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FAST CONSTRUCTIVE RECOGNITION
OF BLACK-BOX UNITARY GROUPS

PETER A. BROOKSBANK

Abstract

In this paper, the author presents a new algorithm to recognise, con-
structively, when a given black-box group is a homomorphic image
of the unitary group SU(d, ¢) for known d and ¢. The algorithm runs
in polynomial time, assuming the existence of oracles for handling
SL(2, q) subgroups, and for computing discrete logarithms in cyclic
groups of order g & 1.

1. Introduction

A black-box group G is a group whose elements are encoded as 0—1 strings of uniform
length N, and whose group operations are performed by an oracle (the ‘black box’). Given
strings representing g, & € G, the black box can compute strings representing gh and g~ !,
and can decide whether g = h. Black-box groups are important because of their great
generality; matrix groups and permutation groups are both examples of such groups.

Let H be a concrete group (such as a group of matrices or permutations) and let G = (&)
be a given black-box group. We will say that a homomorphism W: H — G is effective if
there are procedures that compute AW € G for any given & € H, and also g% ~! € H for
any given g € HW. If each of those procedures runs in time O (f), then we say that W is
O (f)-effective. A black-box constructive recognition algorithm for H is an algorithm that,
for any input black-box group G, constructs an O ( f)-effective epimorphism ¥: H — G
whenever G is a nontrivial homomorphic image of H. The efficiency of such an algorithm
is measured both in terms of the cost of setting up the effective epimorphism, and also in
terms of f, the cost of each application.

There are currently two basic approaches to computing efficiently with matrix groups.
One of these, led by Leedham-Green [16], is a geometric approach based on Aschbacher’s
classification of subgroups of GL(d, ¢); see [1]. The other, due to Kantor and Seress [14], is
a purely black-box approach based on the work of Babai and Beals [3, 4]. The constructive
recognition of quasisimple groups is a fundamental ingredient in both approaches.

1.1.  History of constructive recognition

The breakthrough paper in the recognition of black-box simple groups, by Cooperman,
Finkelstein and Linton [10], deals with the groups PSL(d, 2). The result was later extended
by those authors in joint work with Bratus to PSL(d, g) ford > 3 and g > 4.1In [13], Kantor
and Seress give black-box constructive recognition algorithms for all quasisimple classical
groups. A drawback to the algorithms of Kantor—Seress and Bratus et al. is that their running
times are not polynomial in the input length; they contain small factors of ¢ (the size of the
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Black-box unitary groups

field), whereas N may contain only factors of log g. We note, however, that the alternating
and symmetric groups can be handled in polynomial time (see, for example, [S]).

The important role of SL(2, ¢)-subgroups in the study of the finite simple groups of Lie
type is well documented. This is reflected algorithmically in a development in black-box
recognition [8], where the PSL(d, ¢)- and PSp(d, ¢g)-algorithms in [13] are modified to
obtain algorithms whose running times are polynomial if one assumes the availability of an
oracle for handling SL(2, g)-subgroups. Recently, Conder, Leedham-Green and O’Brien
have made significant advances in the efficient treatment of SL(2, ¢) (see, for example, [9]),
suggesting that algorithms that admit the use of such an oracle will have considerable
practical value.

We remark that, because of the size of the groups concerned, all known constructive
recognition algorithms for classical groups employ randomized algorithms rather than the
more-traditional deterministic ones. A randomized algorithm is called Monte Carlo if the
output of the algorithm is incorrect with probability less than 1/2; higher reliability can be
achieved by repetition and majority vote. Las Vegas algorithms form a subclass of Monte
Carlo algorithms: here a positive output is guaranteed to be correct, but failure may be
reported (with probability less than 1/2) if a suitable output has not been determined after
a prescribed time.

1.2.  Statement of results

In this paper we present a new Las Vegas black-box constructive recognition algorithm
for unitary groups, which hypothesizes oracles for handling two-dimensional subgroups and
for computing discrete logarithms. Replacing the oracles with known procedures for the
computations that they perform, our algorithm still has improved running time over existing
algorithms (see Section 1.4) and it runs in polynomial time, assuming the oracles. A similar
treatment of the orthogonal groups PQ°(d, ¢) is in preparation. Hence, in view of [8],
‘polynomial time with oracle’ black-box constructive recognition algorithms will soon be
available for all the classical groups. Furthermore, the author is currently implementing the
unitary group algorithm in GAP4; see [11].

There are numerous stages in our algorithm where new techniques were developed in
order to satisfy the more stringent timing goals that we have set. We highlight two, as
follows.

(a) The construction, within G, of the natural module for a (d —2)-dimensional subgroup
L of G, together with an L-invariant form on that module (see Subsection 4.3.2). This
construction enables us to avoid the recursive approach taken in [13], and leads to our
improved timing. We note that an L-invariant form is also constructed in [13], but only after
the recursive call has been made.

(b) The improved algorithms for SU(3, q) and SU(4, q) in Section 6. The complexity
of the algorithms presented in [13, 6.6.1 and 6.6.2] to handle these cases is some distance
from our benchmark of efficiency, and a substantially different approach was required. The
resulting algorithms are quite subtle, and take up a significant portion of the paper.

Our main result can be stated as follows (see Section 1.3 for a description of the complexity
parameters £, w and x).
THEOREM 1.1. Suppose that there is an oracle available that constructively recognises any
black box SL(2, q), and another that computes discrete logarithms in cyclic groups of order
q £ 1. Then there is an

O(d*logd{& + x logq + d log* ¢})-time
Las Vegas black-box constructive recognition algorithm for the special unitary group SU(d, q).
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Moreover, if the black-box group G = (&) is a homomorphic image of SU(d, q) for known
d and q, then the algorithm produces an

O + x{d* +logq} + d’ log* q)
effective epimorphism V: SU(, q) — G.

We will see that, as a byproduct of the procedure to compute g¥~!, we obtain the
following result, which is of vital importance in applications of constructive recognition
algorithms.

THEOREM 1.2. Let G = (&) be a constructively recognised homomorphicimage of SU(d, q),
and let g € G be given. Then there is a Las Vegas O (& + x {d* + log q})-time algorithm to
write a straight-line program from & to g.

The term ‘straight-line program from 4’ will be defined in Section 3.1, but can be thought
of informally as a ‘word in 4.

1.3.  Complexity parameters

The following are descriptions of the complexity parameters that we use.

W : an upper bound on the time required for each group operation in G (using the ‘black
box’). Evidently, © > N, but a reasonable upper bound on u depends on the actual
representation of the black-box group. An important example is when G is represented
as a group of 7 x n matrices over a field of size r. In this situation, © = O (n>logr),
assuming that field operations can be carried out in O (logr) time.

& : an upper bound on the time requirement, per element, for the construction of inde-
pendent, (nearly) uniformly distributed random elements of G. A fundamental result
of Babai [2] produces such elements in a black-box group (see [13, 2.2.2] for further
discussion).

X . an upper bound on the time requirement for each application of the hypothesised
SL(2, g)-oracle, and for each use of the discrete logarithm oracle. We assume that
Xx = pnloggqg (see Section 3.3).

1.4. Timing comparisons

We now compare the running time of our algorithm with that of the algorithm in [13,
Section 6] for the case G = PSU(d, ¢). For this purpose, we use the running time

x = O(kqlogq + nqlog* q)

of the PSL(2, ¢) algorithm in [13, 3.6.1]. The timing in Theorem 1.1 is then dominated by
the x term, giving

0(£d*qlogdlogq + nd*qlogdlog® q). (1)
On the other hand, the timing for the PSU(d, ¢) algorithm in [13, 6.6.3] is
O(§1dg” logd + d*qlogd} + pld’q’ log® g + d*q* log d log ¢}). ©)

We first compare the coefficient of  in (1) and (2). For large d, there are at least a factor
of d? fewer group operations required in our algorithm, and for large ¢, there are roughly
a factor of ¢ fewer group operations required. Next, we compare the coefficient of £.
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For small g, the two algorithms choose roughly the same number of random elements,
while our algorithm makes a factor of g fewer choices when ¢ is large.

In the most important practical settings (namely when the given representation of the
unitary group is in the correct characteristic), we will be able to incorporate a more efficient
SL(2, g)-routine than in [13, 3.6.1] (such as the one being developed by Leedham-Green
and O’Brien), and we expect our algorithm to perform much better in such settings.

2. Unitary group preliminaries

In this section we summarise the properties of unitary groups that we will need; the
reader is referred to [15] for a more thorough discussion of classical groups. Let > be the
field containing ¢ elements for some prime power ¢ = p*, and let V be a vector space of
dimension d > 3 over qu. Let A > A = A4 denote the involutory automorphism of qu,
and let IF, denote the fixed subfield of this automorphism. Let o denote a fixed generator
of F*, so that ¢ := p?*! is a generator of ]F;. Let I}, denote the prime subfield of F 2,
so that > is a degree-2k extension of ), Finally let (, ) denote a non-degenerate hermitian
form on V preserved by the elements of SU(V).

2.1. Standard bases

Define an indexing list / as follows

I — 1,2,....,m,—1,=2,...,—m, if d is even, 3)
|1,2,...,m,0,—1,-2,...,—m, ifdisodd.
A standard basis of V is a basis of the form B = (e¢;)ies, where (e;,e;) = & —;

(in particular, e; is nonsingular if and only if d is odd and i = 0). Unless otherwise stated,
we will always write elements of SU(V') as matrices relative to such a basis.

2.2. Stabilisers of isotropic points

Let e be an isotropic vector of V, and let x be the point (1-space) (e). Then the subgroup
SU(V), fixing x has a normal subgroup

T(x):{ul—)u+k(u,e)e|A+X=0}EF;.

SU(V) conjugates of T'(x) are called either (unitary) transvection groups or long root
groups. If x # y are isotropic points of V, then either:
(a) x and y are perpendicular and (T (x), T(y)) = T (x) x T(y); or

() y & x+ and (T(x), T(y)) = SU(2, ¢). (In this case, V = (x,y) L (x,y)*, and
(T (x), T (y)) induces SU(2, g) on the first summand and 1 on the second.)

