; + V,_1 = Rv; + V;_1 C V;_4, i.e., we obtain a
chain with the desired property.

Both parts make use of a data structure representing a dynamically increasing subspace
U of V supporting efficient test for containment of vectors in U as well as adding single
vectors to U. (By adding v to U we mean replacing U with the subspace generated by U
and v.) The data structure is standard and based on the idea of Gaussian elimination: a
semi-echelonized basis of U. The cost of a test whether v € U O(n?) as well as the cost
of pivoting a new vector when it is added to U. Actually, this is used in the C-MeatAxe
program as a part of a procedure for computing bases of submodules given by generators
(cf. Algorithm 2.1.18 of [75]). We begin with the description of the second part because
it can be implemented by a procedure which is deterministic and essentially the same as
the C-MeatAxe subroutine mentioned above. We initialize U to (0) and iteratively for
every index ¢ = 1,...,n (in this order) do the following. Test if v = v; is already in U. If
not, add v to U and do the same for ajv, ..., a,v (recursively, in this order). Since there
are exactly n additions to U and for each addition there are at most m vector-by-matrix
multiplications and containment tests, the total cost of this part is O(mn?) operations.

The first part is randomized. During the course of this part, if no error occur due to
randomization, U is always an R-submodule of V. Initially U = (0). For every element v
of a basis of V' (in any fixed order) we test whether v is already in U, and if not, we invoke
the recursive procedure described below to compute (in the variable U) the R-submodule
U+ Rwv.

The input of the procedure is always a vector v € V' \ U. Actually, if the depth of the
recursive calls is j then this vector is from R/~'V. Thus if we check the depth and find
that it is bigger than n then we can stop and conclude that R is not nilpotent. Otherwise
we do the following. Take a random element b from B and a random element ¢ from S. If
the vector bev is not already in U we invoke the procedure itself with input bcv. After this
call we test whether v is in U. If not, we continue with selecting new random elements b
and c. Otherwise we stop and test deterministically whether the subspace Uy, the value of
U before the invocation, is an R-submodule. This can can be done by computing first the
A-submodule AUy and then the subspace BAUj at total cost of O((m’+m)n?) arithmetical
operations. If U, turns out to be a submodule then we conclude that R is not nilpotent.
(Indeed, if R is nilpotent then Rv + Uy must be a proper submodule of v + Rv + Uy.) If
Uy is not a submodule we report failure because this is a consequence of an error due to
randomization.

We repeat this with subsequent random choices for b and C' until we observe that
bcv € U. If bev € U then U contains Rv with sufficiently large probability. We finish the
procedure by adding the vector v to U and then return.

The result of this part will be the sequence of the basis vectors of U (in the order of
addition to U.) To analyze complexity, observe that each successful return of the recursive
procedure can be bound to an addition to a vector to U. Thus the total number of such
returns is at most n. (Exactly n, if the whole of this part succeeds.) As we have a control of
depth of recursive calls, to total number of the calls is less than 2n. Also note that, apart of
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the at most n containment tests outside from the recursive procedure, all matrix by vector
multiplications and containment tests can be bound to calls of the recursive procedure.
To each call, O(1) such operations are associated. The same holds for producing random
elements of S. Thus the total cost of this part if O(n(n? + (R(S)) +m/n?) + MM(n)) =
O((m + m/)n® + nR(S)) arithmetical operations in F.

The only possible error can occur at the point where BSv ¢ U but we happen to
choose b, ¢ such that bcv € U. The probability of such an event is at most 1/|F|?. Thus

the probability of that error never occurs is (1 — 27 )™ which can improved to a positive

F 2
constant by O(log z n) repetitions. (Or, by tes‘éi_‘r'lg containment bev € U for O(logz n)
random b, ¢ before giving up.)

We see that if the algorithm concludes that R is not nilpotent, the answer is always
correct. If a chain Vy < V; < ... <V, is constructed, the result can be checked by writing
the generators ay, ..., a,, and by, ..., b, in terms of a basis consistent with the chain. (The
matrices of the a;s should be block upper triangular while the matrices of the b;s should be
strictly block triangular.) This test requires further O((m +m/')M M (n)) = O(m + m’)n?)

operations. This concludes the proof of the theorem. [
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Chapter 7

Constructing module isomorphisms

This chapter, based on a part of the paper [20], joint work with Alexander Chistov and
Marek Karpinski. Here we present a deterministic algorithm for testing and constructing
isomorphisms between modules.

Module isomorphism corresponds to equivalence of matrix representations. By taking
images of a set of algebra generators, it is reduced to the following conjugacy problem.
Assume that we are given two collections ay, ..., a, and a},...,a,, of nxn matrices with
entries from the field K. Our task is to find (if exists) a nonsingular matrix € GL,(K)
such that

rax~t = d
for every i € {1,...,m}. A natural approach to this problem is to consider the set V' of
nxn matrices x satisfying

ra; = ar.

This condition is equivalent to a system of homogeneous linear equations in the entries of
the matrix =, whence V' is a linear subspace of M, (K). Obviously, the conjugacy problem is
equivalent to finding a nonsingular matrix in the subspace V. Thus, the conjugacy problem
can be considered as a special case of finding matrices of maximum possible rank in linear
subspaces of M, (K), which was formulated by J. Edmonds [32]. Note that if our ground
field K is sufficiently large then this problem admits an efficient randomized solution: If
there exists a nonsingular matrix in the linear subspace V' of M,,(K) then a random matrix
from V' (i.e., a random linear combination of a basis) is nonsingular with high probability by
the Schwartz-Zippel lemma (see Section 2.4). However, no deterministic polynomial time
method is known to this general problem. Here we present a deterministic polynomial time
algorithm for our particular case, i.e., the conjugacy problem.

We remark that special instances of Edmonds’ problem include the case where the
subspace V' of M, (K) is spanned by rank one matrices and the case where V' is spanned
by skew-symmetric matrices of rank two. A mathematical result describing the maximal
rank in the former case can be derived from the Matroid Intersection Theorem, while in
the latter case the Parity Theorem for linear matroids gives the information on the rank.
See the paper [71] of L. Lovész for a discussion of these and further examples. The paper
[40] by J. F. Geelen gives deterministic polynomial time algorithms for finding maximal
rank matrices in these special instances. M. Domokos, in a sequence of papers starting
with [27], presents results part of which are related to invariant theoretic aspects of the
problem.

Below we state the main results of this chapter. We need to assume that there is a
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deterministic polynomial algorithm for computing the Jacobson radical of finite dimen-
sional algebras over K. Important examples for such fields are fields of zero characteristic,
finite fields and extensions of constant transcendence degree thereof. We assume A is a
finite dimensional algebra with identity over the field K. By an A-module we mean a finite
dimensional unital A-module given by matrices of the action of a generating set for A. The
complexity of the algorithm will be measured by the number of field operations measured
in terms of the dimension of the module.

Our main result is actually a cyclicity test. Recall that an A-module V' is cyclic if V
is generated by a single element, i.e, there exists an element v € V such that Av = V.
Note that V is a cyclic module if and only if there exists an epimorphism 44 — V. (By
AA we denote the regular A-module. This is the space A where the elements of A act by
multiplication from the left. The submodules of 4A are left ideals of A.)

Theorem 7.1. Let K be field and let A be a K-algebra and V' be a A-module. Given A,
Rad(A) and V', one can decide by a deterministic polynomial time algorithm, whether the
module V' is cyclic. If this is the case the algorithm returns a generator of V.

As an application, we have the following result on a generalized conjugacy problem.
The result can also be used in effective versions of the Skolem-Noether theorem.

Theorem 7.2. Let A be a K-algebra where K is a field which admits a deterministic poly-
nomial time procedure for computing the radical of finite dimensional K -algebras. Assume

that we are given two collections ay, . ..,a, and ay,...,a,, of elements from A. We can
decide in deterministic polynomial time whether there exists an element x € A* such that
ra;x™t = al for everyi=1,...,m, and exhibit such an element if one exists.

Since the module isomorphism problem is equivalent to the conjugacy problem in the
full matrix algebra M, (K), we obtain the following.

Corollary 7.3. Let A be a K-algebra, K is a field which admits a deterministic polynomial
time procedure for computing the radical of finite dimensional K -algebras. Assume that we
are given two A-modules V' and W. Then one can decide in deterministic polynomaial time
whether V- and W are isomorphic, and if it is the case then construct an isomorphism
between these two modules.

Note that in [21], a deterministic polynomial time method for testing isomorphism of
semisimple modules is given. The present method is constructive and works for arbitrary
modules.

We prove Theorem 7.1 first for semisimple modules (Sec. 7.1). Then, in Section 7.2, we
7lift” the result from the factor by the radical. Finally we show how Theorem 7.1 applies
to the generalized conjugacy problem (Sec. 7.3).

7.1 Finding free submodules over semisimple algebras

In this section A is a semisimple algebra over the field K and V' is an A-module. For every
v € V we consider the module homomorphism ¢, : 4A — V given as ¢,(z) = zv. We
define the rank rkv of v € V' as the rank of the linear transformation ¢, : A — V.

Recall that the annihilator Anna(v) of an element v € V in A is a left ideal of A given
as {r € Alzv = 0}. This is the kernel of the A-module homomorphism ¢, : z — zv,
whence Av = 4A/Ann,(v). We have rkv = dimim ¢, = dim Av = dim A — dim Ann, (v).
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An element v € V is of maximal rank if rkw < rkv for every w € V. The following
lemma suggests a method for testing whether v is of maximal rank.

Lemma 7.4. Let V' be a module over the semisimple K-algebra A. The element v € V is
of mazimal rank if and only if Annys(v)V C Awv.

Proof. Let Vi,...,V, be representatives of the isomorphism classes of the simple A-
modules. Assume that JA = V" @... @V and V =V @... &V}, It is easy to see that
the A-module U is cyclic if and only if U = V|™ & ... & V/*, where x1 < pg,..., ks < fUs.
It follows that v is of maximal rank in V' if and only if the submodule Av is isomorphic to
‘/lMin{NLVl} ®...D VSMin{ul,lll}_

Assume that v is not of maximal rank. Then there exists a simple A-module, say
Vi, such that the multiplicity x; of Vi in AV is less than Min{u,v1}. Assume further
that Anny(v)V C Av, in other words, Annu(v) annihilates the factor module V/Av. The
multiplicity of V} in that factor module is v; — k1 > 0, therefore Ann(v) annihilates the
module V; as well. But Anna(V}) is the ideal of A complementary to the ideal generated
by the minimal left ideals isomorphic to V. This is a contradiction since the multiplicity
of V1 in Anng(v) is gy — k1 > 0. The "if” part is proved.

We give a proof of the "only if” part that will be useful in algorithms. Since A is
semisimple there exists a left ideal L in A complementary to Anna(v): 4A = L& Anny(v).
Similarly, there exists a submodule V' of V' complementary to Av. The map ¢, induces an
isomorphism L = Av. Assume that we have bases of A and V', respectively, that reflect the
decompositions described above. By this we mean that the basis of A is a union of bases
of L and Ann,(v), while the basis of V' is a union of bases of Av and V'. For every w € V
we consider the block structure of the matrix of ¢,. We see that the matrix of ¢, is a
regular matrix on the block corresponding to L x Av, and zero outside that block. Assume
that there exists element w € V such that Ann,(v)w is not a subset of Av. Decompose
was w = cv + w', where ¢ € A and v’ € V'. Since Anny(v)cv € Av, Anny(v)w' € Av.
Observe that both blocks of the matrix of ¢, corresponding to Av are zeros. It follows
that the matrix of ¢, is a block triangular matrix (both ¢, and ¢, are zeros in the block
corresponding to Anny(v) X Av), whence the sum of the ranks of the diagonal blocks is a
lower bound for rk (v + w’). In particular, since the lower right corner of ¢, is nonzero,
tk (v +w') > rk (v). We have proved the lemma. O

The argument above also suggests a test of rank maximality as well as a method for
incrementing the rank if it is possible. Indeed, let v € V and let vy,...,v, be a basis of
V. Obviously, Ann,(v)V < Aw if and only Anny(v)w C Av for every w € {vy,...,v,}.
We can compute the annihilator Anny(v) and test whether Anny(v)w € Av for every
w € {vy,...,v,.} via solving systems of linear equations. This procedure terminates either
with the conclusion that v is of maximal rank or with the first element w € {vy,...,v,} such
that Anny(v)w € Av. We can compute a projection m € End4(V) such that im7 = Av
and 7(v) = v via solving a system of linear equations. We take w' = w — w(w). The
argument of the proof of the lemma shows that rk (v + w’) > rk (v).

This method could serve as a basic step of iteration in a procedure for finding an
element v € V of maximal rank. In fact, the procedure performs polynomially many field
operations. Unfortunately, over infinite ground fields, we solve systems of linear equations
that depend on the previous intermediate vector v, therefore we do not have any good
control over the sizes of the vectors that occur during the iteration. Over sufficiently large
fields we have the following generalization of [6], Lemma 5.2.
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Lemma 7.5. Let V' be an r-dimensional module over the semisimple K-algebra A and
V1,...,0. be a K-basis of V. Assume that v € V is an element of non-maximal rank.
Let Q) be a subset of K* consisting of at least rkv + 1 elements. Then there exists a
scalar w € Q and a basis element u € {vy,...,v.} such that k(v + wu) > rkAv, i.e.,
dimg A(v + wu) > dimg Av.

Proof. We use an argument similar to the proof of Lemma 5.2. in [6]. Let w € {vy,...,v,.}
such that Anny(v)w € Av. As in the proof of the preceding lemma, we consider decom-
positions 4A = L @& Anny(v) and V = Av @ V' as well as the related block structure of
matrices of ¢, and ¢,,. Let [ = rk (v). By choosing bases appropriately, we can achieve the
situation where the matrix of ¢, is zero except the [ x [ principal minor, and the entry in
position (I + 1,1+ 1) of the matrix of ¢,, is nonzero. We also know that the { x [ principal
minor of ¢, has rank [. Let x be an indeterminate and d(x) be the determinant of the
(I4+1) x (I+1) minor of the matrix of ¢,z = ¢p+x¢d,. Obviously, d(x) € K|[z] is of degree
at most [ + 1. Expanding the determinant at the last row one sees that the coefficient of
the linear term in d(x) is the determinant of the [ x [ principal minor of ¢,. In particular,
d(z) is a nonzero polynomial of degree at most [ + 1. Since QU {0} > [ + 1, there exists
w € 2 such that d(w) # 0. This implies that for such a scalar w rk (v + ww) <1+ 1. O

This lemma suggests another iterative method for finding an element v € V' of maximal
rank, provided that our ground field K is sufficiently large. Let vy,...,v, be a basis of
V and () be a subset of K* of cardinality r. Initially we take v = 0. In each round, we
compute the ranks rk (v + ww), (w € {vy,...,v.},w € Q). We replace v with the first
element v + ww such that rk (v + ww) > rk(v). We stop if no such element exists. The
procedure terminates in at most r iterations and the intermediate element v after ¢ rounds
is in the form wyw; + ... + wywy, where w; € Q and w; € {vq,...,v,}. If K is an algebraic
number field, we take Q = {1,...,r}. This gives a polynomial bound on the size of the
vectors we compute with. We have proved the following.

Theorem 7.6. Let V' be a module over the semisimple K-algebra A, where K is a finite
field or an algebraic number field. There is a deterministic polynomial time algorithm that
finds an element v € V' of mazimal rank. O

We also have a straightforward generalization of the procedure findfree of the paper [6].

Theorem 7.7. Let V be a module over the semisimple K-algebra A, where K is a finite
field or an algebraic number field. There is a deterministic polynomial time algorithm that
finds (free generators of) a mazimal free submodule of V. O

7.2 Finding a single generator

In this section we turn to the general case where V' is a module over the (not necessarily
semisimple) K-algebra A and prove Theorem 7.1.

Note that we assumed an efficient method for computing the the radical Rad(A). Using
Rad(A), we can compute Rad(V') = Rad(A)V. We consider the action of the factor-algebra
A= A/Rad(A) on V = V/Rad(V). Let v € V be an arbitrary vector and ¥ = v + Rad (V).
It is obvious that Av = V implies Av = V. We claim that converse also holds. The proof
relies on the well known fact that elements of Rad(V') can be omitted from any system of
A-module generators. Assume that T is a generator of the A-module V. This means that
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Av 4+ Rad(V) = V. Assume that Av is a proper submodule of V. Let M be a maximal
proper submodule of V' containing Av. Since Rad(V) is the intersection of the maximal
proper submodules, we have AV + Rad(V) < M < V, a contradiction. We have proved
the claim.

V is a unital module over the semisimple algebra A. Using the method of Theorem 7.6
we compute an element 7 € V of maximal rank. If k7 < dimg V/, i.e, ¥ is not a generator
then neither V nor V is cyclic. On the other hand, if T is a generator of V then we can
return any element v € U as a generator of V. This finishes the proof of Theorem 7.1. O

7.3 The general conjugacy problem

This section is devoted to the proof of Theorem 7.2.
We consider the linear subspace V' of A given as

V={veAlva=ap (i=1,...,m)}

The task is equivalent to finding a unit in V. Let A’ be the centralizer of the elements

ay,...,al:

A ={x e Alza; =ax (i=1,...,m)}.

A’ is a subalgebra of A containing 14 and V is closed under multiplication by elements
from A’ from the left, i.e., V is a left A’-module. Let v be an arbitrary element from V.
We use the linear map ¢, : A’ — V mapping x to zv. We claim that if A* NV # 0 then
V is a cyclic A’-module and every generator v of V' is a unit in A. Indeed, let y € A*NV.
Then the map ¢, is a A" module isomorphism between A’ and V: the inverse of ¢, is the
map w — wy~'. In particular, V is cyclic. Let 2 be an arbitrary generator. Then zy~! is
a generator of 4 A’, therefore zy~! is a unit in A’, whence xy~! € A*, and x € A*. The
claim is proved.

We compute V' and A’ as the solution spaces of systems of linear equations. We attempt
to find a generator of V' by the method of Theorem 7.1. If V' is not cyclic then the conjugacy
problem admits no solution. If V' is cyclic then the method of Theorem 7.1 also returns a
generator x of V. Again, if x is not a unit then there exist no units in V" at all. Otherwise
we can return z. This finishes the proof of Theorem 7.2.

7.4 Remarks

The weakness of the algorithms presented in this chapter is that they depend on the ability
of computing the radical of algebras over the ground field in polynomial time. Recently P.
Brooksbank and E. M. Luks developed a deterministic polynomial method for testing and
finding isomorphisms of modules unconditionally [16].
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Chapter 8

Deciding universality of quantum
gates

In this chapter, based on the paper [56], we show that universality of quantum gate sets
is decidable. We say that collection of n-qudit gates is universal if there exists Ny > n
such that for every N > Ny every N-qudit unitary operation can be approximated with
arbitrary precision by a circuit built from gates of the collection. Our main result is an
upper bound on the smallest N, with the above property. The bound is roughly d®n, where
d is the number of levels of the base system (the ’d’ in the term qudit.) The proof is based
on a recent result of R. Guralnick and P. H. Tiep on invariants of (finite) linear groups.

A qudit is a vector of norm 1 from the Hilbert space C?, an n-qudit state is an element
of norm 1 of (C%)®" = C?". The space (C%)®" is called an n-qudit quantum system and
the the factors of the n-fold tensor product (C%)®™ are referred as the qudits of the system.
An n-qudit quantum operation (or gate) is a unitary transformation acting on the n-qudit
states, i.e., an element of the unitary group Ug.. As in quantum computation, states
which are scalar multiples of each other are considered equivalent, quantum operations are
also understood projectively. In particular, for every u € Ugn, the normalized operation
(det w)~1/" . 4 represents the same gate as u (here a'/?" stands for any d"th root of a
complex number «).

Let I' C Uy be a (finite) collection of n-qudit quantum gates. We say that I' is a
complete set of n-qudit gates if a scalar multiple of every n-qudit operation from Uy, can
be approximated with an arbitrary precision by a product of operations from I'. In other
words, I' is complete if the semigroup of Uy» generated by I" and the unitary scalar matrices
is dense in Ugn. The latter condition, because of compactness, is equivalent to saying that
the group generated by I' and the unitary scalar matrices is dense in Ugn.

Note that in the quantum computation literature complete sets of gates are frequently
called universal. In this Chapter, partly following the terminology of [64], we reserve the
term universal for a weaker notion discussed below.

For N > n we can view (CY)®V as a bipartite system (C%)®" @ (C4)®N=" and let an
n-qudit gate u act on the first part only. Formally, the N-qudit extension uy of u is the
operation u ® I where I stands for the identity of (C?)®*¥=". For an n-qudit gate set
I' the gate set I'y is the collection of the extensions of gates from I' obtained this way:
FN = {UN|U S F}

More generally, we can extend an n-qudit gate u to N qudits by selecting an embedding
pwof {1,... ,n}into {1,..., N} and let act u on the components indexed by u(1),..., u(n)
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(in this order) and leave the rest "unchanged”. It will be convenient to formalize this in
terms of permutations of the qudits of the larger system as follows. Each permutation
from the symmetric group Sy acts on (C4)®N by permuting the tensor components. For
an N-qudit gate v and o € Sy the operation v° = gvo~! is also a quantum gate which can
be considered as the gate v with "fans” permuted by o. We denote by I'"V the collection
of gates obtained from gates in I'y this way: TV = {u%|u € T',0 € Sy}

We say that for N > n the n-qudit gate set I' is N-universal if I'V is complete. The
collection T' is called oco-universal or just universal, for short, if there exists Ny > n such
that I' is N-universal for every N > Ny. It turns out that for n > 2, every complete
n-qudit gate is N-universal for every N > n. This claim follows from the fact that the Lie
algebra sugn is generated by sul; = {(u® I)?|u € sugz,0 € Sy}. This is shown in [26] for
d = 2 but essentially the same proof works for d > 2 as well. By the claim, N-universality
of a fixed gate set for N > 2 is a monotone property in N: for n > 12, an n-qudit gate set
I' is universal if and only if there exists an integer N > n such that I' is N-universal. On
the other hand, no 1-qudit gate set can be universal as the resulting group preserves the
natural tensor decomposition.

Completeness of a gate set can be decided by computing the (real) Zariski closure of the
group generated by the gates using the method of H. Derksen, E. Jeandel and P. Koiran
[23]. A polynomial time algorithm for gates defined over a number field is given in [64, 65].
Reducing the problem of universality to completeness requires a bound for the smallest N
such that a universal set of gates is N-universal. In [64, 65] Jeandel gives a 6-qubit gate
set which is 9-universal but not 6-universal and it is explained how to extend this example
to a gate set over 2% +2 qubits which is 28! + 1-universal but not 2¥+! — 2-universal where
k is an integer greater than 1. (A qubit is a qudit with d = 2.) Our main result is the
following.

Theorem 8.1. Let I' be an n-qudit gate set where n,d > 2. Then I is uniwversal if and
only if it is N-universal for some integer N < d®(n — 1) + 1.

Our main technical tool, a criterion for completeness based on invariants of groups,
is given in Section 8.1. It can be considered as a "more algebraic” variant of Jeandel’s
criterion given in [64, 65]. Correctness is a consequence of a recent result of R. Guralnick
and P. H. Tiep stating that certain low degree invariants distinguish the special linear group
from its closed (in particular finite) subgroups. Needless to say, the proof of the applied
result heavily uses the classification of finite simple groups and their representations.

We prove Theorem 8.1 in Section 8.2. The outline of the proof is the following. We relate
polynomial ideals to gate sets. The completeness criterion gives that the Hilbert polynomial
of the ideal corresponding to a universal gate set must be the constant polynomial 24. Our
result is then a consequence of D. Lazard’s bound on the regularity of Hilbert functions of
zero dimensional ideals.

8.1 Completeness

In Jeandel’s work [64, 65], testing gate sets for completeness is based on the following
observation.

Fact 8.2. Let d > 2 and let G be subgroup of SUg~. Assume further the real vector space
sugn (the Lie algebra of SUyn ) consisting of the traceless skew Hermitian d™ x d™ matrices
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is an irreducible RG-module under the conjugation action by elements of G. Then G is
either finite or dense in SUyn .

Therefore if I' is a finite collection of normalized gates then testing I' for completeness
amounts to testing irreducibility of sugzv under conjugation of elements of I' and to testing
if the linear group generated by I' is finite. The first test can be accomplished by solving
a system of linear equations (see below) while for the other — in the case where the gates
are defined over an algebraic number field — the method [4] of L. Babai, R. Beals and
D. Rockmore is available. Here, informally, we are going to replace the second test with a
test similar to the first one.

Set V = C*, the complex column vectors of length d¥. The vector space V is a left
CG-module for every linear group G < GLgv(C). The dual space V* = Hom¢(V,C) is
a right CG-module. It can be made a left CG module by letting u~! act in place of w.
This module (denoted also by V*) is called the module contragradient to V. In terms of
matrices, the contragradient matrix representation can be obtained by taking the inverse
of the transpose of the original matrix representation. Note that for u € Uy~ the matrix of
u in the contragradient representation will be simply the complex conjugate of the matrix
of u.

For every positive integer k and G < G'Lgv(C) we define the quantity Max(G) as

My, (G) = dime Homeg ((V @ V)®F, C).
Recall that for a left CG-module W
Homea (W, €) = {f € W*|f(gu) = f(w) for every g € G,w € W},
Note that if a finite set [ generates a dense subgroup of G and B is a basis of W then
Homea(W,C) = {f € W*f(guw) = f(w) for every g e T,w e B}, (8.1)

and hence (a basis of) the space Homg (W, C) can be computed by solving a system of
linear equations.

Also note that V @ V* = End¢(V) and My(G) is the dimension of the centralizer of
G (in Endc(V)). In particular, My(G) = 1 if and only if V' is an irreducible CG-module.
Similarly, My(G) is the dimension of the centralizer of the conjugation action of G on
dV x d¥ complex matrices.

M. Larsen observed that if G is the entire complex linear group G Ly~ (C), or the complex
orthogonal group or the complex symplectic group and G is a Zariski closed subgroup of
G such that the connected component of the identity in G is reductive (including the case
when this component is trivial) and My(G) = M4(G) then either G is finite or G > [G, G].
(Notice that Fact 8.2 can be viewed as the unitary analogue of Larsen’s alternative.) Larsen
also conjectured that for a finite subgroup G < G we have Mo, (G) > My, (G) with some
k < 4. Recently R. M. Guralnick and P. H. Tiep [48], using the classification of finite simple
groups and their irreducible representations, settled Larsen’s conjecture. The conjecture
holds basically true, there are only two exceptions. In any case, Mgy (G) > Mox(G) with
some k < 6. The following statement is an easy consequence of the results from [48]. In
order to shorten notation, for a collection I' C Uyn we define Moy (') as Moy (G) where G
is the smallest closed subgroup of Uy~ containing I' (in the norm topology). Also, in view
(8.1) and the comment following it, computing My (I") can be accomplished by computing
the rank of a d¥* by ||dY*" matrix if T is finite.
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Proposition 8.3. Assume that d¥ > 2 and let T C Uyv. Then T is complete if and
only if Mg(T') = Mg(GLyv(C)). If d¥ = 2 then the necessary and sufficient condition for
completeness is Mio(I') = My2(G Ly~ (C)).

Proof. We only prove the first statement, the second assertion can be verified with a slight
modification of the arguments. Let G be the smallest closed subgroup of U~ containing
I' (in the norm topology). We replace each u € G with its normalized version det™ u - w.
In this way we achieve that G is a closed subgroup of SU;~. As the action of det ™ w - u is
the same as that of u on V® @ V*®* this change does not affect the quantities My (G).
If T' is complete then G = SUyn. Therefore the Zariski closure of G in GLgn (C) (over the
complex numbers) is SLgv(C) and hence Moy (G) = Mok (SLyn (C)) = Mo (GLyn (C)) for
every k. This shows the ”only if” part.

To prove the reverse implication, assume that Mg(G) = Mg(GLgv (C)). By Lemma 3.1
of [48], Mox(G) = Mo (GLy~(C)) for k = 1,2,3 as well. In particular, My(G) =
M4(GL4n(C)) = 2. Notice that G is a compact Lie group therefore every finite dimen-
sional representation of GG is completely reducible. Hence the the conjugation action of
G on dV x dV matrices has two irreducible components: one consists of the scalar matri-
ces the other one is the Lie algebra sl v (C) of traceless matrices. As a real vector space,
slgn (C) is the direct sum of sugv and i-sugn (here i = /—1). Both subspaces are invariant
under the action of Uy~, therefore they are RG-submodules and multiplication by i gives
an RG-module isomorphism between them. It follows that suyzy must be an irreducible
RG-module. Hence by Fact 8.2, either G = SUyv or G is finite. In the first case I is
complete. In the second case we can apply the results of [48]. By Theorems 1.4 and 2.12
therein, G must be SLy(5) and d¥ = 2. This contradicts the assumption d > 2. ]

8.2 Universality

We begin with a lemma which establishes a condition for N-universality which suits better
our purposes than the original definition.

Lemma 8.4. Let d > 1 and I be an n-qudit gate set, let N > n and let 33 be an arbitrary
generating set for Sn. Then T is N-universal if and only if T'ny U X is complete.

Proof. Let H resp. GG denote the closure of the subgroup of SU;~ generated by the normal-
ized gates from I'V and I'y U, respectively. As 'V is in the subgroup generated by TUY,
the group H is a subgroup of G and hence the "only if” part of the statement is obvious.
On the other hand, H is closed under conjugation by the elements of I' U Sy, therefore H
is a closed normal subgroup of G. Assume that 'y U X is complete, i.e., G = Ugn. Then
['y must contain at least one non-scalar matrix since otherwise G would be finite (every
matrix in G would be a permutation, multiplied by a d”¥th root of unity). Therefore H is a
normal subgroup of SU;~v containing a non-scalar matrix. Because of simplicity of PSU;~
this implies H = SU,~, that is, I'"V is complete. O

By Lemma 8.4, we can consider gate sets on N qudits which consist of two parts. The
gates in the first part act on the first n qudits while the rest consists of permutations.
We exploit this property in Subsection 8.2.1, where we relate polynomial ideals to such
a sequence of gate sets where N varies. We finish the proof of Theorem 8.1 in Subsec-
tion 8.2.2 by observing that the sequence Mg for letting an n-qudit gate set together with
the symmetric group Sy act on (CH)®N (N = n,n+1,...) take the same values as the
Hilbert function of the corresponding ideal.
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8.2.1 The ideal of a gate set

In this subsection W = C™ for some integer m > 0 and G is a subgroup of
GL(W®™). For every N > n we establish a relation between Homg g,)(W®",C) and
Hom ger gy (WY, C). Here Sy denotes the subgroup of GL(W®Y) consisting of the per-
mutations of tensor components and I stands for the identity on W®W=m),

We work with the tensor algebra T = @;‘;OW@ of W. We use some elementary
properties of T" and its substructures. Most of the proofs can be found in Section 9 of [47].
We say that an element w of T' is homogeneous of degree j if w € W/, If we fix a basis

Wi, ..., w,; of W, then a basis of T consists of the non-commutative monomials of the
form wy, ® -+ ®@w;; and T' can be interpreted as the ring of non-commutative polynomials
in w,...,w, over C. In this interpretation, for every j > 0 the elements of W%/ are

identified with the homogeneous non-commutative polynomials of degree j. A right (or
two sided) ideal J of T' is called graded if J equals the sum @;?‘;Oﬂ where J9 = W® N J.
The component J7 is called the degree j part of J. It turns out that a right (resp. two-
sided) ideal J of T is graded if and only if there is a set of homogeneous elements of .J
which generate J as a right (resp. two-sided) ideal.