The stabiliser SU(V), also contains a larger normal subgroup, Q(x), containing 7 (x) as
its centre, and consisting of those isometries that induce 1 on x andonx 1 /x. Let B = (e;)ie;
be a standard basis for V and, for i € I \ {0}, let r; (w, 1) denote the isometry

ri(w, A u = u+ (u,w—Arede; — (u, e;)w, “4)
where w € (e;, e_;)* and A + A = (w, w). Then, if x = (e1), we have

Q(x) = {ri(w, 2) | w € {er, e—1)t, A+ = (w, w)} = 0,(SUV),),
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the largest normal p-subgroup of SU(V),. Note that the subgroup {r{(0, 1) | A + A = 0}
is the transvection group 7 (x). If we exclude the case d = 3, as well as the cases d = 4,
q < 3, then

SU(V)x = Q(x) x SUV)y,y,
and
(SUMW)x,y) =SUWV)gp e = (SUV)L)'/Q(x) = SUW -2, q).

The following lemma summarises the elementary properties of Q(x), which can easily be
verified by direct calculation.

LemMA 2.1 (i) ri(w, V)8 =ri(wg, ) forall g € SUV)e e -
(1) ri(w, MDri(w’, V) =ri(w+w, A+ A1+ (w, w)).

(i) [r1(w, A), ri(w’, A)] = r1(0, (w, w") — (W', w)).

(iv) Z(Qx)) =T(x) and Q(x)/T (x) is elementary abelian.

(v) Q(x) acts regularly on the set of isotropic points not in x=.

Property (i) describes the action of SU(V),, ., = SU(d — 2, g¢) on the quotient group
Q(x)/T (x). The next result (which follows easily from the properties in Lemma 2.1) states
that Q(x)/T (x) is, in fact, the natural module of SU(V), ¢,

LEmMA 2.2. Let s € GU(V) \ SU(V) sending e1 — peq, e—1 — ,0_164 and u — u for
all u € (ey, e_1)*. Then the following statements hold.

(1) The conjugation action of s turns Q(x)/T (x) into an F >-space, and

(ri(w, VT (x), 1w, ANT(x)) o)1) = (w, w')

defines an SU(V )¢, _,-invariant hermitian form on Q(x)/T (x).
(i) The map ¥y: (e1, e1)*
y = 1 — ¥ is linear and the induced map w — (wyry)T (x) is an isometry (e, e_1

Ox)/T(x).

A conjugate of the group R(e, w) = (r (,oiw, 0)|0<i <2k—1), where 0 # w €
(e1,e—1 )J- is isotropic, is called a short root group of G. In view of Lemma 2.2(ii), we have
the following correspondence:

short root isotropic
subgroups of Q(x) points of (x, y)* [~

— Q(x) sending w — ri(w, y(w, w)) for some fixed
-

In particular, if R < Q(x) is a short root group, then R7 (x)/ T (x) is an isotropic point of
the (d — 2)-space Q(x)/T (x).
LEMMA 2.3. Let g € SU(V)y, y send e +— X_lel and e_1 +— Xe_1, and let g4 be the
restriction of g to the (d — 2)-space (e1, e_1)*. Then the following statements hold.

(i) g induces by conjugation on Q(x)/ T (x) the transformation g¢ = ge/A.

(i) If A is a generator of (]qu)*, then det(3) = A/A%~1 generates the cyclic subgroup of

(qu)* consisting of the determinants of all linear transformations induced on Q(x)/T (x)
by elements of SU(V ), y.

(iii) g induces the scalar AL € (Fy)* on the F -space T (x).

Proof. Statements (i) and (ii) follow from [13, Lemma 6.7] and its proof, while Statement
(iii) is an easy matrix calculation. O
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2.3. Primitive prime divisors

By a fundamental theorem of Zsigmondy [20], if p is a prime and n > 2, then there is a
prime dividing p" — 1 but not p' — 1 for 1 < i < n, except when either p =2 and n = 6,
orn = 2 and p is a Mersenne prime. Such a prime is called a primitive prime divisor (ppd)
of p"* — 1.

For n > 1, we call an integer j > 1 dividing p" — 1 a ppd®(p; n) if:

n=6,p=2and21] j;

n =2, pis Mersenne and 4 | j; or

J is divisible by a ppd of p"* — 1.

If p is not Fermat, then we say that j is a ppd®(p; 1) if j is not a power of 2; if p is Fermat,
jisappd®(p; 1) if 4 | j. We call an element g of a group G a ppd®(p; n)-element if |g|
is a ppd® (p; n). We also say that g is a ppd”(p; n1) - ppd® (p; na)-element if |g| is both a
ppd*(p; n1) and a ppd* (p; ny).

Certain ppd elements are highly abundant in the classical groups, and are useful because
of their action on the underlying vector space, and also because of the subgroups that they
can be used to generate.

LEMMA 2.4 (See [13, 6.1.5]). Ifd > 3 is odd, then the following statements hold.

(i) GU(d, p*) contains elements of order p*@ + 1 and each is irreducible on V. If T is a
ppd#(p; 2kd)-element of GU(d, p¥), then |t| divides p*¢ + 1.

(ii) The proportion of ppd® (p; 2kd) elements of GU(d, p*) is at least 1/4d.

LEmMA 2.5 (See [13, Lemma 2.7]). If g € GL(d, p*) has ppd* (p; kd)-order, then {vg' |
0 <i < kd} is a GF(p)-basis ofGF(p d and {vg' | 0 < i < d} is a GF(p*)-basis of
GFE(p*)? for any nonzero v € GF(p*)“.

2.4. Probabilistic generation

We now state some results that we will use to help verify the correctness and reliability
claims of various subroutines of our algorithm. Recall that ¢ = p*.

LEMMA 2.6 (See [13, Lemma 3.8(ii)]). Two elements of SL(2, q), of the same ppd#(p; 2k)
order; generate SL(2, q) with probability greater than 0.55.

LemmA 2.7. If d > 4 and q > 8 then, with probability greater than 1/2, three unitary
transvection groups of SU(d, q) generate a subgroup J inducing SU(3, q) on the non-
singular 3-space [V, J]and 1 on [V, J1+

Proof. As in [13, Lemma 3.7], J acts irreducibly on the nonsingular 3-space [V, J] with
probability at least (1 — 1/¢)* > (7/8)* > 1/2. The result now follows from [13, 6.1.4],
if we note that there are no proper, irreducible subgroups of SU(3, ¢) that are generated by
transvection groups. O

LEMMA 2.8. Letd > 5 g > 16 and let a € SU(d,q) = SU(V) be an element of
ppd® (p; k)- or ppd® (p; k/2) - ppd® (p; k)-order, according as k is odd or even respectively,
having two-dimensional nonsingular support [V,a) on V. If b is a random conjugate of a
and W = [V, (a, b)] then, with probability at least 1/32, W is a nonsingular 4-space and
(a, b) induces SU(4, q) on W and 1 on W
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Proof. Asin [13, Lemma 5.10(v)], with probability at least 1/32, (a, b) acts irreducibly on
W. We now refer to [12, Theorem 5.7], for a catalogue of subgroups of SU(4, ¢). In each
case, there are no proper irreducible subgroups generated by two elements of the stated
order having two-dimensional nonsingular support. O

3. Algorithmic preliminaries

In this section, we develop the algorithmic background necessary for computing with
black-box groups.

3.1. Straight-line programs

Let G be a group, let X be a list of elements of G, and let g € G. A straight-line
program (SLP) of length m from X to g is a sequence of group elements (g1, ..., gn) such
that g,, = g and, for each i, one of the following holds: g; € X; or g; = gj_1 for some
J < i;org = gjg for some j, k < i. SLPs can be thought of as space-efficient words.
Indeed, since we do not always want to compute and/or store each of the group elements
gi in the sequence, we instead define an SLP from X to g to be a sequence (w1, ..., Wy)
such that, for each i, either w; is a positive integer (representing the w;th element of X),
or w; = (j, —1) for some j < i (representing wj_l), or w; = (J, k) for some j, k < i
(representing w; wy ), such that if each expression in the sequence is evaluated in the obvious
way, then the value of w,, is g. This more abstract definition also enables us to construct
SLPs inside one group, and evaluate them in another.

3.2. Orders of elements and primitive prime divisors

Computing the exact order of a given element g of a black-box group G will not be
necessary, but we will need to detect certain properties of |g| so that we may determine
whether or not g acts in a prescribed way on the natural module.

For a given integer n, we can compute g” in time O (i log n) by repeated squaring, using
the binary expansion of n. It follows that we can decide whether |g| divides n, by comparing
g¢" and 1 inside G. In Lemma 2.4(ii), we saw that certain primitive prime divisor elements
occur often in unitary groups. The following result, due to Neumann and Praeger [17],
states that one can efficiently test whether a given black-box group element is a ppd” (p; n)-
element for a specified prime p and positive integer n, using a deterministic algorithm.

LEmMMA 3.1 (See [6, Lemma 3.1]). Following a preprocessing computation requiring time
O (n?lognlog* p), one can test whether or not given elements of G have ppd® (p; n)-order
in time O (un log p) per element.

3.3. Oracles

As in [8], we assume the availability of deterministic algorithms (oracles) to perform
certain computational tasks.

The SL(2, g)-oracle. 'We hypothesise a black-box constructive recognition algorithm for
SL(2, q). In practice, such an algorithm will presumably be Las Vegas (such as [13, 3.6.1],for
example). The architecture of our main algorithm will not be affected by the presence of
a ‘randomised oracle’, but we will need to be somewhat more careful with the reliability
estimates of subroutines that use it.
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Discrete logarithms We also assume the availability of a discrete logarithm oracle for
C,+1. Specifically, we hypothesise the following.
DLO—: Given a generator ¢ of GF(¢)* and A € GF(q)*, one can find the integer

0<n <gqg—1suchthat¢” = A.
DLO+: Given a generator p of GF(¢2)* and A € (p?~'), one can find the integer

0 <n < g+ 1 such that (p?~1)" = A.
The SL(2, g)-algorithms in [9] also assume a DLO—. Assuming aDLO+-is natural, given
that GU(d, q)/ SU(d, q) = Cy41.