Let M be the two-sided ideal of T" generated by w; ® w; —w; @w; (1,7 € {1,...m}), and
let ¢ : T'— R =T/M be the natural map. Then M is a graded ideal with degree j parts
M? which are spanned by w;, ®- - - ®@w;, —wj, ) @ @w;,,, where (iy,...7;) € {1... ,m}
and o € S;. The factor algebra R is called the symmetric algebra of W. Set z; = ¢(w;) for
i=1,...,m. Then R is identified with the (commutative) polynomial ring C[xy, ..., zp].
The image of R? of W®/ under ¢ is the jth symmetric power of W. In interpretation of R
as polynomial ring, R’ consists of the homogeneous polynomials of degree ;.

For a subspace L of (W®N)* we denote by L+ the subspace of WV annihilated by L:
L+ = {w € W®N|l(w) = 0 for every | € L}. Because of duality, dim L = dim(W®¥ /L1)
and (L1NLy)* = L+ Ly. In particular, Homggrusy) (WY, C)* = Homge (WY, C)* +
HOHISN (W®N, (C)J'

As Homge (W, C) = Homg(W®", C) @ (WEWN=1))* we obtain that

Homee (W, C)* = Home (W™, C)* @ WEN-),

in other words, the space Homgg (W®Y, C)* is the degree N part of the right ideal H(G)
in T generated by Homg(W®" C)*.

The space Homg, (W®V C) corresponds the symmetric N-linear functions, i.e., it con-
sists of the linear functions W®» — C which take identical values on w;, ® -+ ® w;, and
Wi, @ @w;, ., for every permutation o € Sy. Therefore Homg, (WeN C)* coincides
with the degree N part M¥ of the ideal M.

We obtain that Homggrusy) (WY, C)* is the degree N part of H(G) + M. As H(G)
is a right ideal and M is an ideal in T" with R = T'/M commutative, H(G) + M is an ideal
in T' containing M. Setting J(G) = ¢(H(G) + M) we conclude that for every N > n,
JN(G) = p(Homyggrusy) (WEN, C)*) is the degree N part of J(G). Furthermore, J(G) is
the ideal of the commutative polynomial ring R generated by J"(G) and

dim Hom e rusy) (WY, C) = dim(RY /Y (G)).

8.2.2 The proof of Theorem 8.1

Let n,d > 2, let T' C GL((C%)®") and let G be the subgroup of GL(C?) generated by T.
For every integer N > n, we consider the G-module V = (C%)®" where the action of G is
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given by G ® I (here I is the identity on V=) We set W = (C%)®* @ ((C%)*)®* and,
with some abuse of notation, consider G as a subgroup of GL(W®™). For every N > n we
have the G-module isomorphism V& @ (V*)®1 = WV where the action of G on the right
hand side is G ® I (this time I is the identity on W®W=") Applying the notation and
observations of the preceding subsection in this context, we obtain that

Ms({G ® I U Sy)) = dim(RY /J™(@))

for every N > n.

First we consider the full linear group GLg4»(C). The n-universality of Uy for n > 2
gives dim(RY /JN(GLg4(C)) = Mg(GLg~(C)). From invariant theory it is known that
Mg(GLgn (C)) = 4! = 24, see [93].

Now consider an arbitrary gate set I' C Uyn and let G < GLgn(C) the group generated
by I'. The preceding discussion and Proposition 8.3 give that I' is universal if and only if
dim(RY /JN(G)) = 24 for sufficiently large degree N.

The ideal J(G) is an ideal of R = Clz, ..., z,,] generated by homogeneous polynomials
of degree n. In the context of polynomial rings, graded ideals are called homogeneous.
That is, an ideal J of the polynomial ring R is called homogeneous if J is the direct
sum its homogeneous components J7 = R/ N J; and an ideal generated by homogeneous
polynomials is homogeneous. The Hilbert function of the homogeneous ideal J is given as
j v+ hy(j) =dim R7/J7. Tt turns out that the Hilbert function is ultimately a polynomial:
there is a polynomial p; (in one variable) and an integer N such that h;(j) = ps(j)
for 5 > N. The smallest N with this property is called the regularity of the Hilbert
function of J. The degree of the Hilbert polynomial is the dimension of J. (Actually, it
is the dimension of the projective variety consisting of the common projective roots of the
polynomials in J.)

The discussion above shows that the Hilbert polynomial of the ideal J(G) corresponding
to a universal gate set is the constant 24. In particular, the dimension of J(G) is zero.
In [73], D. Lazard proved that the regularity of the Hilbert function of a zero dimensional
ideal in C[xy,...,x,,] generated by homogeneous polynomials of degree n is bounded by
mn —m+ 1. From this, the proof of Theorem 8.1 is finished by observing that the smallest
N for which I' is N-universal coincides with the regularity of the Hilbert function of J(G).

8.3 Remarks

Very likely the bound proved in Theorem 8.1 is not tight. However, for fixed d it is linear
in n and Jeandel’s construction discussed at the beginning of this chapter shows that in
fact the smallest N such that a universal n-qubit gate set is N-universal can be at least
2n — 6. Proving better upper bounds would require deeper knowledge of subspaces of
V*#1 @ V@ which occur as Homg(V® @ V*®* C) for G < GL(V). Using the isomorphism
Homg (V® @ V*®* C) = Endg(V®*), a natural restriction is that these subspaces must be
subalgebras of End¢(V®?1). However, it is not clear to us how to exploit this fact.

Effectiveness and complexity of algorithms for testing completeness and universality
based on Proposition 8.3, Theorem 8.1 and Lemma 8.4 depend on the computational
model and on the way the input gate set is represented. In particular, in the Blum—Shub—
Smale model for the real numbers (this is based on black boxes performing field operations
and inequality tests), if the input gates are given as arrays of n X n complex numbers, the
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completeness test can be accomplished in polynomial time. With the same assumption
on the input, for constant d (e.g., for qubits or qutrits) even universality can be tested
in polynomial time. Similar results can be stated for Boolean complexity if the entries of
the matrices representing the input gates are from an algebraic number field. Even the
problem whether there is a non-universal gate set which is e-close to a given collection
of gates in the Hadamard norm of matrices is decidable. Indeed, existence is equivalent
to solvability of a (huge) system of polynomial equations and inequalities over the real
numbers. Of course, this straightforward method is far from practical.
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Chapter 9

A quantum algorithm for finding
hidden subgroups in a class of
solvable groups

This chapter is based on parts of the paper [36], joint work with Katalin Friedl, Frédéric
Magniez, Miklos Santha, and Pranab Sen. Here we give a quantum algorithm for solving
the hidden subgroup problem (HSP) in polynomial time for a class of solvable groups.
Our approach is based on considering permutation problems closely related to the hidden
subgroup problem.

Efficient solutions to some cases of the hidden subgroup problem (see Subsection 2.5.6)
constitute probably the most notable success of quantum algorithms. To be efficient, an
algorithm has to be polynomial in the length of strings encoding group elements, which is
usually logarithmic in the order of G. While classically not even query efficient algorithms
exist for the HSP, it can be solved efficiently in abelian groups by a quantum algorithm.
A detailed description of the so called standard algorithm can be found for example in [78]
or in [10]. The main quantum tool of this algorithm is Fourier sampling, based on the
efficiently implementable Fourier transform in abelian groups, see Subsection 2.5.7. Fac-
torization and discrete logarithm [90] are special cases of this solution.

After settling the case of finite abelian groups, substantial research was devoted to the
hidden subgroup problem in finite noncommutative groups. The interest in this problem
is enhanced by the fact, that the graph isomorphism is a special case. The standard
algorithm has been extended to some special cases in non-abelian groups, including finding
hidden normal subgroups in groups admitting efficient quantum procedure for the so-called
noncommutative Fourier transform, see [86, 49, 46, 77]. In this chapter we present a method
for finding non-normal hidden subgroups in a class of solvable groups.

We assume that G is a finite solvable group of constant derived length given by a refined
polycyclic presentation, see Section 2.3. We use normal words for encoding elements of G
and suppose that this encoding requires ¢ = O(log |G]) bits.

The main advantage of using such a presentation is that it allows fast computation of
a unique encoding of subgroups of G given by generators. This unique encoding allows us
to work with ”clean” subroutines in the sense of Subsection 2.5.2.

By a quantum permutation action of G we mean a permutation action of G on a set
U, where W consists of pairwise orthogonal unit vectors (states) from C?' for some natural
number ¢. We use the left multiplicative notation ¢ for permutation actions. That is,
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a permutation action of G on V¥ is a map (z,7) + 27 from G x 1 onto W satisfying
(zy)Y = x(y1p). The adjective "quantum” expresses that ¥ does not need to be a subset
of the computational basis. If U is a subset of the computational basis then we refer to the
action of G on VU as a classical permutation action. We assume that the action is given by
an efficient quantum procedure, more precisely, a by quantum circuit of size polynomial in
(t mapping |7) ® 1 to |r) ® x¢) where v € G and ¢ € V. (In the spirit of Subsection 2.5.2,
we actually allow that the procedure uses some workspace which contains both initially
and finally zero qubits.) With some abuse of notation, we will denote merely by ¥ the
permutation action of G on W. This will not cause any confusion as in this chapter we do
not consider different permutation actions on identical sets.

We define two computational problems related to the hidden subgroup problem. The
input for the quantum stabilizer problem STABILIZERk (G, V,4) is the tensor power
Y ® - @1 of length K, that is, it consists of K identical copies (EO called clones) of the
vector ¢ € W. Taking multiple copies of the input vector 1 is necessary because there is no
general method for producing clones of arbitrary quantum states. The task is to compute
(generators for) the stabilizer of ¢». Our main result is the following.

Theorem 9.1. Assume that the finite solvable G has constant derived length and the
derived series of G' is such that the factors of the consecutive members are of exponent
bounded by a constant. Suppose that G is given by a polycyclic presentation where normal
words for group elements are encoded by bit strings of length (. Suppose further that we
have a quantum permutation action of G on the orthonormal set W C C?2'. Then, with

K = (log|G|)’Wlog L, the problem STABILIZERk (G, ¥,1) for ¢ € U can be solved by

a quantum algorithm in time (log |G|¢t)°M log L with error at most e.

The input for the constructive orbit membership problem (or just orbit membership for
short) ORBIT-MEMBERk (G, ¥, ¢ ., ) is the tensor product ¢ ®- - ®¢ @9 & - @19,
of length 2K for @/} ¢, € V. Intuitively, the input consists of K copies of a pair of vectors
from W. The task is to decide if Y, is in the orbit of @/} and to find the set of element
r € (G carrying w to ¢ if they are in the same orbit. Thus the output is either "none”
or a coset of th_e stablhzer of wy. In this chapter we only need to solve instances of
ORBIT-MEMBERKk (G, w, - - - ) where G is an abelian group and the stabilizer is trivial.
Then the solution is "none” or a single element of G.

Note that, while the inputs for the stabilizer and constructive orbit membership prob-
lems are allowed to be "quantum”, the outputs are assumed to be ”classical”, i.e., the
computational basis elements corresponding to the strings describing the output. There-
fore we can apply the cleanup method of Subsection 2.5.2 after performing algorithms for
these tasks: we make a separate copy of the output and then undo (perform the inverse
of) the algorithm.

Also note that if the input is ”classical”, that is, an element of the computational basis
for the input part then actually from one copy of the input we can produce arbitrary many
copies. In view of this, the quantum stabilizer problem (over the symmetric group rather
than a solvable one) includes computing automorphism of graphs and the constructive orbit
membership problem includes the constructive version of the graph isomorphism problem.

The hidden subgroup problem can be translated to the quantum stabilizer problem as
follows. Let f: G — {0,1}® be a function which hides the subgroup H. The right shift of
the function f by y € G is the function ¥ f given by ¥ f(xz) = f(xy). Obviously the group
G acts as a permutation group on the right shifts of f:

I (w) = flayz) =7 ()wy) =7 CF().
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With respect to this action, the stabilizer of f is the hidden subgroup H. To turn the
action on the shifts of f into a quantum permutation action we consider the graphs of
the shifted functions Yf. The graph of the function f : G — {0,1}" is the unit vector
ﬁ Y osec ) @ [f(2)) in C2"" . If the elements of G are encoded by normal words in a

polycyclic presentation, the Fourier transform of an abelian group having the same order
as G (see Subsection 2.5.7) can be used to compute the vector \/ﬁ Y e |T) ®10) in

polynomial time. From this vector the graph of f is obtained by an application of the
oracle for f. Finally, observe that given y € G, the graph of the shift ¥ f of of an arbitrary
function f can be obtained from the graph of f just by multiplying the the first register
by y~! from the right:

EZL@ ) @ | f(zy)) = fZIwy ) @ [f(2)).
|G zelG |G z'eG

Thus, if the quantum stabilizer problem over a G can be solved in time polynomial in ¢+ ¢

then the same holds for the hidden subgroup problem over GG. (Note that in this reduction

the number of copies of the input vector used in the stabilizer computation is just the

number of queries to the function oracle.) In particular, from Theorem 9.1 we immediately

obtain.

Corollary 9.2. Let G be as in Theorem 9.1. Then the hidden subgroup problem over G
can be solved in time polynomial in (t, where ¢ is the encoding length of G' and the values
of the subgroup hiding function are t-bit strings.

We remark that the orbit membership problem over an abelian group G is related to the
hidden subgroup problem over the semidirect product G x Zy where the nontrivial element
of Zy act on G by taking inverses ("flipping signs” if we use the additive notation for the
group operation in GG). By solving the hidden subgroup problem for the restriction to G,
and then going over the factor by the subgroup obtained this way, one can see that the
really interesting case of the hidden subgroup problem in such semidirect product groups
is the case where the hidden subgroup intersects G trivially. This means that the hidden
subgroup is either trivial or of the form 1U (y, 1) where y is an element of G. Let us define
two functions fy and f; on G by fo(x) = f(x,0) and fi(z) = f(z, 1) where f is the function
for G X Zs. It turns out that if the hidden subgroup is 1 U (y, 1) then f; is the shift of f
by y and hence — going over the graphs — y can be found by solving the constructive orbit
membership problem over G. On the other hand, if the hidden subgroup is trivial then the
ranges of fy and f; are distinct therefore the corresponding graphs are in different orbits.

One of our ”low-level” tools will be a straightforward adaptation of the standard abelian
hidden subgroup algorithm for a solution of the quantum stabilizer problem. The other tool
will be an algorithm that solves the effective orbit membership problem over elementary
abelian groups of constant exponent. The ”high-level” structure of our method is based
on the following.

Observation 9.3. Let G be a finite group acting on a finite set U where the stabilizer of
¥ € U is the subgroup H. Let N be a normal subgroup of G and let x1, ..., x, be elements
of G such that the cosets ©1N, ..., z.N generate the subgroup HN/N of G/N. For every
index 1 = 1,...,r let y; be an element of N such that y;3p = x). (Ezistence of such an
element y; is granted because x; € HN.) Then the subgroup H is generated by the set

(HNN)U{y; o)i € T}.
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Proof. Notice that for every i € {1,...,7}, we have ;N N H = y; 'z;(H N N). Let Hy
be the subgroup of G generated by the set in the statement. Obviously Hy C H. To see
that equality holds, it is sufficient to show equality of orders of H and Hy. To this end
notice that HyN = HN because x1,...,x, generate H modulo N. From this, using the
isomorphism theorem, we infer H/(H N N) = HN/N = HyN/N = H,/(H N N), whence
the desired equality. N

Assume that N is a normal subgroup of G. Observation 9.3 suggests a reduction of
the quantum stabilizer problem to determining the stabilizer modulo N, to computing the
intersection of the stabilizer with N, and to certain instances of the constructive orbit
membership problem.

Computing the stabilizer modulo NNV is based on the following. Assume that we have a
quantum permutation action of G on ¥ C C%. Then the factor group G/N acts on the
set W’ consisting of the vectors (orbit superpositions)

Y= o

The set ¥ is an orthonormal set in C2* because ¥ is orthonormal. Every orbit of N on ¥
is collapsed to a single point. If H is the stabilizer of ) then the stabilizer of ¢ under the
action of G/N will be HN/N. Also, for y € G such that yz/J =19, for 2/1 1/1_ € U, then
yN w w Thus the construction ¢ — ¢ provides a good approach for determlmng the
stablhzer and solving constructive membership test modulo N.

To give an efficient implementation, it would be desirable to have an efficient procedure
implementing a transformation which maps ¢ ® |0) to ¢ ® ¢" or something similar. Recall
that

Y = e

Note that it is easy to implement the map

P |1g) = szﬂ@lx

xEN

This is very different form what we want. The point is that the result is not a tensor
product of 1" with some vectors in the other parts. (Physicists would say that the two
parts are er?cangled.) The main idea of our method is a kind of disentangling the two
parts using a constructive orbit membership algorithm. To demonstrate how this works,
assume for a moment that the stabilizer intersects N trivially and we have a procedure
for solving the constructive orbit membership over N using single instances (that is, the
problem ORBIT-MEMBER, (N, \Il,go,yl). We further assume that as a part of input,
we have two copies of ¢). Then we can efﬁciently produce the vector

Zm/)®|x

wGN

We apply the inverse of the constructive orbit membership test to this superposition. As
the membership test maps vectors of the form ¢ ® 29 ® |0) to ¢ ® 29 ® |z), the result
after application of the inverse is



This vector is already a tensor product of ¢’ with other parts and can be used with the
action of G/N. B

Unfortunately, the approach outlined above does not work. The main problem that
except for very special cases, ORBIT-MEMBER; (N, \Il,go,yl) cannot be solved at all.
Actually, we can solve ORBIT-MEMBER g (N, \I/,yo,yl) in a reasonable wide class of
groups N with sufficiently small error only if K (the number of copies of 0 and ¢ given
in the input) is large enough.

To deal with the difficulty above, we will sometimes replace permutation actions with
equivalent ones. Here equivalence is just the usual equivalence of permutation represen-
tations. That is, if G acts on U C C% and ¥ C C? then the two actions are called
equivalent if there is a bijection F : ¥ — U’ such that F(xv)) = 2 F(¢) for every z € G
and for every ¢ € U. Obviously, the stabilizer of F (1) coincides with that of v, and,
similarly, the solution of orbit membership problem for @ 0 and ¢ L s the same as for F (¥ 0)

and F (v, ).

We use equivalent permutation actions in the following context. Let G act on ¥ C c?
and let K be a natural number. For ¢ € U we set Fi (1) as the Kth tensor power of .
That is,

Fr () =

Let U = Fi(U) € C*" be just the set consisting of the vectors Fi (1)) where 1) € W.
The action of G on ¥ is just the diagonal action obtained from the action on ¥ and the
procedure for the diagonal action can be clearly implemented by K applications of the
procedure for the original action.

The rest of this chapter is structured as follows. In Section 9.1 we describe an efficient
quantum algorithm solving the stabilizer problem for abelian groups. Actually the method
is a straightforward adaptation of the standard Fourier sampling method and we give the
details just for convenience of the reader. In Section 9.2 we describe the quantum part of
an approach solving the effective orbit membership problem over abelian groups. It is also
based on the abelian Fourier sampling method and consists in a reduction to some classical
statistical analysis. We solve the latter problem in polynomial time over abelian p-groups
of constant exponent in Section 9.3. We put these ingredients together using a high-level
reduction procedure following the lines sketched above in Section 9.4. This gives a proof
for Theorem 9.1.

9.1 Abelian quantum stabilizer

In this section we describe a quantum algorithm for solving the quantum stabilizer problem
STABILIZERk (G, ¥, ¢) where G is a finite abelian group. It will be convenient to assume
that G is presented as a direct sum of cyclic groups of prime power order. By this we mean
that we are given prime powers my,...,m, and an element of G = Z,,, ® -+ ® Z,, is
represented by a row vector z1, ..., 2z, of integers where 0 < z; < m;. We assume that such
vectors are encoded by bit strings of length ¢. We use the additive notation for G. Note
that this presentation is very close to a special case of a refined polycyclic presentation.
The set U is an orthonormal set of unit vectors in Z%.

Because we want to use the algorithm as a quantum subroutine, we have to define the
task accurately. A quantum algorithm solving STABILIZER i (G, ¥, v) should implement
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a unitary transformation which maps vectors of the form
P @10y e ' @ C?,

to the vector

VR @ |H),

where H is the stabilizer of 1) and |H) stands for the computational basis vector of C2"
corresponding to the description of H. Note that actually one should give a more precise
description which includes the workspace. Our procedure is ”clean” in the sense of Sub-
section 2.5.2; and we do not include in the input/output defintion the workspace which
contains both initially and finally zero qubits.

We use the standard abelian hidden subgroup algorithm — called Fourier sampling —
adapted to our setting. The preparatory part consists of K rounds. In each round, we
pick a copy of ¥ form the input and take a register of size ¢ from the workspace. In
that register we prepare the uniform superposition ﬁ > sec ) of elements of G. Note

that there are standard polynomial time methods making (approximations of) uniform
superpositions over abelian groups, e.g., an application of the quantum Fourier transform,
see Subsection 2.5.7.

We concentrate on the contents of the subsystem corresponding of the two registers we
are working with. The actual state is a vector which is a tensor product of the contents of
the present two-register part with the contents of the other registers and the zero qubits
together with the possible garbage in the workspace. Our present pair of registers contain

the vector
e RO IEIE}

acEG

We apply the oracle for the G-action on ¥ and obtain the vector

\/EZM/J@M

zeG
Let x1,...,x|c.g| be a system of coset representatives for H in GG. Then the vector we have
equals
|G:H]|
G 2 e 2l o)
‘G zeH

Now we apply the quantum Fourier transform of G (see Subsection 2.5.7) to the second
register. After the Fourier transformation, our pair of registers contains the vector

|G:H| |G:H|

‘G,Z%w®22xr@+wlx rex H,Zm@ZX )™ @)

x€G zeH zeH

Here we used that x(z;+x) = x(x;)x(x). By the orthogonality relations for the restriction
of x to H and the trivial character 15 of H, we have

L if \yg = 1g,
]H| ZX { 0 otherwise.

reH
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Let H- C G stand for the set of characters of G whose restriction to H is the trivial
character. It turns out that H= is isomorphic to the factor group G/H. Based on the
above, the contents of our pair is

¥ ®1x),
T P

where
|G:H]|

b= T

is a unit vector of C¥ depending on x. Notice that our pair contains the uniform superpo-
sition of the vectors ﬁx ® |x). These vectors are pairwise orthogonal because for different

x]@/)

characters x; and xo the vectors |y;) and |x2) are orthogonal.
We repeat this procedure K times, always with a distinct copy of 1. As a result, we

obtain the vector
QK

Y. 2
Wiy DY

We apply a method following the lines given in Subsection 2.5. 5 Here, based on the
above observation, the distribution corresponding to the state \/— er L @D ® |x) is

|G:H
the uniform distribution over H+. We apply a (classical) procedure that, given a sequence
X1, ---, Xk of characters of G computes (in a register from the workspace) the subgroup

H(x1,...,xk) consisting of the of elements of G on which all the characters xi,..., Xk
take value 1. This can be done in polynomial time in general abelian groups. We do not
give the details, only note that in the case where G = Z; for some prime p, the characters
of G are of the form y,, where 6 is a primitive pth root of unity, x - y stands for the scalar
product of vectors in Z,, and x,(y) = 0*Y. Therefore the subgroup we are looking for is
the solution space of a system of homogeneous linear equations. The error of the quantum
procedure is related to the probability of that yi,..., Yk do not generate H+ where y;
are drawn independently and uniformly from H*. For K = O(log|G|) this probability is
at most one percent. By repeating the procedure O(log %) times and taking the majority
decision we obtain probability at most %62 and hence distance will be at most .
We achieved (an approximation of) the superposition

b 9l e 0y ®x) e H),

or, more precisely a tensor product of this vector with some garbage. As |H) is the
unique computational basis element of c?™ representing the output we can copy it into
the register designated to the output. Then we apply the usual cleanup: we do the reverse
of the procedure carried out so far. We are left with (an approximation) of the desired
output state. We have shown the following.

Proposition 9.4. The problem STABILIZER (G, V,v) over the abelian group G can
be solved with error € in time polynomial in K0t if K = (log|G|)*™ log
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9.2 Constructive orbit membership test in abelian
groups

In this section we describe the ”quantum part” of an approach to solving the constructive
orbit membership problem over abelian groups. This is actually a reduction to a certain
statistical problem, for which we give an efficient classical solution over abelian p-groups
of constant exponent in the next section.

Like in the preceding section, we assume that the abelian group G is given as a
direct sum of cyclic subgroups of prime power order and we consider a quantum per-
mutation action on an orthonormal set U C C2. The input state for an instance of
ORBIT-MEMBERK (G, \I/,yo,yl) is the vector

WP @y o) e

where the third part is reserved for the result.

Here we consider only instances where the stabilizers of w and 1 are trivial. This
restriction is justified as follows. In the general case we can ﬁrst use the algorithm of
the preceding section to compute the stabilizers Hy and H; of yo and ¢ r respectively. If
H, # Hj then the two elements are in different orbits (recall that G is abelian). Otherwise
we replace G with the factor group G/Hy. To implement the G/Hy-action, observe that
any element of G/H acts on the orbits of Y, and ¥, as an arbitrary representative from
the coset.

The outcome of a procedure solving an instance of ORBIT-MEMBER (G, U, yo’ yl)
with trivial stabilizers should be the vector

P @ ¢ @ |u) € T,

where w is the unique solution: it is either "none” or the group element carrying ¢ , to P,
Like in the preceding section we omit the workspace from the input and output state.

In order to exclude the ”degenerate” case where ¢ L= ﬁo’ we begin with an application
of the swap test described in Subsection 2.5.5 (to the K copies of the pair) to decide if
b, = ¢,. We assume that K is large enough so that the error probability is at most 5
and the output of the test is in the first qubit of the workspace. These assumptions assure
that after the swap test the distance of the vector we have from

PO @ v®F @ |0) ® |b)

is at most €/3, where b = 1 if 1), =1 and b = 0 otherwise.

If the test returns 1 (representing "yes”), we put 1g in the output register and undo
(do the reverse of) the swap test.

Otherwise the next phase of the algorithm consists of K rounds. In each round, one
copy of ¥, one copy of ¢ are used together with ¢ qubits and a further qubit from the

workspace. In the ¢-qubit register we prepare the uniform superposition \/ﬁ Y osec |T) (say,

using the Fourier transform of G, like in the preceding section). In the one-qubit register
we prepare the vector \%(!0} + |1)) using the Hadamard gate. Then, in superposition,
we conditionally exchange the contents of the first two registers: We do nothing if the
last qubit is zero and we apply the unitary transformation on the first two registers which
exchanges their contents. As a result we obtain the following vector.

1
oTel ; (% ®Y, @) ®10) +¢, @Y, @ z) ® |1>> ,
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(More precisely, this is just the part we work with in the current round. We actually have a
tensor product of this vector with other parts.) Next we apply the permutation procedure
to the third and the first registers; and its inverse to the third and the second registers.
We obtain the vector

i 2 (24,0 (o0, © ) 010+ 22, © () e} @ 1),

We collect the terms according to the different values of in the first two registers. If ¢ is
not in the orbit of yo then the set

{mgo ® (—:Jc)ylbc e G} U {yl ® (—:v)yokc e G}

consists of 2|G| pairwise orthogonal vectors. If ¢ , = ut,, then this set contains only n
pairwise orthogonal vectors: (z + )i, ® (—z —u), coincides with ¢ @ (—z)¢ and our
vector can be written as

¢2|_G; v, @ (—2)y, @ (|z +u) ®[0) + |z) @ [1)).

We apply the Fourier transform of G to the third register and the Hadamard transform
to the fourth register. (We remark that these two transformations together give actually
the Fourier transform of the direct product G x Z,. The idea of applying transforms of
this kind goes back to an exponential time algorithm [33] for solving the hidden subgroup
problem in dihedral groups.) If ¢ | = utp, then we obtain

Q,G‘ 0>, ® (), ® (xle + W) @ (0)+ 1)+ x@l) @ (0) = 1))).

cG zeG

In this case, for y € G and i € {0,1}, put

—xz \/WIEZG

and
Cri = 2\/’?Z X (@ +u) + (—1)ix(x)).

zeG

In the case when ¢ 0 and ¢ , are in different orbits put

b= e e (-

z€G

and
1

RRVE)

Then for every character y € @, yx is a unit vector in C2** and our vector can be written
as the superposition

Y et @ o).

xe@G,ie{0,1}
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After K rounds we have the tensor power

QK

Yo e, ®h el

xe@,ie{0,1}

Like in the preceding section we apply a method in the framework explained in Subsec-
tion 2.5.5: we pass this superposition to a classical algorithm which analyzes the sequence
S = (x1,%1),---,(XK,ix) and tries to guess the subgroup U generated by u (or return
"none” if ¢ | is not in the orbit of go). The error analysis of the quantum procedure
corresponds to the probabilistic error analysis of our classical procedure which analyzes a
random sequence of pairs (x, ) from G x {0,1} whose members are drawn independently
with probability |c, ;|?. We assume that K is large enough that the probability (according
to the distribution given by the numbers |c,, ; |?) of that the classical statistical algorithm
returns a wrong answer is at most %62. We copy the result into a new register from the
workspace and undo the computations so far.
After the statistical procedure, the distance of the vector we have from

vyt @Y e |U)

is now at most %e. To finish the description of the quantum part, assume first that the
procedure returned "none”. Then we write "none” in the output register and do the reverse
of the procedures executed so far. If a subgroup U is returned then, assuming that K is
at least as large as r times the exponent of G where r is large enough such that the swap
test on r copies of pairs errs with probability at most 1—1862, we apply an exhaustive search
for u over the subgroup U based on the swap test. We copy u to the output register and
undo all the computations performed so far.

In any case, the distance of the vector we have at this point from the desired outcome
is at most €.