3.3.1. An application of the oracles
LetSL(2,9) = L < G, let W: SL(2,q) — L be the effective isomorphism provided by
the SL(2, g)-oracle, and let T be the transvection group of L generated by

1 0 )
{(;i 1>\p\0<z<k}.

Given any ¢ € T, one can use the SL(2, ¢g)-oracle to find Wl = (i (1)) for some A € qu.
Using DLO—, one can then find the integer 0< n < ¢ — 1 such that A = ¢”. This leads
to the following useful observation (recall that T = F™,). Given g, h € Ng(T) (but not
necessarily in L) inducing scalar transformations of 7' of the same order, one can replace
h with a power of itself to ensure that g and 4 induce the same scalar transformation.

3.3.2.  The parameter x

As stated in Section 1.3, x denotes the cost of constructing an effective isomorphism
W: SL(2,g) — L, and the cost of a single call to DLO—or to DLO+. It also denotes
the cost of finding gW~! for any given g € L or g’W for any given g’ € SL(2, ¢). In view
of the latter, we assume that x > ploggq (the time required to evaluate an SLP of length
O(logq) inside L).

3.4. Derived subgroups

We will need an efficient algorithm to compute derived subgroups.

LEMMA 3.2. Given a subgroup A = (84) of a black-box group G, where G is a homomor-
phic image of SU(d, q) for known d and q, there is a Monte Carlo algorithm that, with
probability greater than 1/2, and in time O (u|84|d* log? q), computes a generating set of
size O(d*log q) for the derived subgroup A’ of A.

Proof. The result follows immediately from [19, Theorem 2.3.12], using H = K = A,
8 = 1/2 and the crude estimate [ = O(d”logq). O

3.5. The natural module
In [6, 3.2], algorithms are presented to solve each of the following.
Trace(B): Given 8 € Fy, find o € FZZ such that o + @ = 8.

OrthogonalComplement(U, V): Given nonsingular U < V of dimension r, find the
orthogonal complement U+ (of dimension d — ) of U in V.

StandardBasis(U): Given nonsingular U < V, find a standard basis (¢;);cs, where
J is a suitable indexing list, as defined in Section 2.1.
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Timing and reliability. As each of these functions is explicitly used precisely once in our
algorithm, we note only that the Las Vegas algorithm for StandardBasis  employs the
other two functions and successfully finds a standard basis of U, with probability greater
than 15/16, in time O (d logd log ¢{d> + log? q}).

4. The main algorithm

Let G = (&) be a given black-box group, known to be a nontrivial homomorphic
image of SU(d, q) for some ¢ and d > 5. In this section we present an algorithm to
construct a data structure that will be used in Section 5 to construct an effective epimorphism
W: SU(, g) — G. The data structure will consist of the following:

(a) asubset 7 C SU(d, q) (In particular, we will construct a field F > of order g? and an
qu—space V of dimension d, and the elements of SU(d, ¢) will be matrices relative
to some standard basis B of V.);

(b) asubset 8* C G (whose elements are constructed using SLPs from &);
(c) abijection T — 4™ extending to an epimorphism ¥: SU(d, g) — G; and
(d) foreach2 <i <m = |d/2], an SU(4, q)-subgroup J; of G and, when d is odd, an

SU(3, g)-subgroup Jy of G. Each J; will be equipped with an appropriate effective
isomorphism.

The case d = 2 is covered by the oracle assumption, since SU(2, g) = SL(2, ¢). The
cases d = 3, 4 require significantly different techniques, and are dealt with separately in
Section 6. However, we will soon need to make calls to those low-dimensional cases in the
course of our main algorithm.

Presentation of the algorithm. The algorithm is quite long and, in places, somewhat tech-
nical. We therefore break it up into a number of manageable pieces. Subsections are used
to divide the algorithm into its primary components. Subsubsections are used to present
small subroutines, and each comes with its own timing statement and, wherever applicable,
its own reliability estimate. If a subroutine is also to be used independently outside the
main algorithm, we will usually package it into a lemma. Finally, if a subroutine (or its
correctness proof) is itself quite detailed, we will designate it as a numbered procedure, and
give a separate correctness proof in addition to timing and reliability estimates.

Small fields. In view of the algorithm in [13] for PSU(d, ¢), our primary concern in this
paper is with large fields. (Indeed, our first constructions will require that ¢ be sufficiently
large.) It is tempting, therefore, simply to use the algorithm in [13] for small g. However, the
use of recursion in that algorithm would compromise the running time of ours. This obstacle
notwithstanding, we are able to employ certain constructions from [13] for ¢ < 16, and
then rejoin our main algorithm at a later stage to complete the recognition. More precisely:
in Section 4.1, we assume that ¢ > 16; in Section 4.2 we summarise the constructions that
we require from the algorithm in [13, Section 6], for ¢ < 16; and from Section 4.3 onward,
each subroutine works for all field sizes.

4.1. The subgroup J

A naturally embedded SU(e, q)-subgroup of SU(d, g) is one that induces SU(e, g) on
some nonsingular e-space of qu , and is the identity on the orthogonal complement of that
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e-space. We will say that a subgroup H < G is a naturally embedded SU (e, q)-subgroup
of G if, for any epimorphism W: SU(d, q) — G, the preimage HW ! of H is a naturally
embedded SU(e, g)-subgroup of SU(d, ¢g). Our first step will be to find generators for
a naturally embedded SU (4, ¢)-subgroup J. This is achieved in two stages, following a
strategy similar to that employed in [13, 6.2.1 and 6.2.2], although more closely resembling
[8, 2.3] (for PSL(d, ¢)) and [13, 4.2.1, Case 4] (for PQ2(d, q)).

In the first stage we search for an element t, whose action on the underlying module
decomposes the space into the perpendicular sum of a 2-space and a (d — 2)-space. One
important difference between the type of element employed here and that used in [13] is
that they occur with differing frequency. We require only a polynomial number of random
choices in order to obtain a suitable T with high probability, in contrast to [13, 6.2.1]
(compare also [8, 2.3]).

In the second stage, we kill off the action of t on the (d — 2)-space by raising it to
a suitable power, thereby obtaining an element a having two-dimensional support. With
high probability, the element a, together with a random conjugate, generates our SU(4, q)
subgroup.

4.1.1. The elements t and a
Let g = pX > 16, and define an odd integer 1 as follows:
d—2, ifdisodd,

n:=
d—3, ifdiseven.

We now present a Las Vegas algorithm to construct:

(a) anelement 7 of ppd”(p; 2nk)-ppd* (p: k)-ppd* (p; k/2)- orppd* (p: 2nk)-ppd* (p; k)-
order, according as k is even or odd respectively; and

(b) anelementa € (z) of ppd®(p; k/2)-ppd® (p; k) or ppd* (p; k)-order whose support in
the natural module underlying G is a nonsingular 2-space upon which t¢ *~linduces 1.

PROCEDURE 4.1. For each of at most 32n choices of element T € G, proceed as follows.
Use Lemma 3.1 to test whether 7 has ppd®(p; 2nk)-order. If so, set a := 19" ! and use
Lemma 3.1 again to test whether a has ppd®(p; k)-order when & is odd or ppd*(p; k/2) -
ppd? (p; k)-order when k is even. If so, then return the pair (, a).

Correctness. Let V denote the underlying d-space upon which G acts naturally. Let (t, a)
be any pair returned by the procedure. Then 7 and a have the orders stated in (a) and (b),
respectively. If d is odd, then t also preserves a decomposition V.= V, L V;_5 of V
into perpendicular nonsingular i-spaces V; (i = 2,d — 2) and acts irreducibly on V;_,.
By Lemma 2.4(i), 19"+ centralises Va—2.If d is even, then T preserves a decomposition
V =V, L Vi L V,_3for nonsingular subspaces V; (i = 1,2,d —3) and, sincen =d —3
is odd, 77" *! centralises the (d —2)-space (V1, V4_3). In each case the nonsingular 2-space
Vo = [V, a] is centralised by r‘fz_l.

Reliability. Recall that ¢ > 16, and observe that (¢ — 1,¢" 4+ 1) < 2. Hence a fixed-
choice 7 is returned by the procedure if it has ppd* (p; 2nk) - ppd® (p; k)- or ppd* (p; 2nk) -
ppd® (p; k) - ppd® (p; k/2)-order that is also divisible by 8 if k = 2 and p is Mersenne, or
if k = 1 and p is Fermat.
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We claim that there are at least |G|/16n elements of G of the stated ppd order (our
estimates are crude, and the additional divisibility requirement in the Mersenne and Fermat
cases does not affect our lower bound). Assuming that this is the case, the procedure will
fail to return a pair (t, a) with probability no more than {(1 — 1/ (16n))107)2 < 1/¢2.

To count the number of suitable elements, we consider the cases d even and d odd
separately. We assume that G = SU(V), since the proportion of suitable elements will not
decrease by taking central quotients. First, suppose that d is odd. There are

g =D+ D
(g +D@*-1)
hyperbolic lines V, in V, each of which gives rise to a decomposition V =V, L V;_oof V.
By Lemma 2.4(ii), the number of elements of G of ppd#( pik) - ppd#( p; 2k(d — 2))-order,
preserving a fixed decomposition V. = V> L V;_», is at least
|SU@, ¢)| |GUW —2,9)
4 4(d —2)

Hence, the proportion of desired elements in G is at least

ISU2, @) |GUME—-2,9) ¢* @' —D@’+D _|SUW g)
4 4(d —2) (g+ D> —1) T 16(d—2)°

Next, let d be even. There are
g - D@+ ¢
(g+1D(g*>—-1) q+1

pairs (Va, V1), where V, is a hyperbolic line and V| < V2L is nonsingular. By Lemma 2.4(ii),
the number of elements of G of ppd” (p; k) - ppd* (p; 2k(d — 3))-order, preserving a fixed
decomposition V, L Vi L V4_3,is at least
IGU@, ¢)| |GUE —2,49)|
4 4(d —3)

In this case, the proportion of suitable elements is at least

|GUQ.¢)| |GUW@ -3.9)| ¢**¢" @’ - D@+ D' -2) _|SUW@, g
4 4(d - 3) (q> — D(g +1)? - 16(d—-3)°

Timing. Constructing O (d) random elements of G and testing ppd properties for each
using Lemma 3.1 takes O (d> logd log* g + d{€ + pdlogq}) time.

4.1.2. Constructing J

Choose up to 128 conjugates b of a and, for each one, set J := (a, b). Use Section 6.2 to test
whether J = SU(4, g) and, if so, to construct a field IE"qz = GF(qz), ad-space V; = (qu)4
and an effective isomorphism W;: SU(V;) — J.

Reliability. For a fixed-choice b, by Lemma 2.8, (a, b) is a naturally embedded SU(4, g)-
subgroup of G with probability greater than 1/32. For such b, the algorithm in Section 6.2
will construct the desired isomorphism with probability greater than 1/2. Hence, all of our
128 choices fail with probability less than (1 — 1/64)!28 < 1/¢2.
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Timing. The total time required for the various calls to 6.2 is O (& + x logg).

REMARK 4.2. A naturally embedded SU (4, ¢g)-subgroup is also constructed in [13, 6.2.2],
but using transvections rather than ppd elements. From a practical point of view, our method
for constructing J is more desirable than its counterpart in [13, 6.2.2], since we expect
to make fewer calls to the SU(4, ¢) routine. Indeed, a random pair (a, b) succeeds with
probability greater than 1/2°, whereas the lower bound for the probability that a random
selection in [13] succeeds is 1/210.

4.1.3. The natural module V

We have now constructed a field qu, a4-space Vj = (Iqu)4, and an effective isomorphism
W;: SU(Vy) — J. We may assume that elements of SU(V;) are 4 x 4 matrices written
relative to a standard basis (¢;);es, of V;, where I; = {£1, £2}. Let I, denote the prime
field of ¥ 2, and let Fy be the subfield fixed by the automorphism o > @ = af.

SetV = (qu)d , and define a non-degenerate hermitian form (, ) on V by designating
the usual basis of V to be a standard basis B8 = (e;);e;. Then ¢; +— ¢; fori € Iy
extends ]qu—linearly to an isometry V; — (ej, e2, e_1, e_3), and induces an embedding
SU(Vy) — SU(V). Since J is a naturally embedded SU (4, ¢)-subgroup of G, we view ¥ ;
as being defined on the subspace {(e1, ez, e_1, e_2) of V. Using a change of basis, we may
assume that x = (e1) and y = (e_1) are the one-dimensional eigenspaces of alle_l. Let p
be a generator of ]FZZ, set { := pp (a generator of IE‘;;) and use 3.5 to find 0 # § = —§ by
setting § := Trace(0 ). The field elements p, § and ¢ will be fixed for the remainder of
the algorithm.

4.1.4. Some elements of J
Identify the transformation r; (w, A), defined in (4), with its matrix in SU(V}) relative to
B. Use Section 5.1 with d = 4 to construct each of the following elements of J:

(i) for1 <s <k, t; :=r1(0,718)Wy;
(ii) for1 < j <2k, r1j:=ri(p/~ter, )W, and rp;j == r1(p/~le_s, 0)¥y;
(iii) [ :=1"W;, where !’ € SU(V;) sending e4; > es; fori =1,2; and

(iv) o := o'W, where o’ € SU(V;) sending ej — p ley, e_1 — pe_1.
Timing. All of the elements in (i) — (iv) are obtained in O (uk log g) time.

4.2. Small fields

We now break off from the main algorithm to describe how the various constructions
that we have obtained so far for ¢ > 16 are obtained for smaller field sizes. We will use
some of the methods developed in [13] for this purpose, observing that a subroutine whose
running time contains an explicit factor of ¢ is no longer a problem.

(a) As in [13, 6.2.1], make up to 24¢gd choices to find, with probability greater than
1—1/¢3, anelement t of p-ppd® (p; 2k(d—2))-or p-ppd® (p; k(d—2))-ppd® (p; k(d—2)/2)-
order according as d is odd or even respectively. Set z := ¢??~* — 1 and 1 := 1°.

(b) As in [13, 6.2.2], make up to 2! choices of tuples of conjugates of ¢ to find, with
probability greater than 1 — 1/e3, J =SU4,q)ifg > 2orJ = 8SU(6,2) if g =2, and
obtain an effective isomorphism W ; from the appropriate group of matrices to J. If ¢ = 2,
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restrict W to any SU (4, 2)-subgroup whose image under W contains ¢, and replace J with
this image.

(c) Change the standard basis within the 4-space so that the centre of t\IJJ_1 is spanned
by the first basis vector, and use W to construct each of the elements listed in 4.1.4(i)-(iv).

Timing and reliability. The steps (a) through (c) are successfully carried out, with proba-
bility 1 — (2/e3 4+ 1/5) > 0.7, in time O(£d + ud* + x).

4.3. The subgroup Q and the unitary module QT

The group T := (t; | 1 < i < k) is the image in G of the transvection group 7 (x) =
T ({e1)) of SU(V), so that Q = OI,(Ng(T)) is the image in G of the subgroup Q(x) of
SU(V). Effective computation with the group Q is at the heart of our algorithm, and this
immediate goal will be our focus for the next two subsections. In Section 4.3.1 we obtain
a probable generating set for Q. It follows from Lemma 2.2 that Q/ T has the structure of
a unitary (d — 2)-space as an Ng(T)’/Q-module. In 4.3.2, we construct a non-degenerate
Ng(T)'/Q-invariant hermitian form on Q/T. Later, in 4.4, we will show that we can
compute efficiently with Q by constructing a nicer set of generators and giving a routine
that writes an SLP from this set to any given u € Q. In fact, this will provide the tools
needed to define our target epimorphism W: SU(V) — G effectively on the group Q. The
important consequence of the constructions in Sections 4.3 and 4.4 is that we will be able
to avoid the recursive approach taken in [13] by essentially following the algorithm in [6]
for recognising SU(d, ¢) in its natural representation.

4.3.1. Constructing Q

Recall the element 7 constructedin4.1.1 forg > 16 orin4.2(a) for ¢ < 16. Replace t with
1@ =D for g > 16, or with 77 for g < 16. Then T € (Ng(T) N Ng(T")) induces on Q/T
a transformation of ppd#( p; 2k(d — 3))- or ppd#( p; 2k(d — 2))-order. In the former case,
T preserves a decomposition of Q/T consisting of a nonsingular point and its orthogonal
complement. Recall the elements 71, r2; € O,(Nyj(T)) < Q of 4.1.4(ii). Now put

rii= ()" for3<i<d—2, 1< <2k (5)

and return the generating set
o =1rijl 1<i<d—-2,1<j<2}CQ. (6)

Reliability. We claim that 5* generates Q with probablhty at least 4/5. Indeed, by
Lemma 2.5, the vectors 75 T, (r21T)r (r21T)’ span a (d — 3)-space of Q/T and,
with at least the stated probability, the vector 711 T is not in this (d — 3)-space. The claim
now follows by noting that T is the Frattini subgroup of Q.
Timing. The time required to construct all of the conjugates r;; is O (ukd).

REMARK 4.3. Suppose that W : SU(V) — G is any epimorphism extending V. Let t/
denote the transformation T¢—2w—1 ¢ SU(V)e,,e ;- Let w) = ez and wy = e_», and let
w; = wzri/ for 3 < i < d — 2. Then, by Subsection 4.1.4(ii) and Lemma 2.1(i), we have

rij W = ri(p/ " wy, 0), (7)
forl <i<d—-2and1 < j <2k
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432. Aformon Q)T

We next present a Las Vegas algorithm to construct a non-degenerate N (T')’/ Q-invariant
hermitian form (, )p;7 on Q/T. Via equation (26), the isomorphism W, induces an
Ny (T)'/Q j-invariant form (, )w, on Q;/T. Since our target epimorphism ¥ : SU(V) —
G will extend W, we construct the unique such form (, )g,r extending (, )y,.

For 1 < i < d — 2, denote the long root element r;; simply by r;. Since the vectors
riT (probably) span Q/T as [ -space, it will suffice to compute each of the (d — 2)?
scalars (r;T,7;T) o 7. For each pair i < j for which that scalar is nonzero, our strategy
will be to construct an SU(4, g)-subgroup K;; of G containing r; and r; such that K;; N J =
(T, T") = SL(2, q), for the element [ € J of 4.1.4(iii). The scalar (r; T, riT) o r will then
be computed inside K;;.

PROCEDURE 4.4. For 1 <i <d —2,set R; := (r;j | 1 < j < 2k) a short root group of G
containing 7;, and initialise (; T, 7;T) g1 := 0.

Forl <i < j < d—2,proceedasfollows.If [r;, r;] = 1 = [ri2, rjl,set (T, riT) g7 =
(rjT,riT)g 1 := 0. Otherwise, perform the following steps.

1. Set K = K;j := (T, T', Ri, R;).

2. Use the techniques in Section 6.2 at most 3[logd] times to construct an effective
isomorphism ®: SU(4, g) — K with high probability. If successful with at least one of
those calls, go to Step 4.

3. Report failure  if no & is found in Step 2.

4. Use Proposition 6.14 to modify ® so that (, )¢ extendsto (, )o,7. Use equation (26)
to compute the scalar « := (r;T,r;T). Set (;T,r;T)g;7 :=a and (r;T,r;T) g7 = Q.
Return [[(#; T, r;T),7]] if this matrix is nonsingular; otherwise report that we failed to
generate Q.