9.3 Solving random systems of linear disequations

In this section, based on the paper [57], we discuss a problem arising from the statistical
analysis relegated from the preceding section and give a polynomial time solution over
abelian p-groups of constant exponent. Recall that the input for the analyzing procedure
is a sample of size K over pairs (x,i) € G X Zs, drawn independently according to a
distribution where either

, 1
Pr [(XJ)] = ’CXJ‘2 = 2|G|
or there is an element u € G \ {0} such that
: ~Dix@)° _ () + (=17
et @ )
r [(X?Z)] ‘CX7Z| 4’G‘ 4‘G|

Observe that in the first case the distribution is uniform while in the second case the
probability of any pair of the form (y, 1) is zero where x is a character of G containing u
in its kernel (that is y(u) = 1). The task is to distinguish between the two distributions
and provide information on the element u in the second case. This information will be the
subgroup generated by wu.
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Notice that the probability of having 1 in the second register is

x(u) — 17 N
1=2 4|G| 4|G|22_ ) —x(w) =3

x€G

where the last equality follows from the orthogonality relations (for the columns of the
character table of |G|) which give > 5 x(u) = 0 as u # 0. Therefore if we throw the
pairs of the form (y,0) from the sample away then the rest — if we forget about the 1 in
the second part — simulates a sample over GG according to the distribution where either

or there is an element u € G \ {0} such that

x(u — 1)
Pr iy = fe? = MG

Actually we only notice the subgroup of G generated by the character y at hand.
Equivalently, we can equalize the probability of characters that generate equal subgroups
of G as follows. If character xy occurs in the sample then we draw uniformly a number
0 < j < m which is prime to the exponent m of G and replace y with y/. We show
below that we obtain a distribution which is nearly uniform on the characters x such that

x(u) # 1.

Lemma 9.5. Let w be a primitive mgth root of unity, let m be a multiple of mqy and let
my be the product of the prime divisors of m. Then

YW= f(mo) p=p(52), - if molma
ey 0 otherwise,
0<j<m,(j,m)=1

where ¢ is Euler’s totient function and u is the Mobius function.

Proof. For klm we define f(k) = Zlgjgk,(j,k):lw%j' Then for every k|m we have
SoF oW =3 4 /(). (This follows from the fact that every positive integer j < k can be
uniquely written in the form j = % - j" where d|k, 1 < j' < d and (j',d) = 1.) Put F(k) =
>_qp J(d) for k[m. Then, by the Mobius inversion formula, f(m) = >, nu("7)F(d).
We know that F(d) = d if w@ = 1 and F(d) = 0 otherwise. Hence the product
p(*3)F(d) is nonzero if and only if mo|%|mi. Therefore f(m) = 3 m ym p()d =

=D m p(5H)d = p(mo) - Zd|m1 u(ml/mo)d, if mglm; and f(m) = 0 otherwise. We

conclude by observing that if £ = p; - - - p, where the p;s are pairwise distinct primes then

Zd\z M( )d = ZIC{l ..... r}( )£7|1| Hie[pi = H::1(pz' —1) = ¢(0). N

Lemma 9.6. Let 1 # w be an mth root of unity. Then

1 1 .
- < > -viP<2
2 2¢(m> 0<j<m,(m,j)=1
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Proof. The upper bound is obvious. To see the lower one, let my be the order of w and
let m; be the product of the prime divisors of m. Observe that |1 — w/|*> =2 — W/ — w7,
Therefore m Zo<j§m,(m7j:1) 1—wi>=1- m Zo<j§m7(m,j:1) w’. By Lemma 9.5, the
sum on the right hand side is zero unless mg|my. If mg|my then that sum has absolute value
—Lm (f1). The assertion for mg > 2 follows from ¢(m) = -¢(m1) = =d(mo)d(72) >

B(m) m1 miy

2. ¢(1). If mo = 2 then w = —1 and the sum is 2. O

We say that a distribution over a finite set S is nearly uniform with a real tolerance
parameter ¢ > 1 over a subset ' C Sif Prs] =0if s € S\ 5" and 1|S'| < Pr[s] < ¢/|9|
for s € S". From Lemma 9.6 we immediately obtain that the new distribution remains
uniform over G if the original was, and it becomes nearly uniform with tolerance parameter
2 over the characters containing u in their kernels in the other case. To see the second
part of the statement, let m stand for the exponent of G. Then the probability of x in the
resulting distribution is

1 12
Prx] = WU%;H—X(U) .

By Lemma 9.6, this probability is between 5= and 2. Thus our original problem reduces

) ) 2G| Gl
to the following one with ¢ = 2.

RANDOM LINEAR DISEQUATIONS(G, ¢) - search version

Input: Sample from a distribution over G which is

- either nearly uniform on characters not containing a fixed element u in their
kernels.

- or nearly uniform on the whole G.

Task: Decide which is the case and in the second case return the set of elements
u with the required property.

In the decision version of RANDOM LINEAR DISEQUATIONS the goal is merely distin-
guishing between the two cases. Note that if u is in the expected output of the search
version then so is u! where ¢ is relatively prime to the order of u — these are the elements
which generate the same cyclic subgroup as u. The output can be represented by any
of such elements. We do not parametrize the problem RANDOM LINEAR DISEQUATIONS
with the sample size. This simplification is can be justified as follows. We imagine that
the input is an infinite sample. The running time of an algorithm solving the problem is
obviously an upper bound for the actually required sample size. In the context where we
apply such an algorithm this bound will be satisfactory.

The name RANDOM LINEAR DISEQUATIONS is justified as follows. Assume that
G = Z, where p is a prime number. Then fixing a pth root of unity gives a one-to
one correspondence between the characters of G and homomorphisms from G to the group
Z,. 1f we consider G as a vector space over Z, then these homomorphisms are actually the
linear functions from G to Z,. The task is to find the elements v of G which fail to satisfy
any the homogeneous linear equations corresponding to the functions.

In Subsection 9.3.1 we show that search problem RANDOM LINEAR DISEQUA-
TIONS(G, ¢) is in time (log |G| + exp (G))°™M reducible to the decision version — over sub-
groups of G and with slightly bigger tolerance parameter ¢’ = 2c.

The reduction is based on the following. If B is a subgroup of G' and we restrict
characters of G to B then we obtain a nearly uniform distribution characters of B not
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containing u in their kernels. If u ¢ B this is a nearly uniform distribution over all
characters of B.

A possible solution of the decision problem could follow the lines below. If the distri-
bution is uniform over all characters then the kernels of the characters from a sufficiently
large sample will cover the whole B. Therefore a possible way to distinguish between the
two cases is to collect a sufficiently large sample of characters and to check if their kernels
cover the whole group B. Unfortunately, this test is coNP-complete already for B = Zj.
Indeed there is a straightforward reduction for non-colorability of graphs by 3 colors to
this problem.

In Subsection 9.3.2 we describe an algorithm which solves RANDOM LINEAR DISE-
QUATIONS in p-groups. The method is based on replacing the covering condition with a
stronger but much more easily testable one which is still satisfied by not too many uni-
formly chosen characters. The running time is polynomial in log |G| if the exponent of G
is constant.

9.3.1 Reductions

In this section we show that the search version of RANDOM LINEAR DISEQUATIONS is
reducible to its decision version in abelian groups of the form Z.,.

For a finite abelian group G we denote by G its character group. Assume that H is a
subgroup of G. Then taking restrictions of characters of G to H gives a homomorphism
form G onto H. The kernel of this map is the set of characters which contain H in their

—

kernels. This set can be identified with the character group (G/H). It follows that every
character of H has exactly ‘(G J/H )‘ extensions to G. Therefore, if a distribution is nearly

uniform on characters of G then restriction to H results in a nearly uniform distribution
over characters of H with the same tolerance parameter.

The same holds in the reverse direction: taking uniformly random extensions of char-
acters of H to G transforms a nearly uniform distribution over H to a nearly uniform
distribution over GG with the same parameter. And a similar statement holds for distribu-
tions nearly uniform on the characters of H which do not contain a specific u € H in their
kernels.

For restricting characters of G not containing the element u € G in their kernel we have
the following.

Lemma 9.7. Let H be subgroup of a finite abelian group G, let x be a character of H and
let w € G. Then the number of characters of G extending x such that x(u) # 1 is

G H|(k=1)/k ifko—k

where k is the smallest positive integer such that k-u € H and x(k-u) =1 and kg is the
smallest integer such that ko -u € H.

Proof. Tf ky < k then x(kou) # 1 therefore ¢)(u) # 1 for every ¢ extending y to G.
Assume that kg = k. Let B be the subgroup of G generated by H and u and let M =
{r € H | x(x) = 1}. Then every character of G extending x takes value 1 on M,
therefore it is sufficient to consider the characters of B/M extending the characters of H/M.
Equivalently, we may assume that M = 1, and k is the order of u. Then B is the direct
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product of the cyclic group generated by u and H. In this case there exists exactly one
character of G extending y which take value 1 on u. Thus there are 1| B/H| characters of
B with the desired property extending x and each of them has |G/B| extensions to G. [

Assume that we have an instance of the search version of RANDOM LINEAR DISEQUA-
TIONS(G, ¢) with solution u € G. Then, by the lemma above, restricting characters of G to
H gives an instance of the search version RANDOM LINEAR DISEQUATIONS(H,2c¢). This
gives rise to the following.

Proposition 9.8. Let G be an abelian group and let p be the largest prime factor
of |G|. Then, for every number ¢ > 1, the search wversion of RANDOM LINEAR
DISEQUATIONS(G, ¢) is reducible to O(p - polylog|G|) instances of the decision version of
RANDOM LINEAR DISEQUATIONS(H, 2¢) over subgroups H of G in time (p - log |G|)°W.

Proof. The first step of the reduction is a call to the decision version of RANDOM LINEAR
DISEQUATIONS(G, ¢). If it returns that the distribution is nearly uniform over the whole
G then we are done. Otherwise there is an element u € G such that the probability of
drawing x € G is zero if and only if x(u) = 1. We perform an iterative search for the
subgroup generated by u using RANDOM LINEAR DISEQUATIONS over certain subgroups
U of G. Initially put U = G. Assume first that U is not cyclic. Then we can find a prime
g such that the ¢-Sylow subgroup @ of U (the subgroup consisting of elements of U of
g-power order) is not cyclic. But then the factor group @/qQ is not cyclic either and we
can find two subgroups M; and M, of @) of index ¢ in @) such that the index the intersection
M = MyN M, in Q is ¢°. This implies Q/M = Z2. Let Q' be the complement of Q in
G. (Recall that @' consists of the elements of G of order prime to ¢.) Let N = M + Q.
Then M = NNQ and G/N = Q/(NNQ) = Q/M = Z?. The group Z; has q + 1
subgroups of order ¢: these are the lines through the origin in the finite plane Zg. As a
consequence, there are exactly ¢ + 1 subgroups Uy, ..., Uy with index ¢ in G containing
N. Furthermore, we can find these subgroups in time polynomial in log |G| and ¢. Note
that G = U; U... U Uyq1. Therefore, by an exhaustive search, using the decision version
of RANDOM LINEAR DISEQUATIONS(U;) for i = 1,...,¢+ 1, we find an index ¢ such that
u € U;. Then we proceed with U; in place of U. In at most log|G| rounds we arrive at
a cyclic subgroup U containing the desired elements u. If U is cyclic then the maximal
subgroups of U are Uy, ..., U; where the prime divisors of |U| are py,...,p; and U; = p;U.
Again using the decision version of RANDOM LINEAR DISEQUATIONS(U;) for i =1,...,1,
we either find a proper subgroup U; containing the solutions u or find that the solutions
cannot be contained in any proper subgroup of U. In the latter case the required subgroup

is U. ]
Finally, for the decision problem we have the following.

Proposition 9.9. Let G = Z,,,®...® Z,,, be a finite abelian group of exponent m. (Som
is the least common multiple of my, ..., m,.) Then, for every real number ¢ > 1, RANDOM
LINEAR DISEQUATIONS(G, ¢) is reducible to RANDOM LINEAR DISEQUATIONS(Z!,c) in
time polylog |G]|.

Proof. We can embed G into B = Z, as mﬂIZm ®...P mﬂan. We replace a character
of G with a random extension to B. As every character of G has |B/G| extensions, this
transforms an instate of RANDOM LINEAR DISEQUATIONS(G, c¢) to RANDOM LINEAR
DISEQUATIONS(B, ¢). O
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9.3.2 An algorithm for p-groups

In this section we describe an algorithm which solves the decision version of RANDOM
LINEAR DISEQUATIONS in polynomial time over groups of the form sz, for every fixed
prime power p*.

For better understanding of the main ideas it will be convenient to start with a brief
description of an algorithm which works in the case £ = 1. This case is — implicitly
— also solved in Section 3 of [36]. Here we present a similar method. The principal
difference is that here we use polynomials rather than tensor powers. This — actually slight
— modification of the approach makes it possible to generalize the algorithm to the case
k> 1.

For the next few paragraphs we assume that £ = 1, i.e., we are working on an instance
of RANDOM LINEAR DISEQUATIONS over the group G = Z;. We choose a basis of GG, and

fix a primitive pth root of unity w. Then characters of G are of the form y,, where z € G
and for y € G the value x,(y) is w*¥, where z -y = > x;y;. (Here z; and y; are the
coordinates of x and y, respectively, in terms of the chosen basis. Note that, as w? =1, it
is meaningful to consider z - y as an element of Z,.)

Using this description of characters, we may — and will — assume that the input contains
the index x rather than the character y, itself. We also consider G as an n-dimensional
vector space over the finite field Z, equipped with the scalar product = - y above. The
algorithm will distinguish between a nearly uniform distribution over the whole group G
and an arbitrary distribution where the probability of any vector orthogonal to a fixed
vector 0 # u is zero.

We claim that in the case of a distribution of the latter type there exists a polynomial
Q € Zy[x1, ..., x,] of degree p — 1. such that for every = which occur with nonzero proba-
bility we have Q(z) = 0. Indeed, for any fixed u with the property above, (> u;x;)P~! — 1
is such a polynomial by Fermat’s little theorem.

On the other hand, if the distribution is nearly uniform over the whole group then,
for sufficiently large sample size K, with high probability there is no nonzero (polynomlal
Q € Z,[x1,...,1,] of degree at most p — 1 such that Q(a'¥) = Q(a = 0 for

every vector a®¥) from the sample a™V), ... a¥).
This can be seen as follows. Let us consider the vector space W of polynomials of
degree at most p —1 in n variables over the field Z,. Substituting a vector a = (ay, ..., a,)

into polynomials () is obviously a linear function on W. Therefore for any K; < K, the
polynomials vanishing at a™, ... a®1) is a linear subspace Wy, of W. Furthermore, by the
Schwartz—Zippel lemma (see Section 2.4), the probability of that a uniformly drawn vector
a from Z7 is a zero of a particular nonzero polynomial of degree p — 1 (or less) is at most
(p — 1)/p. This implies that with probability proportional to 1/¢p, the subspace Wi, 11 is
strictly smaller than Wy, unless Wy, is zero. From this we infer that, if the sample size
K is proportional to p - dim W then with high probability, Wk will be zero. Also, we can
compute Wy by solving a system of K linear equations over Z, in dim W = ("t’; _1) = noW)
variables.

As already mentioned in Section 2.4, the key ingredient of the argument above — the
Schwartz-Zippel bound on the probability of hitting a nonzero of a polynomial — is also
known from coding theory. Namely we can encode such a polynomial Q(x) = Q(z1,...,z,)
with the vector consisting of all the values P(a) = P(aq,...,a,) taken at all the vectors
a = (ai,...,a,) in Z7. This is a linear encoding of W and the image of W under such an
encoding is a well known generalized Reed—Muller code. The relative distance of this code
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is 1/p.

We turn to the general case: below we present an algorithm solving RANDOM LINEAR
DISEQUATIONS in the group G = sz where k is a positive integer. Like in the case k =1,
the characters of the group G = sz can be indexed by elements of G when we fix a basis of
G and a primitive p*th root of unity w: x,(y) = w*¥, where z -y is the sum of the product
of the coordinates of z and y in terms of the fixed basis. Again, we can consider x - y as
an element of Z,. In view of this, it is sufficient to present a method that distinguishes
between a nearly uniform distribution over ng, and an arbitrary one where vectors which
are orthogonal to a fixed vector u # 0 have zero probability.