Correctness. LetW: SU(V) — G denote any epimorphism extending W . In view of (7),
we have r; = ri(w;, 0)V¥, ri2 = ri(pw;,0)¥ and r; = ri(w;, 0)W¥ for some (unknown)
w;, w; € (er, e_l)l. It follows directly from Lemma 2.1(iii) that [r;, ;] = [ri2, 7] = 1
if and only if (w;, w;) = 0. Hence our initial commutator test detects precisely when
i T,rjT)g/r =0.

We next claim that if (r;T,r;T)g/r # 0, then K = K;; is a naturally embedded
SU(4, q)-subgroup of G. Recall the isotropic points x = (e;) and y = (e_;) defined
in 4.1.3. Since KW~! is generated by the transvection groups 7'(x) = TW~! and T'(y) =
Thy-! together with the root groups R(w;) = {ri(Aw;,0) | 2 € Fp} = R;Ww~! and
R(wj) = {ri(Qw;,0) | A € qu} = Rj\IJ_l, it follows that K&~ induces a subgroup of
SU(4, g) on the nonsingular 4-space W = (ey, e_1, w;, w;) and centralises wt. By [12,
Lemma 5.7], it suffices to show that K (W) = KW ! is irreducible on W.

Ifal-spacez € Wisnotperpendicularto w; forl =i or j,then R(w;) moves z. Similarly,
T (x) moves z if z is not perpendicular to x, and 7 (y) moves z if z is not perpendicular to y.
Hence K (W) fixes no 1-space. Let U < W be K (W)-invariant, of dimension at least 2.
Since R(w;) moves w; within (w;, e1), U contains a vector w not perpendicular to ej or
not perpendicular to e_1. In the former case, 7' (x) moves w within (w, e1) so thate; € U,
while in the latter case 7' (y) moves w within (w, e_1) so that e_; € U. In either case, the
action of (T (x), T (y)) ensures that (e, e—1) < U. But then, for/ = 1,2, R(w;) moves
e_1 within (e_1, w;) so that w; € U. It follows that U = W, and hence that K (W) acts
irreducibly on W, as claimed.
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We have now shown that when the initial commutator test fails, the resulting group K
is a naturally embedded SU(4, ¢)-subgroup. In particular, failure is reported by the
procedure (that is, Step (iii) is reached) only if bad luck occurs with random choices in our
numerous calls to 6.2. If ® is found in Step (ii), we now have the necessary data to apply
Proposition 6.14 and modify ® as needed. Equation (26) then gives a deterministic routine
to compute the scalar (T, 7;T)e = (r;T,1;T) /7.

Finally, the determinant of [[(#; T, r;T) g r]] is zero if and only if the r; T do not span
Q/T as F 2-space. For example, using additive notation, if rg_»T + Z?z_f a;(r;T) =0,
then adding «; times row i to row d —2 foreach 1 < i < d —3 makes the latter 0. Hence the
procedure detects when the elements 7;; fail to generate Q, thereby upgrading the Monte
Carlo construction of Q to Las Vegas.

Reliability. For fixed i < j, if K;; = SU(4, q), then a single call to 6.2 succeeds with
probability greater than 1/2. It follows that at least one of the 3[logd] calls in Step (ii)
produces a suitable Wx with probability greater than 1 — 1/d>. Hence failure  is reported
for at least one of the less than d>/2 pairs i < j with probability less than (d%/2)/d> =
1/(2d) < 1/10.

Timing. O(d? logd{& + x logq}) is required for the 0(d? log d) calls to 6.2.

4.4. Constructing W on Q

At the present stage of the algorithm, having successfully run Procedure 4.4, we may
assume that Q = (5*Q). Recall that our ultimate goal is to construct an epimorphism
W: SU(V) — G extending W, . Note that Q = Q(x)WV for any such W, where x = (ey)
and Q(x) = O0,(SU(V)y); in 4.4 we construct a particular ¥ effectively on Q(x). This is
achieved in three stages, as follows.

(a) Construct a generating set 7o of Q(x) and a bijection Tp — 47, that extends to an
isomorphism Q(x) — Q agreeing with W; on Qj(x); see Subsection 4.4.1.

(b) Constructfrom 7 a ‘standard’ generating set A (x) of Q(x), and then use the bijection
in Stage (a) to obtain its image A* in Q; see Subsection 4.4.2.

(c) Constructively recognise [(d — 2)/2] subgroups J; containing 7" such that the sub-
groups Q; := O, (Ny,(T)) generate Q; Lemma 4.8 then uses the Q; to handle computations
within Q; see Subsection 4.4.3.

We will also see that, once an epimorphism W extending W is defined on Q(x) — Q, itis
uniquely determined (Proposition 4.5).

4.4.1. The set Tp

Label the usual basis of Fd;z with the elements r{’, ..., r)_, (that is, rf‘ = (1,0,...,0)
and so on). Equip IFZ; 2 with the hermitian form defined by the matrix [[e;;]] relative
tor,...,rj_,. Then IFdz_ Zisa unitary space which we loosely associate with Q/T via
the isometry r/ + r;T. Note that r, r5 is a hyperbolic pair. Use 3.5 to compute W :=
(ri, ri‘)L relative to [[«;;]], and also to obtain a standard basis of W. Insert 7} and r5 in the
appropriate positions to obtain a standard basis of Isz_ 2 and set A tobe the (d —2) x (d —2)

matrix consisting of the vectors in this standard basis.
Recall that elements of Q(x) have the form rj(w, A) for A € ]qu and w € (er, e_1)*;
we denote the element 71 (w, A)T (x) of Q(x)/T (x) simply by 7¥(w). We next wish to find
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vectors w; € (eq, e—1)* such that F(w ) rlT extends to an isometry Q(x)/T (x) —
Q/T. Note that the ith row of A~! expresses ri as an [F,2-vector relative to our standard
basis of ]sz ,and hence r; T as an I »-linear combmatlon of some standard basis of Q/T
(which we have not yet constructed). Pad A~!to obtain a (d —2) x d matrix C by inserting
Os in each row at the positions corresponding to the basis vectors e; and e_j. Denote the
rows of C by wy, ..., wg—>, interpreted as row vectors of V relative to B. Then it is clear
that7(w;) —> w; — ri* > r; T extends to anisometry Q(x)/T (x) — Q/T.Animmediate
consequence of our constructions thus far is the following proposition.

PROPOSITION 4.5. There is a unique epimorphism V: SU(V) — G such that:
(i) W extends the isomorphism Vy: SU(Vy) — J constructed in Subsection 4.1.2, and

(i1) the restriction of ¥ to Q(x) induces the isometry 7(w;) — r;T.

Proof. Consider any epimorphism W: SU(V) — G extending ¥, . Since T (x) < SU(V;),
theimage of Q (x)/ T (x) under ¥ determines the image of Q(x). Sincel’ € SU(V,) (defined
in 4.1.4(iii)), the image of Q(x) under W determines the image of Q(x)l/ = Q(y). The
uniqueness of an epimorphism W satisfying conditions (i) and (ii) now follows by the fact
that SU(V) = (Q(x), Q(y)). It suffices then to demonstrate the existence of such a W.

Fix an epimorphism ¥y: SU(V) — G extending W;. Then ¥( induces an isometry
(Qs(x)/T(x))* = (Qy/T)*;letw] € Vi besuchthat7(w))Wo = r; T for3 <i < d—2.
Then w; +— wlf extends to an isometry of V]J-. Let C € GU(V]J-) = GU( — 4, q) send
w; — wlf for 3 < i < d — 2. Let y denote the automorphism of SU(V) induced under
conjugation with C. Then W := y o W: SU(V) — G sending M — (M7 )\ satisfies
conditions (i) and (ii) because ¥ and W agree on SU(V;) (since C is the identity on V),
and

Fw)W = (F(wy)? )W = F(w; C)Wo = F(w))Wo = r;

for 3 < i < d — 2. The second equality follows from Lemma 2.1(i). O

In view of Proposition 4.5, the vectors w; that we have computed are precisely those
vectors appearing in (7) for the unique epimorphism W that we will construct. Set w; := e,
wy :=epand, for | <i<d—2and1<j<2k 1<s<ksetr], = r1(p? = w;, 0)
and 1 :=r (0, 53_18). Recalling the elements 7, from 4.1.4(i), set

*sz{ts,r,-j|l< <k, 1<i<d=2, 1 <j<2k},
and
To = {t., r{j [1<s<k, 1<i<d—-2,1<j<2k}.
Then the bijection Tp — 47, sending
ri’j i and 1) > I, (8)

extends to an isomorphism Q(x) — @, which in turn extends to the unique epimorphism
W: SU(V) — G of Proposition 4.5.

Timing and reliability. The time required for all of the computations in Subsection 4.4.1 is
dominated by the timing stated in 3.5 for computing the standard basis of Fd; 2,
That computation is successfully carried out, with probability greater than 15/16,
time O(d logd log g{d + log? ¢} + d* log q).
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4.42. The set A(x)

We next wish to construct a ‘standard’ generating set A(x) for Q(x). The matrices com-
prising A(x) will be precisely those that, relative to a suitable standard basis, comprise the
set A(x) constructed in [6, 4.5]. This will be important later, as we plan to use A(x) to
complete the construction of our data structure by calling upon algorithms presented in [6].
Forl1 <i<d—-2,1<j<2k,set

/

sij=ri(p?ei, hij), ©)

where the scalar A;; satisfies

hii = v;, ifdisoddandi =0, for some v; such that v; +7v; = C/'_l,
! 0, otherwise.

Now define
A(x) = {t;,s;j [1<s<k, iel, 1<j<2k).

The following procedure constructs each element of si’ ; of A(x) using SLPs from 7 (if d
is odd, it therefore computes specific values for the scalars v;). It then evaluates those SLPs
from 4 ’é to obtain the image, A*, of A(x) in Q. Recall the matrix A constructed in 4.4.1
and, replacing the ordered index list 1, ..., d — 2 with I’, denote the ith row of A by A; for
iel.
PROCEDURE 4.6. Foreachi € I’ and 1 < j < 2k, proceed as follows.

1. Compute the vector p/ ' A; = (aq, ..., aq-2) € (qu)d_z.

2.For1l < u<d-2and 1 < v < 2k, find integers 0 < a,, < p such that
a, = Z%kzl ayyp®~! and hence write an SLP o;; of length O(d logq) from Ty to the

element
d—2 2k

[TT1e™ = rie e, 1)) € 0,
u=1v=1
for some A;; + E = ;-j_l(ei, e).
3. If dis even or if i # 0, then proceed as follows.
(i) Use linear algebra in the IF,-space I, to find integers 0 < n, < p (1 < s < k)
such that —A;; = ¢ ZI;:I ns¢*~!, and hence write an SLP 7;; of length O(loggq)
from {], ..., 1} to X
(0, —xij) = [ Jad™.
s=1
(ii) Replace o;; with the concatenation of o;; and 7;;.
Else (if d is odd and i = 0), set v; := A;;.
4. Use the bijection Tp — 4 *é, defined in (8), to evaluate the SLP o;; from & "é, and
denote the resulting element of Q by s;;.

If d is odd, use the scalars v; to determine the set A(x). Return A(x) together with its image
A*i=A{t, 5 | 1<s<k, iel, 1<j<2k}inQ.

Correctness. It follows immediately from the construction of A and the definition of r; ;
and 7; that the SLP o;; evaluates from 7 to an element s; ; as defined in (9).

Timing. O (ud?log? q) time is needed to evaluate all of the SLPs ojj from /S’é.
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REMARK 4.7. The bijection A(x) — A* sending
ty >t and sj; > sij, (10)

and the bijection 7p — 5*Q of (8) extend to the same isomorphism Q(x) — Q. Itis the sets
A(x) and A* that we will use to construct W effectively in the remainder of the algorithm,
so we now discard the sets T and § *Q

4.4.3. The subgroups J;
In order to compute effectively with O, we next construct some low-dimensional subgroups
Ji of G. First some notation is required. Define

B" = (sitT)jers (11)
a standard qu—basis of Q/T withrespectto (, )g/r, and set
B, = (sijT)icr1<j<2% (12)
an [F-basis of Q/T.Fori € I’ set S; := (s;; | 1 < j <2k) and, for2 < i < m, set
Ji = (T, T, 5., 5-),

where [ € J was constructed in 4.1.4(iii). Then J; is a naturally embedded SU(4, g)-
subgroup of G containing (T, T') (note that Jo = J). If d is odd, set

Jo:= (T, T!, So) = SUG, q).
Observe that, fori =2,...,m (deven)ori =0,2,...,m (d odd),
Qi = 0p(N;(T)) = (S;, S-i),
so that (Q;/T, Q;j/T)g;r # 0if and only if i = j (Lemma 4.8). Set ¥, := ¥, and, for
3 < i < m,use 6.2 atmost 5[log m] times to (probably) construct an effective isomorphism
v;: SU4, q) — J;. (13)

A single call to 6.2 succeeds with probability greater than 1/2, so we successfully con-
struct all of the W; with probability greater than 1 — m /23198 ~ 1 — 1/81.1f d is odd,
use 6.1 at most eight times to construct, with probability greater than 1 — 1/2%, an effective
isomorphism

Wo: SU3, g) = Jo. (14)

Timing and reliability. All of the \; are obtained, with probability greater than 1 — (1/81 +
1/28) > 0.98, in O(d logd{& + x logq}) time.

LeEmMA 4.8. Equipped with the isomorphisms V; of (13) and (14), for any given u € Q,
there are O (xd)-time deterministic algorithms for each of the following.

() Fori € I') 1 < j < 2k, find integers 0 < a;j < p such that uT has vector

(a21, a2, ..., a_py k) relative to the IF,-basis B;] of (12). That is,
2k
ul = ]_[ ]_[(s,»jT)“w‘.
iel’ j=I

(ii) Fori € I, find scalars a; € F
the F 2-basis B' of (11).
(iii) Find an SLP of length O (d log q) from A* to u.

e such that uT has vector (ay, ..., a_y) relative to
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Proof. Since the groups Q;/T are pairwise perpendicular, we use Lemma 6.10(ii) for
2 < i < m (in the general setting (GS2) described before that lemma) to write the projection
ofuT on Q;/T along (Q[/T)J- as an I ,-vector (a;1, ..., @i 2%, a1, ...,—i2k ) relative to
Bl’7 N (Q;/T).If d is even, this proves Part (i). If d is odd, set

2k
ajj
we=[] []s
iel'\{0} j=1
and wo := uw~' € Qp. Now use Lemma 6.1(ii) to find the integers ap; representing the
vector w, T relative to {8;, N(Qo/T).
For Part (ii), in view of (9) and (10), set

2%
: 1
=) _aijp’
=1

foreachi e I'.
For Part (iii), set

2k
aij
we=[] ]_[s,.jf,
iel j=1
sothat? := uw™! € T.Now use W, to write an SLP oflength O (logq) from {#y, ..., %} C
A*tot. O

4.5. A data structure for G

We are finally in a position to complete our constructive recognition of G. Recall the
elements !’ € SU(V;) and [ € J defined in 4.1.4(iii), and set A(y) := A(x)", a generating
set for Q(x)l = Q(y). Extend the bijection A(x) — A* to a bijection

A(X)UA(y) = A*UA* (15)

in the obvious way. As in the proof of Proposition 4.5, (15) extends to a unique epimorphism
v: SU(V) - G.

Associated with the standard basis 8 = (e;j)jc; of V there are two ‘opposite’ t.i.
subspaces Et = (ey,...,ep) and E~ = (e_1,...,e_;). In [6, Section 4.6], an algo-
rithm is presented that constructs nice generating sets for the subgroups SU(V)g+ g-,
0,(SU(V)g+) and O, (SU(V) g-) using short SLPs from precisely the sets A(x) and A(y)
constructed here. Their union is a generating set 7 for SU(V), of size O (kd?). Using (15),
evaluate each of those SLPs from the set A* U A*! to obtain the image, 8%, of T in G.

Next, recall the elements ¢’ € SU(V;) and o € J constructed in 4.1.4(iv). Add I’ and
o' to 7, add I and o to 8*, and extend the bijection T — 4* in the obvious way. Our
data structure for G consists of the latter bijection together with the | (d — 2)/2] effective
isomorphisms V; : SU(4, ¢g) — J; definedin (13) and, if d is odd, the effective isomorphism
Wo: SU(3, g) — Jo defined in (14).

Timing. The time required to write and evaluate all SLPs is O (ukd?).

4.6. Total timing and reliability for the main algorithm

The failure probabilities of the randomised subroutines of the main algorithm described
in 4.1 through 4.5 sumto at most 1 /> +1/e?4+1/541/10+1/1641/81 < 2/3. The timing
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is dominated by 4.1.1 and 4.3.2. Hence our algorithm returns a suitable data structure, with
probability greater than 1/3, in time O (d” log d{& + x logq + d log* ¢}). Note that higher
reliability can be achieved by repeating the various randomised subroutines suitably many
times.

5. Straight-line programs

In the previous section we constructed a bijection 7 — $* that extends to an epi-
morphism W: SU(V) — G. In this section, we will make W effective (and hence prove
Theorem 1.1 for d > 5) by presenting algorithms to solve the following problems.

Given g’ € SU(V), write an SLP of length O (d? logg) from 7 to g’. (A1)
Given g € G, write an SLP of length O(d2 log ¢) from $* to g. (A2)

One can then easily compute images and preimages under W. For example, given g’ €
SU(V), use the algorithm for solving problem (A1) to write an SLP of length O (d? log q)
from 7 to g’. Evaluate that SLP from §* using the bijection T — $*, and define g = g'W
to be the resulting element of G. The preimage of any given g € G is similarly obtained
using (A2) in place of (Al).

5.1. The algorithm for (A1)

In [6, Section 5], a deterministic O (d° log ¢) time algorithm is presented to solve problem
(A1) using exactly the same set 7 as the one that we have constructed here.

REMARK 5.1. We can use (A1) to construct Z(G) as follows. If j = ged(g +1,d) > 1, set
o= p(qz_l)/j and 7’ := diag(c, ..., @) € Z(SU(V)). Write an SLP of length O(d? logg)
from 7 to z’ and evaluate this SLP from §* to obtain an element z € Z(G). If z = 1, then
we now know that G = PSU(d, q); otherwise, add z’ to 7 and z to §*.

Timing. Each application of (Al) takes o(d? log g) time. An additional O (ud? logq)
time is required to compute an image of any given g’ € SU(V) in G. In particular, given a
suitable data structure for G, Z(G) is constructed in O (ud? log q) time.

5.2. The algorithm for (A2)

Our timing goals appear to dictate the use of a randomised algorithm to find an SLP
from 4* to any given g € G, in contrast to [13, Proposition 6.15]. The procedure given here
applies for d > 4; the three-dimensional version will be presented in 6.1. We proceed along
the same lines as [13, 6.4], to develop the algorithmic properties of Q. The four-dimensional
version of the following result is given in 6.2 (see Lemma 6.12).

LEMMA 5.2. Letd > 5 and g € Ng(T) be given. Then, in deterministic O(Xdz) time,
one can determine the (d — 2) x (d — 2) matrix g representing the linear transformation
induced by g on the (d — 2) space Q/T relative to the F >-basis B’ for Q/T of (11).

Proof. For each sT € B’, use Lemma 4.8(ii) to write (sT)8 € Q/T as an [F,2-vector
relative to B’. Return the matrix whose rows are those d — 2 vectors. O

By Lemma 2.1(v), the group Q(x) acts regularly on the set of isotropic points of V not
perpendicular to x. Within the black-box group G, this says that Q acts regularly on the
set of transvection groups opposite 7. The next lemma is the algorithmic version of this
transitivity.
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LEMMA 5.3. For d > 4, there is an O(§ + yx logq)-time Las Vegas algorithm that, with
probability greater than 1/2, finds the unique element of Q conjugating any given T8!
opposite T to any other given T 82 opposite T.