The method is based on the idea outlined above for the case k = 1 combined with an
encoding of elements of Z,» by k-tuples of elements of Z,. The encoding is the usual base
p expansion, that is, the bijection ¢ : Z?;é a;p’ — (ag,...,a,_1). We can extend this map
to a bijection between Z;}k and Z’;” in a natural way.

Obviously the image under § of a nearly uniform distribution over sz is nearly uniform
over Z’;”. In the next few lemmas we are going to show that for every 0 # u € sz there
is a polynomial ) of "low” degree in kn variables such that for every vector a € Zy, not
orthogonal to u, the codeword d(a) is a zero of Q.

We begin with a polynomial expressing the carry term of addition of two base p digits.

Lemma 9.10. There is a polynomial C(x,y) € Zy[x,y] of degree at most 2p — 2 such that
for every pair of integers a,b € {0,...,p — 1}, C(a,b) =0 ifa+b < p and C(a,b) =1
otherwise.

Proof. For i« € {0,...,p — 1}, let L;(z2) € Z,[2] denote the Lagrange polynomial
[o<jcpjnilz — 3)/(@ — j). We have L;(i) = 1 and L;(j) = 0 for j # i. Define
Clz,y) = Zogz‘,j<p:z‘+j2p Li(z)L;i(y). u

Using the carry polynomial C(z,y) we can also express the base p digits of sums by
polynomials.

Lemma 9.11. For every integer T" > 1, there exist polynomials QQ; from the polynomial

Ting Zp[y1.0s - s Yl k-1« YT.0s - -y YTk—1), (i = 0,...,k=1) with deg Q; < (2p — 2)* such
that

5 (Z a; mod pk> = (Qo(d(ar),...,0(ar)), ..., Qr_1(5(ar),...,d(ar)))

for every ay, ... ar € Zyk.

Proof. The proof is accomplished by induction on k. For k = 1 the statement is obvious:

we can take Qg = Zthl Yr0. Now let £ > 1. Again set (Qy = ZtT:l Yo and for t =2,...,T
set Cy = C ((Z;;ll yj,o),yt,o). Then for every as,...,ar € Z,, the digits sg,...,sp_1 of
the sum s = Zthl a; mod pF satisfy

so = Qolai,...,anp) mod p,
k—1 T T
st = Ztat/pj + Z ¢, mod p*t
j=1 t=1 t=2
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where ¢; = Cy(a10, ..., a:0). In other words, the Oth digit of the sum s is a linear polynomial
in a;p, and, for 1 < j < k — 1, the jth digit is the (j—1)th digit in the RHS term of the
second equation. There we have a sum of 27" — 1 terms and each digit of each term is
a polynomial of degree at most 2p—2 in the a;;. Therefore we can conclude using the
inductive hypothesis applied to that (longer) sum. ]

Recall that we extended ¢ to ng in the natural way. To be specific, for a =
(a1,...,a,) € Zy, we define d(a) € Zy" as the vector (a,. .., nk-1) € ZE" where a;; is
the jth coordinate of d(a;) € Z’;. We can express the digits of the scalar products of a
vector {from ng with a fixed one as follows.

Lemma 9.12. For every u € ZZ’“ there exist polynomials Q; € Zy[x10, ..., Tnk—1] of total
degree at most (2p—2)¢, fori =0,...,k—1, such that §(a - u) = (Qo(d(a)), ..., Qr_1(d(a)))
for every a € ng.

Proof. The statement follows from Lemma 9.11 by repeating wu; times the coordinate x;,
and taking the sum of all the terms obtained this way modulo p*. [

In order to simplify notation, for the rest of this subsection we set x;,4;, = 2;; (j =
0,....k—1,7=1,...,n). For every positive integer D, let Z[x1,...,xn] be the linear
subspace of polynomials of Zy[z1,...,z,;] whose total degree is at most D and partial
degrees are at most p—1 in each variable.

Together with Fermat’s little theorem, the previous lemma implies a polynomial char-
acterization over Z, of vectors in Z. that are not orthogonal to a fixed vector u € Ly,

Lemma 9.13. Let D = @_1)(;2;;__32)]&1). For every u € Z,, there exists a polynomial Q, €
ZYx1,. .., wnp] such that for every a € Ly, a-u#0 mod Pk if and only if Qu(6(a)) = 0.
Proof. Let Q) = H;:é(QTl — 1), where the polynomials ); come from Lemma 9.12. This
polynomial has the required total degree. To ensure that partial degrees are less than p—1,
we replace z¥ terms with z; until every partial degree is at most p — 1. Let @, be the
polynomial obtained this way. Then @, and @ encode the same function over ng and
hence the polynomial @), satisfies the required conditions. ]

It remains to show that if K is large then with high probability, for a sample a, ..., ax
taken accordingly to a nearly uniform distribution over ZZ’“, there is no nonzero polynomial
in Z,l,)[iﬂl, ..., Tnx] vanishing at all the points ay,...,ax where D is as in Lemma 9.13.
Furthermore, we also need an efficient method for demonstrating this.

To this end, for every a € Zg’“, we denote by ¢, the linear function over polynomials in
ZZ’? [x1,..., 2, that satisfies ¢,(Q) = Q(a). Deciding whether the zero polynomial is the
the only polynomial in Zz? [1, ..., 2] such that ¢, (Q) = 0 amounts to determining the
rank of the the K x A matrix whose entries are £,, (M) where M runs over the monomials

in Z[x1,..., 2n). Here A stands for the dimension of ZD[zy, ..., zn]. Note that A <
(kn+D—l)

kn .

The image of the space le)) (21, ..., %] under the linear map L : @ — (ﬁa(Q))aezgk i
nk—r—1

—
w0

known as a generalized Reed-Muller code with minimal weight at least (p — s)p
p*=IP/=D1 where r, s are integers such that 0 < s < p — 1 and Max{D, (p — 1)nk}
r(p— 1)+ s cf. [2]. For K1 < K, let Wk, stand for the subspace of polynomials in

[ IA
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Zf [x1,..., 2] vanishing at all the points aq,...,ax,. The minimal weight bound above
gives that for K; < K,

~[D/(-1)]

1
Pr Wk, 11 < Wk, |[Wk, # 0] > .

p

Here c is the parameter of near uniformity. The formula above implies that if
K = 0(cp'P/P~11 dim Z,?[iﬂl, o an]) = c(pnk)O() “)

then with probability at least 2/3, Wy will be zero - provided that we have a nearly

uniform distribution with parameter c¢. (In the second bound we have used that D =

(p—1)((2p—2)*—1)
2p—3

following.

= O((2p)*¥). Together with the remark on rank computation this gives the

Theorem 9.14. RANDOM LINEAR DISEQUATIONS(ZZk7 ¢) can be solved with (one-sided)
error probabzlzty at most 1/3 in time c(pnk)°( 2% In particular, for every fixed prime

power p*, and for every fized constant c, RANDOM LINEAR DISEQUATIONS(ZZM ¢) can be
solved in time polynomial in n.

O
Note that with independent repetitions we can exponentially improve the error proba-
bility. Together with the quantum part described in Section 9.2 this implies the following.

Corollary 9.15. Assume that we have a quantum permutation action of the group G = sz
on . Then, for K = (pnk)?()" )log 1 ORBIT-MEMBERk (G, ¥, ¢, %, ) can be solved

by a quantum algorithm in time K9 with error at most e.

9.4 A recursion for computing stabilizers

In this section we describe our algorithm which solves STABILIZER over our special
class of solvable groups. We begin with the most important ingredient which makes the
recursion described in the introductory part possible.

Theorem 9.16. Let G be a group and assume that N is a normal subgroup of G isomorphic
to Z,, for some prime p. Suppose that we have a quantum permutation action of G on the set

U C C¥. Then, the vector g@K where ¢ € ¥ and K = (pn)?® log %, can be transformed

by a quantum algorithm in time polynomial in ((pn)pﬁt)o(l) log% to a vector e-close to

U = S = R 8 e ()

Proof. We give a description as if all the ingredients worked exactly. The choice for K
ensures that their cumulative error, that is the distance form the desired vector, will be
at most e. We begin with computing the stabilizer Ny, of ¢ by the method of Section 9.1,
using the first K copies of 1. The (description of) N, is computed in a register taken from
the workspace. In the next step we compute a direct complement Ny of Ny into a further
register. Then we take an additional /-qubit register from the workspace and prepare the
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superposition \/ﬁ Zye N 1Y) in it using the quantum Fourier transform of Ny. We have

the vector

Jl_o Y @ @ ly).
y€No

(More precisely, we actually have a tensor product of this vector with the description of
Ny and N together with further 0 qubits in the workspace.) We apply the permutation
action to the second K copies of ¢ with the last register to obtain the vector

|
o > @ () @ Jy).
0l yeNy

Next we apply in superposition the inverse of the algorithm for the orbit membership prob-
lem ORBIT-MEMBERk (No, ¥, 9, y%) to "uncompute” y in third register. We obtain

\/|1N_0| S 0®K @ (y)° © [0),
y€No

or, more precisely the tensor product of this with some other vectors. We undo the com-
putations for Ny and N, and finally obtain the vector

1
VINol D e ) = e
0l yeNg

(More accurately — as usual — we have the tensor product of the vector above with the zero
qubits of the workspace.) ]

\/WZ y)®

yeN

Now we are in a position to prove Theorem 9.1.

Proof of Theorem 9.1. By the assumptions G’ has a series of subgroups G' = Ny > ... >
Ny > Npy1 = {1} such that for every index 1 < i < m, N; is a normal subgroup of G
and the factor group N;/N;y; is an elementary abelian p-group for a prime p bounded by
a constant. Such a series can be efficiently computed as a refinement of the derived series
of G'.

We show by induction on m that there is a constant ¢ = ¢(m) such that STABILIZER
can be solved in time polynomial in K¢t with error € for K = (log |G|log 1) (instead of
K = (log|G|)?log 1) if |G| is large enough. The desired dependence on € can be obtained
by the following standard technique. The result implies that a constant error (say 1/100)
can be achieved with K = (log|G|)°M. By repeating the procedure with constant error
O(log %) times and taking the majority of the answers, the error can be made smaller than
€.

We assume that ¢(m) is a monotone function of m and that ¢(1) is large enough so
that for every prime p below the bound for exponents, in any elementary abelian p-group
P, log |P|c(1) log% copies of input pairs are sufficient to solve with error at most e the
constructive orbit membership problem, see Corollary 9.15. The initial case m = 0 can be
treated by the algorithm of Section 9.1. Assume that m > 1. We put N = N,, and apply
the induction hypothesis to the factor group G/N as follows. Put ¢ = ¢(m — 1). By the
induction hypothesis, STABILIZER k- (G/N, ¥, 1)) can be solved with error ¢/3 in time
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polynomial in K'¢t', where K’ = (log|G|log 2)¢ and ¥’ is an orthonormal set in c2’. We
apply this induction hypothesis in the context where

¥ \/WZW

yeEN

ny}"Ku )z € G},

yEN

and K" = (log |G| log "), so that, by Theorem 9.16, from w®2K the vector w®K ®v' can
be produced with error P / (3K '} in time polynomial in K"/t. (Here we assume that d > 1 is

the constant implicit in Theorem 9.16.) Then, from ng K" an ¢/3-approximation of the

vector K K" @ 1//®K/ can be produced in time polynomial in K'K"¢t. By the induction
hypothesis, the stabilizer of ¢’ in G /N’ can be computed with error ¢/3 in time polynomial
in K'K"(t. Note that this stabilizer is HN/N where H is the stabilizer of 1). We make a
copy of the description HN/N and undo the computations performed so far. Then we have
the tensor product of the description of HN/N with the vector £®2K/KN. The cumulative
error so far is at most %e. By Observation 9.3, we are done if we efficiently solve at most
log |G| instances of orbit membership problem over a direct complement of H N N in N
with cumulative error at most /3. As K"K’ > (log|G|)**'log £ > log |G|Cl3l%‘G|, each
individual instance can be solved with error €¢/(3log|G|) and hence the cumulative error
is indeed at most €/3. We finish the procedure by putting the description of H into the
output register and performing the usual cleanup.

As input, we need K = 2K'K" copies of ¢ (that is, ®*). The running time is
polynomial in K/t and we have N N

K =2K'K" = 2(log |G| log %)C/(log |G\(log§ + loglog |G| + log logg))d,

which is less than (log |G|)log 1) +2¢ if |G| is large enough. Therefore
c=c(m)=c(m—1)+2d=c+2d

is a good choice. ]

9.5 Remarks

In the original paper [36] it is also shown that the constructive orbit membership prob-
lem — using polynomially many copies of the input states — can be solved in polynomial
time in solvable groups of constant exponent and constant derived length. The proof is
analogous to that of Theorem 9.1. We also remark that in [36], a self-reducibility theorem
of a combination of the stabilizer problem and constructive orbit membership is proved
based on a generalization of Theorem 9.16. The latter generalization is proved using an
adapted version of a method of Watrous [92] originally designed for computing uniform
superpositions over solvable black box groups. Here we restricted ourselves to the most
important result (i.e., Theorem 9.1) and used a simplified approach to its proof.

In Section 9.3 we have shown that for any fixed prime power p*, the problem RANDOM
LINEAR DISEQUATIONS over the group Z;}k can be solved in time which is polynomial in
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the rank n. Actually if we let the exponent p* grow as well then our method runs in time
polynomial in the rank n but exponential in the exponent p¥. Note that a brute force
algorithm which takes a sample of size O(knp®logp) (the kernels of that many random
characters cover the whole group with high probability) and performs exhaustive search
over all the the elements of Z7'; runs in time (pF™)°M) which is polynomial in the exponent p*
and exponential in n. It would be interesting to know if there exists a method which solves
RANDOM LINEAR DISEQUATIONS in time polynomial in both n and p*. Also, the method
of Section 9.3 exploits heavily that the exponent of the group is a prime power. Existence
of an algorithm for RANDOM LINEAR DISEQUATIONS in Z7, of complexity polynomial in
n for fixed m having more than one prime divisors is an open problem, even in the smallest
case m = 6.
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Chapter 10

Efficient Testing of Groups

This chapter is based on parts of the paper [37], joint work with Katalin Friedl and Miklos
Santha. Here we construct an efficient probabilistic algorithm that, given a finite set
with a binary operation, tests if it is an abelian group. The complexity of the tester
is polylogarithmic in the size of the set. The distance used is an analogue of the edit
distance for strings. Previous testers used Hamming type distances and had superlinear
query complexity. It is quite easy to construct a polylogarithmic quantum tester for abelian
groups. Here we show that the power of quantum computers can be replaced by knowledge
of a multiple of the order of elements.

Property testing deals with algorithms that can distinguish functions having some spe-
cific property from functions which are far away in a certain distance from functions having
that property. Let C be a family of functions and let F C C be the subset of functions
possessing the property. Property testers are randomized procedures which receive as in-
put an oracle for some function f € C, and after querying it at some number of points
accept if f € F and reject with high probability if f is far from F. They are relaxations
of the standard decision algorithms in the sense that they can give an arbitrary answer on
functions which do not have the given property but are close to some function possessing
it.

A property tester usually repeats some basic trials and its answer depends on the
number of successful trials. Its complexity is mainly measured by the number of queries,
which in turn is a function of the number of domain samples in the basic trials and the
number of repetitions of the trials. This latter quantity — the query complexity — depends
on the relations between the rejection probability of the basic trials and the distance
from F of the function they reject. The computational complexity, the total number of
operations performed be the tester is often but not always polynomially related to the query
complexity. The main advantage of not requiring a correct answer on all the inputs is that
for a large variety of problems we can have property testers which run in sublinear time, and
thus do not even read the whole input data. Indeed, sublinear property testers have been
constructed in recent years for example for problems in algebra, graph theory, geometry,
string and set operations, optimization, probability theory and quantum computing. For
surveys on property testing see for example [43, 84, 74].