Proof. Fix 1 #t € T. Choose a random element w € Q, and proceed as follows.
1. Replace g, with grw.

2. Set K := (T, T8', T52) and use the techniques of Section 6.1 to test whether K =
SU@G, q).

3. If the test in Step 2 succeeds, apply Lemma 6.5 (the three-dimensional deterministic
version of this lemma) to K, 78! and T8> to construct u € O,(Nk (T)) conjugating T'¢! to

T8 inside K and return uw .

Correctness. It suffices to show that, with sufficiently high probability, K is a naturally
embedded SU(3, ¢)-subgroup of G; for then u € O,(Ng(T)) < Q, as required. Let x
and y denote the centres of the transvection groups 7" and 78! respectively in the d-space
underlying G. Each of the more than [(¢%)?~2 — (¢?)4~23]/(¢* — 1) nonsingular points z,
of (x, y)* determines a nonsingular 3-space (x, y, z,) containing g> — ¢ isotropic points
not perpendicular to x and not on (x, y). It follows that, of the | (7€) 2| = |Q| = ¢- (512)”1_2
isotropic points z of G not perpendicular to x, at least

5 . (qZ)d—Z _ (q2)d—2.5
@ -9 P

of them give rise to nonsingular 3-spaces (x, y, z). Furthermore, if z denotes the centre of
T8 and (x, y, z) is nonsingular, then, as in the proof of Lemma 2.7, K = (T, T8, T52) is
a naturally embedded SU(3, ¢g) subgroup. Hence, our choice w € Q gives rise to a suitable
group K with probability greater than ¢[(¢>)?~? — (¢*)?2°1/|1Q| =1 —1/q > 2/3.

1 (C o S S

~

Reliability. For K = SU(3, g), the constructive test in 6.1 succeeds with probabil-
ity greater than 3/4. Hence, our procedure finds u € (@ with probability greater than

(2/3)(3/4) = 1)2.

Timing. The stated timing arises from the call to 6.1. U

REMARK 5.4. Comparing Lemma 5.3 with [13, Lemma 6.9], we avoid factors of ¢ in the
running time at the expense of using a randomised algorithm.

We next present our algorithm to solve problem (A2); it works for d > 4.

PROCEDURE 5.5. Suppose first that d > 5. Recall the elements [, o € J (defined in 4.1.4)
and s;; € A* of our generating set 8%, and consider the following routine.
1. Fix 1 # ¢t € T and perform the following steps.
(i) Find s € 4* such that T'8* is not perpendicular to T as follows: if [z, 18] # 1,
sets 1= l;if[tl, t8] £ 1,sets := 171 otherwise, set s := s;1 for the firsti € I’ such
that [z, £8%11] # 1.
(i) Apply Lemma 5.3 at most twice to (probably) find the unique element w € Q
such that 78 = T! (hence gswl™! € Ng(T)). Apply Lemma 4.8(iii) to write an
SLP from A* C §* to w.
(iii) Asin Step (ii), (probably) find the unique element # € Q such that Theswi™lu —
T! and write an SLP from A* C §* to u.
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(iv) Replace g with gswl~'u. [Now g normalises T and T'.]

2. Use Wy to find the scalar A € Fy induced by g on the transvection group 7'. Use the
DLO—(see 3.3) to find the integer 0 < n; < ¢ — 1 such that "' = A, and replace g with
go ™M, [Now g centralises T and T'.]

3. Use Lemma 5.2 to find (d — 2) x (d — 2) matrices g and &, representing the linear
transformations induced by g and o, respectively, on Q/T relative to B’. Use the DLO+
to find the integer 0 < ns < g + 1 such that (det(69~1))"2 = det(g), and replace g with
go " and g with g "2,

4. Write down the unique matrix g’ of SU(V),, ., inducing g on Q(x)/T (x) and use
(A1) to write an SLP of length O(d*logg) from 7 to g’. Evaluate that SLP from $* to
obtain an element gy € gZ(G). List the (no more than d) elements of Z(G) = (z) and then
write an SLP of length O (logd) from {z} to gg, ! and concatenate it with the one to g’ to
obtain the desired SLP to g.

In the case d = 4, proceed exactly as above, replacing Lemma 4.8(iii) with Lemma 6.10(iii)
and Lemma 5.2 with Lemma 6.12.

Correctness. We first claim that g € Ng(T) N Ng(T') at the end of Stage 1. It suffices
to show that the element s obtained in Step (i) behaves as stated. We may assume that
[t,18] = 1 = [¢',t8]. For any h € G, let ' denote hW~'; then xg’ € (x, y)*. There is
at least one vector in B N (eq, e,l)L that is not perpendicular to xg’; let i € I’ be the
index corresponding to such a vector. Then s/, moves xg’ inside the line (y, xg’). Hence
x.(gsi1)’ € y*\ (x, y)* so that x.(gs;;)" & x*. For such i, T8 is not perpendicular
to T, as required.

Next, by Lemma 2.3(iii), o induces the scalar pp = ¢ on 7. It follows that g centralises
T (and hence T') at the end of Stage 2. By Lemma 2.3(ii), det(c) generates the cyclic
subgroup of ]F*2 consisting of the determinants of all transformations induced on Q/T by
elements of g e Ng(T)NNg(Th). Since Ci)(T) = (09~ 1y, the DLO-succeeds in finding
the integer n, in Stage 3. Hence g € SU(d — 2, q) at the end of Stage 3. The correctness
of Stage 4 is now clear: since gg,, ! centralises 7 and T' and induces 1 on Q/T, it follows
that ggo € Z(G).

Reliability. The only randomised subroutine is Lemma 5.3 occurring in Stage 1, Steps (ii)
and (iii). Each application of that lemma succeeds with probability greater than 1/2 so that,
applying this lemma again in each of Steps (ii) and (iii) if necessary, we ensure that the
desired element of Q is obtained with probability greater than 3/4. Hence, we find both u
and w with probability greater than 1/2.

Timing. The timing is dominated by O (& 4+ x[d” + log g])for the calls to Lemmas 5.2
and 5.3.

REMARK 5.6. An additional O (d” log2 q) (for O(d? log ¢) matrix multiplications) is re-
quired to evaluate the SLP, obtained in Procedure 5.5, from 7. Hence the total time to find
gW ! for any given g € G is

O(& + x[d* +logq] + d° log® q).
It follows that W is O (& + x{d* + log q} + d° log? q)-effective as stated in Theorem 1.1.
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6. Low-dimensional cases

We have so far proved Theorem 1.1 for d > 5, presuming the existence of algorithms
to handle the cases d = 3, 4. The algorithms in [13, 6.6.1 and 6.6.2] for the latter cases
cannot be used here, since, once again, their running times contain factors of ¢. In this final
section we present new constructive recognition algorithms for d = 3, 4 that satisfy our
more stringent timing goals. We assume throughout this section that ¢ > 16; for smaller ¢,
the algorithms in [13, 6.6.1 and 6.6.2] may be used.

6.1. SU@G,q)

Let G = (4) be a nontrivial homomorphic image of SU(3, g). We present an O (§ +
x logg)-time Las Vegas algorithm to produce a data structure giving rise to an O(x)-
effective epimorphism ¥: SU(3, g) — G.

6.1.1. A subgroup L o (z)

Exactly as in [13, 6.6.1], with probability greater than 1 — 1/28, find an element a € G of
ppd® (p; 2k)-order dividing (¢ + 1)/(2, ¢ + 1). Then, for a single choice of G-conjugate
b of a, we have (a,b) = SL(2, q) o (z) with probability greater than 1/2, where z has
ppd? (p; 2k)-order dividing ¢ + 1. For up to sixteen choices of b, test whether or not this is
the case as follows: use Lemma 3.2 to compute probable generators for L := {(a, b)’; use the
SL(2, g)-oracle to test whether L = SL(2, ¢) and, if so, to obtain an effective isomorphism
Wy : SL(2,g) — L. Since each call to Lemma 3.2 successfully produces generators for L
with probability greater than 1/2, at least one of our sixteen choices will produce a suitable
L with probability greater than 1 — 1,28,

Unlike the algorithm [13] that we have been following thus far, we wish to construct and
use the element z such that (a, b) = L o (z). For each of three distinct transvection groups
T; i =1,2,3) of L, proceed as follows: compute Ti“; write down a matrix ¢’ € SL(2, g)
sending Tl.“\IIL_l to ]}‘I’L_l fori = 1,2,3;setc := ¢’V and z := ac. It is clear that z
centralises L since it fixes the three distinct transvection groups 7;. Also, since a induces a
ppd® (p; 2k)-scalar on a nonsingular point not in the support of L, it follows that z induces
the same scalar on this point.

Reliability. This is greater than 1 — 1/28 — 1/28 =1 — 1,27,

Timing. O(£ + x + plog? q) is required for the various choices of element in G, calls to
the SL(2, g)-oracle, and uses of Lemma 3.2 (with d = 3).

6.1.2. Constructing Q

Use the SL(2, ¢g)-oracle to construct a transvection group 7 of L, anelement/ € L\ Ny (T)
and i € L, of order ¢ — 1, normalising 7" and T!. Choose g€ Gandset Ly := (T, Tlg).
Use the SL(2, g)-oracle to test whether L; = SL(2, ¢) and, if so, to construct an element
hy of order ¢ — 1 normalising T and T'¢. Then u := [h, h1] is the identity on the 1-space
corresponding to 7' in the underlying module, so that u € Q = O,(Ng(T)). Since z
centralises 7" and induces an irreducible transformation of Q/T (regarded as IF,-space),
ue Q\Tifandonlyifu® #u.lfu ¢ T,then Q = U | 0 <i < 2k) (since T is the
Frattini subgroup of Q), so we have a 2k-element generating set for Q.
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Reliability. We claim that u € Q \ T if and only if L and L; are distinct. Assuming
that this is the case, we generate Q with probability 1 — (¢ + 1)/(g> 4+ 1) > 0.99. Note
that Q/T acts regularly on the set of SL(2, g)-subgroups of G containing 7. Hence, for
SL(2, g)-subgroups L and L1, the unique w € Q conjugating (k) to (A1) is in 7 if and only
if L = L. The claim now follows.