Historically the first property testers were constructed for algebraic problems under the
name of self-testers [15, 70]. Many of these testers dealt with group theoretical problems,
and they were using a Hamming type distance. Two problems which are of particular
interest for this chapter can be cast in the following general terms:
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e Given a function from a group to another group, is it a homomorphism?
e Given a binary operation on a finite set, is it the multiplication operation for a group?

The first homomorphism tester for abelian groups was constructed by M. Blum,
M. Luby and R. Rubinfeld [15]. To test if a function f : G — H is a homomorphism,
where G and H are abelian groups, the following simple basic trial is repeated a constant
number of times: pick two random elements z,y € G and verify that f(x+y) = f(z)+ f(y).
This tester was extended to the case of non-abelian groups by M. Ben-Or, D. Coppersmith,
M. Luby and R. Rubinfeld [12].

The obvious algorithm to decide if a binary operation on a finite set I' is associative
takes time O(|T|®). S. Rajagopalan and L. Schulman [81] gave an O(|T'|?) randomized
algorithm for this task, and they have also proved an Q(|T'|?) lower bound. In the work
which is the most closely related to ours, F. Ergiin, S. Kannan, R. Kumar, R. Rubinfeld
and M. Viswanathan [34] constructed a property tester for group multiplication which
runs in time O(|T[*2(log |T'[)°®). When the binary operation over I' is guaranteed to be
cancellative, the complexity of their tester is O(|T'|(log |T'|)°"). They measure the distance
of two binary operations over the same finite set by the fraction of pairs of elements where
the operations differ, and in their case the distance is undefined if the two operations act
on different sets. The reason of the relatively high query complexity of their tester is that
even in the cancellative case same basic tests are performed for every element of I'.

Let I be a finite set. In this chapter we use the term magma for a finite set I' equipped
with a binary operation, often referred to as multiplication. Instead of the Hamming type
distance discussed above we use a distance similar to the edit distance of strings. This will
make it possible to correct magmas by changing the size of their ground sets. We define
the edit distance so that it does not depend on the particular order of the elements.

A table of size k is a k x k matrix ¢ whose element in row ¢ and column j is denoted
by t;; for 1 < 4,57 < k. We define three operations which transform a table ¢ into a new
table. An exchange operation at place (4, j) modifies the value t;; and leaves unchanged the
others. The cost of an exchange is 1. An insert operation at index i, where 1 <7 < k + 1,
transforms the table t into a table ¢’ of size k + 1 by inserting 2k + 1 elements to make a
new row and a new column of index 4, and by shifting down by one the rows of ¢ of index
at least ¢ and by shifting to the right by one the columns of ¢ of index at least i. The cost
of an insert is 2k + 1. A delete operation at index 7, where 1 < i < k, transforms the table
t into a table ¢’ of size k — 1 by deleting the ith row and the ith column and by shifting
up by one the rows of index at least ¢ + 1 and by shifting to the left by one the columns of
index at least i + 1. The cost of a delete is 2k — 1. For two tables ¢ and t’' respectively of
size k and k', the (relative) edit distance Edit(¢,t’) is the minimal cost of exchange, insert
and delete operations, divided by (Max(k, k’))?, which transform ¢ to t'.

Now we turn to the definition of the edit distance of magmas. Let I' be a finite set
of cardinality k equipped with multiplication p : I' x I' — I". We say that a table ¢
of size k represents p if there exists a bijection = : {1,2,...,k} — I such that t;; =
7 Y p(n(i), m(5))) for 1 <4, < k. For two magmas S and S’ with muliplications p resp. p/
the (relative) edit distance of S and S’, denoted by Edit(S,S’), is defined as the minimum
of Edit(¢,t') where ¢ represents p and ¢’ represents p'.

Below we give a definition of property testers for magmas with respect to the edit type
distance. Contrary to [34] our testers don’t have to know the ground set of the magma to
be tested, only an upper bound of its size and also suppose that random elements can be
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generated from the ground set. Let S stand for the family of finite magmas. Let F C S,
and let 0 < € < 1. An e—property tester for F on S is a randomized algorithm 7' which
can draw random elements from the ground set (independently and uniformly) and use an
oracle for multiplying two elements, such that for every S € §, with ground set of size at
most M and for every confidence parameter 0 < ¢ < 1:

e if Edit(S,F) = 0, then Pr [TS(M, c) accepts} =1,
e if Edit(S, F) > ¢, then Pr [T9(M, c) rejects] > 1 —c,

where the probabilities are taken over the coin tosses of T. Here we assume that an
upper bound on the size of the ground set (and the confidence parameter) are given to the
algorithm. By T we mean that 7T is executed with the oracle for the multiplication of the
specific S.

Our main result is the construction of a tester for the families of abelian groups whose
exponents are divisors of a given number m. The complexity dependency of our tester on
the size of the ground set is exponentially smaller than in the tester of [34]: the number of
calls it makes to the oracle is only polylogarithmic in the size of the ground set.

Theorem 10.1. Let S be the family of magmas and let F,, C S be the family of finite
abelian groups whose exponents divide m. For every € > 0, there exists an e-tester T for
Fm on S with distance Edit which for every S € & with ground set I' of size at most
M > m, and for every confidence parameter c, uses (e~ log M)°W) log% calls to the oracle.

With a large implicit constant, the total computational complexity of the tester is also
(e 'log M)°Wlog L.

In [34] associativity is tested in a clever, although rather direct way. Our approach
is completely different. It originates in our idea of a quantum property tester for testing
abelian groups. We briefly outline the main ingredients of the quantum tester. Let S be a
magma with ground set I' and a commutative multiplication a - b.

First we pick sufficiently many random elements aq, . . ., a; from I' so that if ' is indeed a
group then these elements generate I' with high probability. We use the quantum algorithm
of K. Cheung and M. Mosca [19] (as if I" were a group) to find a basis 7i,...,7s for

the “subgroup” generated by aq, ..., a;, together with the orders mq, ..., m, of the basis
elements. If the algorithm fails we reject S. Otherwise let G denote the group Z,,, ®---®
D,

We have to assure that I' is nearly isomorphic to GG. For an element v € I', define its
positive powers via fast exponentiation. Since we don’t suppose that the binary operation
is associative, we fix some method to parenthesize the terms. We define 7% as 77"*. Let
g : G — T be the mapping given as g(ui,...,us) = 77" - 152 -+ -y%, where again the
multiplication is done according to some fixed way of parenthesizing. We test if g is almost
a bijection between G and I' as follows. We pick a random element 7/ € T", compute its
"order” m’ and solve the hidden subgroup problem for G & Z,, to find the "kernel” H of
the map (u,v) — g(u) - +'~?. We reject if H is not of order m'. Otherwise we see that the
effective subgroup membership for 4" in the image of g can be solved. By repeating this
procedure, we assure that the image of g is very close to I'. If g(u + v) = g(u) - g(v) also
holds with sufficiently high probability for random u,v € G, then it is not difficult to show
that g is close to an isomorphism between G and some group which approximates I'.

We succeeded in extending the latter isomorphism test to a homomorphism test in the
situation where a map similar to g above is far from being bijective. This extension makes
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it possible to substitute the quantum parts of the algorithm by the assumption on the
knowledge of a multiple of the exponent.

For the classical probabilistic tester let S be a magma with ground set I', with binary
operation a - b where a multiple m of the exponent is given. Again, we choose sufficiently
many random elements 7y, ...,7s from I'. We can define 1 as the mth power of an ar-
bitrary element of I'. We consider the group G' = Z; and the map g : G — I, where
glug, ... ug) =" - v5% -y, Here again products are defined according to some fixed
way of parenthesizing and powers by fast exponentiation. If I' is an abelian group then g
is a homomorphism from G to T'.

In Section 10.1 we consider maps from a not necessarily abelian group G to magmas. In
Theorem 10.9 we establish that if f : G — I satisfies f(uv) = f(u) - f(v) with sufficiently
high probability then it is close to a homomorphism from G to some group I'.

We also would like to guarantee that the symmetric difference of I and T is sufficiently
small. We achieve this as follows. Let G; be the subgroup Z! & {0}*~" and assume that
the restriction of g to GG; passes the homomorphism test with high probability. Then by
Theorem 10.9, for i = 1,..., s there exist groups I'; such that the restriction of g to G; is
close to a homomorphism onto the group I';. In Lemma 10.10 of Section 10.2 we will give
further probabilistic conditions which guarantee that the size of T'; grows exponentially with
i with reasonably high probability until I; is close to I'. The number of these conditions
is polylogarithmic in the size of I' which gives the bound on the query complexity of our
tester.

In Section 10.3 the results proved in Theorem 10.9 and Lemma 10.10 are put together.
We show that if a magma passes our tests with high probability then it is close to an
abelian group, and Theorem 10.1 will follow immediately.

10.1 Approximate group homomorphisms

For the purpose of this section we fix a positive real number n < 1/120. Let T" be a set
equipped with a binary operation denoted by a-b. Let G be a finite, not necessarily abelian
group and let f: G — I be a map from G to I" such that

Pr [f(zy) = f(z)- fy)] =1 - (10.1)

z,yeG

If T is a group then a new function f can be defined as

f(x) =Maj f(zy) - fy™),

yeG

and it can be shown that f is a homomorphism close to f (see, for example, [74] for the
abelian case). Here, if h is a function whose domain contains a finite set .S, Maj, s h(y)
denotes the value of f taken most frequently on elements of S. If there are more than one
most frequent values then we take the symbol ”undefined”.

Unfortunately the approach above does not work directly if I' is not associative. How-
ever, we can construct a congruence relation on G using similar majority arguments. Recall
that a congruence on G is an equivalence relation respecting the group operations or, equiv-
alently, an equivalence relation where the classes are the cosets of a normal subgroup K.
We shall identify a big part of the factor group G/K with a subset of I" in a way so that
f will be close to the natural homomorphism G — G/ K.
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We define the binary relation £ C G' x G by

E(z,y) ¢ Pr [f(eu) = f(yu)] > 1/2.

uelG
First we prove that the majority involved in the definition above is actually overwhelm-
ing.
Lemma 10.2. Let x,y € G. Then
Pr[f(ou) = fyw)] > 1= 4y or  Pr(f(zu) £ f(yu)] > 1~ 4n.

ueG

Proof. Condition (10.1) implies that
Pr[feuw) = fr) - fw)] = 1,
Pr [[guw) = Flyu) - ()] > 1

Therefore
Pr [f(zu) = f(yu) = f(zuw) = f(yuw)] > 1 —2n.

u,weG
Rewriting uw as v we obtain

Pr [f(zu) = f(yu) = f(zv) = f(yv)] = 1 =21,

u,vEG

whence, by symmetry,

Pr [f(zu) = f(yu) < f(zv) = f(yv)] = 1 =41,

u,vEG

Rewriting the left hand side gives

Pr [f(zu) = f(yu)]” + Pr [f(vu) # fyu)]” 21— 41.

Let p stand for the smaller of Pr,cq [f(zu) = f(yu)] and Pryec [f(zu) # f(yu)]. (As

1—4n > %7 they cannot be equal.) Then the last inequality can be written as p*+(1—p)? >

1 — 4n, whence p(1 — p) < 2n. Assume by contradiction that p > 4n. Then, monotonicity

of p(1 — p) for p < 1 implies 4n(1 — 4n) < 27, or equivalently, n(1 — 8n) < 0. This is
1

impossible as 0 < 7 < 55 and the statement follows. ]

Lemma 10.3. E is an equivalence relation on G.

Proof. The facts that F is reflexive and symmetric are immediate consequences of the
definition. For transitivity assume that E(x,y) and E(y,z). Then Lemma 10.2 implies
that Prycq [f(2zu) = f(zu)] > 1-8n > 1/2. Therefore E is transitive, so it is an equivalence
relation. [

We say that an element x € G is well-behaving if

Procq [f(zu) = f(x) - f(u)] = 4/5, (10.2)
and  Proce [(f(2) - f(w) - f(u™) = f(2)] > 4/5. (10.3)

Next we show that on well-behaving elements the equivalence classes correspond to
different values of f and also, that most of the elements are well-behaving.
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Lemma 10.4. Let 1,29 € G well-behaving elements. Then E(xy,x2) iff f(x1) = f(z2).
Proof. 1f f(x1) = f(z2) then by (10.2) we have

Pr [f(ziu) = f(zu)] = Pr[f(zw) = f(z1) - f(u) and f(zou) = f(z2) - f(u)].

e uelG
The latter probability is at least 3/5 and so E(z1,xs) holds. On the other hand, when
E(z1,25) then, by Lemma 10.2, Prycq [f(z1u) = f(zau)] > 1 — 4n. By assumptions (10.3)
and (10.2), Prycq [f(2:) = f(zu) - f(u™')] > 3/5. Therefore
Pr [f(z1) = f(x9)] > 1 —4n—4/5> 0.

ueG

Lemma 10.5. Pr,c¢ [z is not well-behaving | < 157.

Proof. From (10.1) follows that the probability that (10.2) does not hold for an z is
at most 57. Regarding the other condition, notice that (10.1) implies the inequality
Proucc [(f(z) - f(uw)- f(u™") = f(z)] > 1 — 2n, therefore the probability that an z vi-
olates (10.3) is at most 107. O

Lemma 10.6. There is a subgroup K of G such that E(x,y) if and only if Kz = Ky.

Proof. Let K be the equivalence class of the identity element. Then from the definition of
E we obtain that

E(z,y) & Pr[f(zu) = f(yu)] 2 1/2 &

ueG

Pr [f(xy™yu) = f(yu
Pr [f(oy~'w) = flw

weG

If ,y € K, then by definition, F(1,z) and E(1,y) hold. By transitivity E(z,y) follows,
therefore zy~! € K. O

Lemma 10.7. Let K denote the subgroup of G provided by Lemma 10.6. Then K is a
normal subgroup of G.

Proof. Define the relation E’ by

E'(e,y) & Pr [f(uz) = f(uy)] > 1/2

ueG

For E’ all the preceding claims are true if we reverse the order of multiplication. In
particular, there exists a subgroup H of G such that E'(z,y) if and only if tH = yH. We
say that an element x € G is well-behaving on both sides if x is well-behaving with respect
to both orders of multiplication,

Pr [f(zu) = f(x) - f(u)] > 4/5,

Pr [f(uz) = f(u) f(2)] > 4/5,

Pr [(f(z) - f(w) - f(u™") = f(@)] > 4/5,
and Pr [f(u™" - (f(u)- f<:c>> = f@)] = 4/5.



Application of Lemma 10.5 to both orders of multiplication gives

Pr [z is well-behaving on both sides | > 1 — 307.

zeG

Let y € G be an element such that

Pr [z is well-behaving on both sides | > 1/2

zeKy

holds. Notice that more than half of the y’s are like this because n < 120.

Let x € Ky a well-behaving element on both sides. If 2/ € Ky is also a well-behaving
element on both sides then, by Lemma 10.4, f(z) = f(2’), and again by Lemma 10.4 applied
to the reverse order of multiplication, tH = 2'H, so «’ € xH. Therefore, |[KyNxzH| >
| K/2.

Consider the set 27 'Ky = y~!(yz7'K)y. Notice that yx~! € K because of the choice
x € Ky. This ensures that 27Ky = y 'Ky is a subgroup. The facts that y 'Ky N H is a
subgroup of y 'Ky and |y 'KynH| = |+ ' KynH| = |z(z ' KyNH)| = |KynxzH| > |K|/2
imply that y 'Ky < H from which |K| < |H| also follows. Similarly, we can obtain that
|H| < |K]|, so |K| =|H| and y 'Ky = H must hold for every y such that

Plg [z is well-behaving from both sides | > 1/2.
TERY

Therefore 4y ' Ky = H holds for more than half of the elements y € G. When y 'Ky = H
and z27'Kz = H then yz~! normalizes K, i.e., (yz~!)"'Kyz~! = K. Tt follows that the
size of the normalizer group of K, |[Ng(K)| > |G|/2, so Ng(K) = G and the subgroup K
is a normal subgroup in G. [

We say that an element = € G is good if it is well-behaving and f(z) = Maj,. g, (f(y)),
and bad otherwise. A coset Kx is good if it contains a good element.

Lemma 10.8. Pr,c¢ [z is bad | < 307

Proof. We show that

Pg [z is bad and well-behaving | < Pg [z is not well-behaving |.
ze Te

In fact we can prove the stronger statement, that this inequality holds when the probability
is considered in an equivalence class. We know that the function f is constant on the well-
behaving elements of an equivalence class (by Lemma 10.4). Since the bad well-behaving
elements do not form a majority in the class, the number of non well-behaving elements
must be greater. ]

Theorem 10.9. Let n < 1/120 and assume that the inequality

Pr [f(zy) = f(z) - f(y)] > 1—n

z,yeG

holds. Then there exists a group T with multiplication * and a homomorphism f : G — T
such that

(i) [T\ T] < 30m|T],
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(ii) Pr’YlﬁQEf‘ (V1 %72 # 71 - 7] < 91,
(iii) Proec [f@;) ” f(q:)] < 301.

Proof. Let I = G /K and let f . G — T be the natural homomorphism. Consider a good
coset Kz € G/K. We identify Kz with f(y) where y is a good element of Kz. This
identification is legitimate since the function f is constant on the good elements of K,
and it ensures that when z is a good element of G then f (x) = f(z). Now we prove the
three claims.

(i) For every & € G observe that f(z) ¢ I' < Kz is bad. If Kz is bad, then each of its
elements is bad, so Lemma 10.8 implies the statement.

(ii) Let 71,72 € I'. Then there exist z,y € G, such that f(z) =y and f(y) = 7. Also
e = f(x) * fly) = flzy).

When v; € T or 75 € I' then ~; - 75 is not defined. This happens with probability at
most 607. The probability that zy is bad is at most 30n. If zy is good then f(zy) = f(xy).
The probability in this case that f(zy) # f(z) - f(y) is at most 7.

(iii) If f(z) # f(x) then z is bad and the statement follows from Lemma 10.8. O

10.2 Growing subgroups

We keep the assumptions and notation introduced in the preceding section. Here we prove
a lemma which will be used in Theorem 10.14. We establish further probabilistic conditions
under which, if we apply Theorem 10.9 to groups H < G in the context described in the
outline given in the introductory part of this chapter, i.e. H is constructed from random
elements of I' and G is built by adding further random elements, yielding respectively
groups II and T, then T will be at least twice as large as II with reasonable probability
unless I is close to T'.

Lemma 10.10. Let n < 1/120, let f : G — T be a function, let H be a subgroup of G and
let z be an arbitrary element of G. Assume that

Proen [f(uv) = f(u) - f(v)] > 1. (10.4)

Let T1 be the group provided by Theorem 10.9 for H. Then there exists a subset B = B(H)
of I such that |B| < |II|, and the following property holds: Assume also that f satisfies
(10.1) and

Pricppec [f(uv) = f(u) - f(v)] =1 —n, (10.5)
Procuvec [f(uwv) - f(v™h) = f(u)] = 1—n, (10.6)
Procpocc [f(zuv) - f(v™1) = f(zu)] > 1 -, (10.7)
Procp [f(zu) - f(u™') = f(2)] = 1 —n. (10.8)

Then either |L| = ||, or IT| > 2|11|, where T is the group provided by Theorem 10.9 for
G. Moreover, if |T'| = |II| then f(z) € B

Proof. We define the relation Ey on H by

Ey(r,y) <= Pr[f(zu) = f(yu)] = 1/2.

ueH
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For every x € H, let 3(x) = Maj,cpy (f(zu) - f(u™)). We say that z is a majority element
i H if
Py [3(x) = f(aw) - f(u™)] > 1/2 +4n,
Notice that a well-behaving element z is always a majority element in H. We define the
set
B ={p(x) : x is a majority element in H}.

Claim 10.11. |B| < |1I|.

Proof. 1t is sufficient to prove that the size of B is at most the number of equivalence
classes of Fy. Let majority elements x, y belong to the same equivalence class of Ey. Then

B(x) = B(y) because
Pr [f(zw) f(u) = f(yu) - )] > 1— 4y,

ueH

Claim 10.12. Foryi,y2 € H, Ex(y1,y2) <= Ec(y1,y2).

Proof. Assume that Eg(yi,y2). According to Lemma 10.2, Pr,cy [f(yiu) = f(you)] >
1 —4n. From (10.5) we infer that Prycpyeq [f(yiuv) = f(yu) - f(v)] > 1 — n because

El&[f(ylw)zf(ygw)] = uegfec[f(yluv):f(yﬂv)] > 1-6n > 1/2, (10.9)

which means that Fg(z,y).
To see the reverse implication, assume that Eg(y1,y2). Then by Lemma 10.2

B ) = flgpwo)] = Pr[f(pw) = flp(w)] > 1 - 49 (10.10)
By (10.6), Prycguen [f(yiu) = f(yiww) - f(v™')] > 1 — n holds, therefore we have
Prycu [f(yiu) = f(you)] > 1 —6n > 1/2, and so Ey(y1,y2). O

Since the elements of I and T are respectively the equivalence classes of Ey and Eg, it
follows that I' has a subgroup isomorphic to II, and therefore either |I'| = |II| or [I'| > 2|II|.

Claim 10.13. Let y € H such that Eg(z,y). Then f(z) = ((y) and y is a majority
element in H.

Proof. First observe that if u is a random element of H and v is a random element in GG
then uv is a random element in G. By Lemma 10.2,
Pr _[f(zuv) = f(yw)] > 1 —4n.

ueHveG

Therefore

Pr [f(zuv) - f(v™) = fywn) - f(v )] 2 1~ dn.

ueEHveEG

From (10.7) and (10.6) follows that Prycy [f(zu) = f(yu)] > 1 — 61 and (10.8) implies
that Procy [f(2) = f(yu) - f(u™')] > 1 — 7n. Because 1/2+ 4n < 1 — 7n, it follows that y
is a majority element in H and f(z) = ((y). O

To finish the proof of Lemma 10.10 let us suppose that f(z) & B. Then by Claim 10.13,
Eg(z,y) does not hold for any y € H. Therefore Eg has more equivalence classes than Ey
and thus |T'| > [TI|. O
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10.3 The tester

Let S be a magma whose ground set is I'. We denote by - the multiplication of S. For any
v € T and integer 0 < e < m we define the positive powers of v as follows: y! = 7,7 =
V22 fori > 0, and for e = 37 0;2) where b; € {0,1}, 74 = (... (%02 A1) ) Abi?
where multiplication by a factor of the form +° is the identity map. We fix an arbitrary
element a of I' and define 1 as a™. Then for every v € I', 4° = 1 and for an arbitrary
integer €', v¢ = ~¢, where €’ is the smallest nonnegative number congruent with ¢’ modulo
m.
Let k and / be integers which will be fixed later. We put G' = ZE and fori =1,...,k,
we define the subgroups GO = @,_, @§:1 Lo ® @)L, {0} of G. Fori=1,...,k and
j=1,...,¢putz;; =(0,...,0,1,0...,0) € G where the 1 is in the (i—1)¢+jth coordinate.
Put I' = T*. Let ¥ = (Y11, -+, Y16+ Vk1s---» Yee) € L. For every such 4 € T’ we
define the functions g;; : ' X Z,,, — ' by

9i;(7, €) =7
and g : ' x G — T by

gy, 1 s ene) = (- (gu (¥, e11) - gr2(¥,€12)) - - -) - Gre(F, exe)-

Theorem 10.14. Let S be as above and let T be of size M. Let 0 < e < 1. Set k = [logy M|,
¢ = [9(In(2k)) /€] = O(loglog M - ) and n = €/300. If the inequalities

Pr lg(vutv)=90,0) 93,0 21—, (10.11)

and fori=2,...,k
r oGt v)=9(,0) 97 0)] 2 1=, (10.12)
Pr  [g(%,u+v) =g u) g(¥,v)] >1-n, (10.13)

u€G(E—1) »eGW)
_PI‘ ) [.g<'77u+v) g(:yv _U) ZQ(W,U)] > 1_777 (1014)
ueG=1) veG®)

and fori =2,....k and j=1,...,/

ueGE=1) peG®)

65{_1) [9(7, zij +u) - 9(¥, —u) = 9(,25))] = 1 — 1, (10.16)

are simultaneously satisfied by a random 4 € T with probability at least 1/2 then for every
such 7 there ezists an abelian group A(Y) with operation o which satisfies the following
properties:

(1) [A@)\T| < elAF)1/9,
(ii) Propernag)la-b# aob] <e€/3.

Moreover, there exists ¥ € I such that
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(i) [T\ A()] < 2¢|I'(/9,
(iv) Edit(S, A(%)) <e.
Proof. Let 7 satisfy (10.11)—(10.16). We apply Theorem 10.9 with f = g(¥,-) and define

A(%) as the group T provided by the result. Then (i) and (ii) of Theorem 10.9 imply
respectively (i) and (ii).

We now turn to the proof of (iii). In fact we will prove that |A(¥)| > (1 —€/9))|T
which together with (i) implies (iii). For an integer 1 <t < k let & stand for the event
that 7 satisfies (10.12)—(10.16) for 1 < ¢ < t and (10.12) also holds for i = ¢ + 1. Since
G satisfies (10.11) we can apply Theorem 10.9 with G® in place of G. Let A,(¥) be the
group provided by Theorem 10.9. Also, if 41 holds then inequalities (10.4)—(10.8) hold
for H = G®, G = GV, Therefore Lemma 10.10 implies that either |4;(5)| = [A1(7)]
or [Ae1 ()] > 2 - |Ai(7)], and, if the equality holds, then vi111,...,%+1, are in B, a set
of size at most |A:(7)].

For 1 <t < k, let & stand for the event that both & and |A;(¥)| < (1 — €/9)|T|
hold. Obviously &/ implies &, for every t > 1. Let us now make the indirect assump-
tion that & = &. This means that if & holds for a 7 then |Ax(¥)| < (1 — ¢/9)|T
also holds. Notice that for every ¢ < k we have Prs[|A1(7)| =14:(Y)| | &) <
Prs [|[Aca(9)| = |A(3)| | €]/ Pry [Ek], because &, = &, implies £. We know that
|Ai1(7)] = |A(¥)| only can happen when 7411, ..., %41, comes form a subset of size
at most |A;(5)| < (1 —€/9)|I'|. Using the assumption that Prsy [£;] > 1/2 the right hand
side can be estimated as

Pr{lAca(¥)] =143 [ &]/Pr(&] <2(1 - c/9)’

Clearly, if |Ax(¥)| < |T'| then for some t < k the equality |A:+1(7)| = |A:(¥)| must hold.
Therefore,

Pr{lAx(7)] < ITI| &) < 2k(1 —€/9)"

By the indirect assumption, the left hand side is 1 and because of the choice of k and ¢
the right hand side is less than 1, which gives a contradiction.

Finally we prove (iv) by evaluating the relative cost of transforming A(%) to S. The
cost of deletions by (i) is at most 2¢/9. The cost of exchange operations by (ii) is at most
¢/3. The cost of insertions by (iii) is at most 4¢/9, which finishes the proof. O

We are ready to finish the proof of our main result.

Proof of Theorem 10.1. We will set parameters k£ and ¢ as in Theorem 10.14, and use the
notations before that theorem. The goal of the tester T" will be to statistically verify if the
following inequalities hold simultaneously with ' = n/16k¢:

~ Pr gy utv)=g9(Fu) - g(7,v)] =1 -1, (10.17)
yel', u,weG
and fori =2,... )k
~_Pr o [g(,utv)=g(F,u) - g(F,0)] > 1 -1, (10.18)
7€T, uweG-1)
Pr [9(F,u+v) = g(F,u)-g(F,v)] =1 =17, (10.19)

~vel, ueGi-1) peG)
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_ = PI' ) [g(f_}/a u+ U) ’ g(:Y? _U) = g(ﬁ/a U)] > 1- 77/7 (1020)
~FeT, ueGli—1) veGH)

and fori =2,...,kand j=1,...,¢
o PI‘ ) [g(’?a Lij +u+ U) : g(ﬁ? _U> = g(ﬁ? Ty + U)] 2 1— 77/7 (1021)
FeT, ueG(i=1) veG()

5erT, uerG("*l)
For all inequalities the tester will approximate the probabilities of the events on the left
hand side by O((1/n)log(1/c)) independent trials. It accepts if the frequency of the failure
of every event is less than 1/ /2. The evaluation of g at any point requires O (k¢ logm) calls to
the oracle. Therefore the total number of oracle calls is O(k*¢*log M (1/1/)log(1/c)) that,
by our choice of the parameters k = O(log M), { = O(¢ 'loglog M) and ' = O(ek=41),
is

O(log® M log m(loglog M)3¢*1og(1/c)).

Clearly if S is an abelian group of exponent dividing m, there will be no failure, and
the tester always accepts. Let us now suppose that Edit(S,F) > e. Then from (iv) of
Theorem 10.14 it follows that for a random 4 € I' with probability at least 1/2 at least one
of the inequalities (10.11)—(10.16) does not hold. Since the number of inequalities is less
than 8kl and 1’ = n/16kl, Markov’s inequality implies that at least one of the inequalities
(10.17)—(10.22) does not hold either. It follows from standard Chernoff bound arguments [1]
that 7" will find with probability at least 1 — ¢ a frequency of failure greater than n’/2 for
the corresponding event, and therefore will reject with at least that probability. ]

Remarks

As already mentioned, our result can be interpreted as in testing abelian groups, the
quantum computers can be substituted by the knowledge of a multiple of the exponent of
the group. In [37], an even stronger result is given: the power of quantum computers can
be substituted by the assumption of the ability of taking inverses of elements.

The reason for that we considered edit distance instead of a Hamming type distance
is the following. If we extend the multiplication table of a group with a few fake rows
and columns then a polylogarithmic time quantum or classical randomized algorithm has
a negligible chance to hit the fake part of the table and hence with high probability, it will
recognize the table as a group multiplication table, unless its exact size is explicitly given.

There is heuristic evidence that the knowledge of the exact size of the ground set cannot
help if we want to use a classical randomized algorithm. Namely, consider two n-bit primes
p1 < p2 such that p, — p; = O(logn). We consider two tables on a ground set of size p;p3.
The first one corresponds to the group Z,, ® Z,, ® Z,, while the other is created from
the table of the group Z,, ® Z,, ® Z,, padded by fake rows and columns. Notice that in
the relative Hamming distance, the second table is far away from any group multiplication
table. A construction similar to the one in [7] shows that the two groups above, given
as black box groups, can be distinguished by a classical randomized randomized in time
polynomial in n only with exponentially small success probability. Based on this obstacle
we expect that it is very difficult to distinguish classically the two tables corresponding to
the two groups and hence a classical test for abelian groups with respect to the Hamming
type distance is difficult as well.
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