Timing. 'We obtain the 2k generators for Q in O (§ + x + uk) time.

6.1.3.  Constructing F >

The elements z and / induce automorphisms Z and /, respectively, of Q/T'. Since the factor
group PGU(3, ¢),/0((x) = GF(qz)*, and z has ppd#( p; 2k)-order, it follows that

F,2 := F-linear span of {' | 0 <i < 2k}

is a field of order ¢2. Since & induces a transformation of Q/T of order ¢ — 1, i is a
generator of the field

F, := Fp-linear span of (h10<j<klcC Fg2.

namely the subfield of F > fixed by the automorphism x + x? = X. In order that we may
compute effectively with F > and Fy, we shall need to compute the minimal polynomial
of Z as a transformation on the IF,-space Q/T . We first need the following result, which is
essentially Lemma 4.8 for d = 3. However, we need to prove it in a more general setting
(GS1) than is required here, in order that it may be used in the proofs of Lemmas 4.8
and 6.10.

Suppose that our input group G is a naturally embedded SU(3, ¢g)-subgroup

of a black-box unitary group H of dimensionn > 3. Let Qy = O,(Nyx(T))
and let (, )g,/7 denote a non-degenerate Ny (T)'/ Q y-invariant hermitian
form on Qg /T. In particular, Q/T is a nonsingular point of Qg /T.

(GS1)

LEMMA 6.1. Letu € Q be the element constructedin6.1.2,fix1 #t € T and, for1 <i <k,
sett; ="' up = u""" and Upyi i= W) ™" Then the following hold.

) Bl/, = (uiT)?il is an Fp-basis for Q/T.

(i) 8% = {t5,u; | 1 <s <k, 1 <i <2k} generates Q.
(iii) In (GS1), there is a deterministic O () )-time algorithm which, for any given'y € Qp,
writes the projection of yT on QT along (Q/T)* as an F)-vector relative to Bl’,.

(iv) There is a deterministic O (x + p log q)-time algorithm which, for any given w € Q,
writes an SLP of length O (log q) from J*Q tow.

Proof. Statement (i) is clear, since / is a scalar transformation of Q/ T of order ¢ — 1 and
uT and u*T are in different 1-spaces of Q/T viewed as F,-space.
Statement (ii) follows immediately from Statement (i).

For Statement (iii), precompute r; = [uy, ux4;] € T and s; = [ug41,u;] € T for
1 <7 < k. Use the SL(2, g)-oracle to find F,-vectors (ay, ..., ax) and (ax41, - .., ax),
representing [ui+1, y] € T relative to sy, ..., Sk, and [u1, y] € T relative to ry, ..., rg,
respectively, and return the vector (ay, ..., ak, Gk+1, - - -, A2k)-

To see that this is the desired vector, write yT' € Qg /T additively as
¥T =T+ (T, where (yT)j € Q/T and (yT)1 € (Q/T)" < Qu/T.

https://doi.org/10.1112/51461157000000437 Published online by Cd8yidge University Press


https://doi.org/10.1112/S1461157000000437

Black-box unitary groups

Then
(uT,yT] = [uT, yT)l, foralluT e Q/T.

Hence, if (yT)| = leil bi(u;T) for b; € Fp, then

k

k
bisi bicti
i, y1 = [ Jlur, uggil?+ = [T/
i=1 i=1
and

k k

bi bi

lukt1, y] = l_[[uk+1, uil™ = Hsi’-
i=1 i=1

It follows immediately that a; = b; for 1 < i < 2k. The stated timing is clear.

Finally, for Statement (iv), use Statement (iii) to write wT as an I ,-vector (ay, ..., axy)
relative to B,. Set

2k

aj

wp = l_[ul. ,
i=1

and then use the SL(2, g)-oracle to write an SLP from {71, ..., #} to wwof1 € T. Together
with the a; we easily obtain the desired SLP to w. The computation of wq takes O (i log q)
time. O

COROLLARY 6.2. In deterministic O (x k) time, one can find the minimal polynomial
2k
f(x) — x2k _ Zaixlfl
i=1

of Z over I,

Proof. Fixw € Q\ T and, for 0 < i < 2k, apply Lemma 6.1(ii) to express the vector

wT)? as an F,-vector z; relative to B’. Using linear algebra in (F 2k find integers
P P g g )4 g
ai, ..., ay such that zop = ajzo + ... + a2k z2k—1, and set

2k
Fx) = x2k = Zaix’_l.
i=1

The minimal polynomial g(x) of zZ has degree 2k and, since f(Z) acts trivially on Q/T, it
follows that f(x) = g(x). ]

The natural module. Now that we have the minimal polynomial of Z, we can compute
effectively with the field F . In particular, we can construct the 3-space upon which G acts
naturally.

SetV = (qu)3, and equip V with a hermitian form by designating the usual basis to be
a standard basis 8 = ey, v, e_ relative to this form. In particular, x := (e1) and y := (e_1)
are isotropic. We will write elements of SU(V') as matrices relative to 8.

Timing. The timing for 6.1.3 is O(xk), dominated by the use of Corollary 6.2.
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6.1.4. Recognising Q
We have assumed the existence of an epimorphism SU(V) — G, and we may therefore
assume the existence of an epimorphism

W: SU(V) — G sending T(x) — T and T'(y) — T'. (16)

Eventually, we will construct an epimorphism W satisfying (16). We proceed now, as we
did in Subsection 4.4 of the main algorithm, by constructing such a map effectively from

1 0 0
0x) = {|» 1 o) |v+vi4aati=0
v —=A1 1

to Q. We first make some observations, which hold for any epimorphism W satisfying (16).
Since i € L induces the automorphism % of Q/ T, it follows that

h = hw~! = diag(h, 1, 1/h). A7)

That is, W' is independent of the choice of W satisfying (16). We do not yet have
sufficient data to compute the preimage of z¥~! € SU(V) but, since [F,> was constructed
using automorphisms of Q/ T, we can determine the automorphism of Q (x) that it induces.
Let o denote the automorphism of Q induced under conjugation by z. Then W induces an
isomorphism ¢: Q(x) X A — Q X («) for some group of automorphisms A of Q(x).
Denoting ag~! by o, by definition of o we have

10 o0\* | 0 0
A1 o] =[x 1 ol. (18)
v —A1 1 v —(?7 1

That is, &’ is also independent of W. Furthermore we can use (18) to compute the image
under &’ of any given element of Q(x) in O(u) time.

We are now ready to determine a specific ¥ satisfying (16). Fix u6 € O(x)\ T(x) and
r € Q\T.Since GU(V), y is transitive on the nonzero vectors of ]qu-space Ox)/T(x),
there exists some epimorphism W, satisfying (16), that induces a map ¢: Q(x) X A —
O () sending u(, T (x) + rT. Using Procedure 6.3 below, we will demonstrate that such
a ¢ is unique. We first make some observations.

(a) Forany w’ € Q(x), by (17), we have (w/h/)go = (w'p)".
(b) Let f(x) = x* — Z.Zk 1 a;x'~! be the minimal polynomial of & on Q/ T (and hence

i=

of @’ on Q(x)/T(x)) constructed in Corollary 6.2. Then

2k

~1
y:q%ﬂ”hTﬁw“fl € T, (19)

i=1

(c) Forany w € Q, define .

2%
sw = w [H(wa")“i] eT; (20)
i=1
then u,¢ = w implies that s'¢p = s,,.

(d) Sinc? f is irreducible, s,; = srtl’Z?il“i = st/ # s, for each t € T; and
s" = s;;@ 7" if and only if

(te™)y D = ¢ (5,071 (21)
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The following procedure finds the unique element 7y € T such that &’ = «, ug — rto
extends to an isomorphism Q(x) x {a’) = Q % («) (and hence to our isomorphism ¢).

PROCEDURE 6.3. Perform each of the following steps.

1. Use (18) to compute 1 # 1 := [u{),ug)“/] € T(x) and set t; := [r,r*] € T; for
2 <i <k, set

t/ /h/i—l

pi—l
i .

=1 and t;, =1
2. Use (20) to construct s, in O (1 log g) time. Use the SL(2, g)-oracle to write an SLP
from {t1, ..., ]} to s, and then evaluate it from {¢{, ..., #;} to find s, := sro L

3. For the element s’ € T (x), defined in (19), compute

100
s'GH'=10 1 0] eT)
v 0 1

for some v € qu such that v + v? = 0. Then equation (21) becomes
1 oN’" /1 0 o0
7@)M =10 0 =l0o 1 0
e 1 v 0 1
for unknown ¢ € F 2 with ¢ + ¢ = 0.
4. Set ¢ :=v/f(1) to obtain the desired solution 7, := #'(¢).

5. Use linear algebra to write an SLP from {r{,...,#;} to f; and evaluate it from
{t1,....p}tofindtg =150 € T.

(= ]

Return ug := rty.

Correctness. In Step 1, [r, r®] = [rt, (rt)¥] for all t € T it therefore follows that 1| =
t{go e T. Also, by observation (a), tl.’ = t,xp’l. That ug behaves as stated now follows from
observations (a)—(d).

Timing. The computation of s, and the various SL(2, g)-oracle calls require a time of
O(x + pnlogg).

1 i—1 ri—1

REMARK 6.4. For 1 <i < k,setu; := ugH Ut = uf)h ) = u6h cand uy ;=
sy 0i—1
up” W and redefine
To = {u|1<s<k 1<i<2k); o)
85 = ltpwi | 1<s <k 1<i <2}

Then the bijection Tp — 47, sending t; — tg and u] = u; extends to ¢. Also, the routine
presented for Lemma 6.1(iv) goes through without change for our modified set 47, so ¢ is
now effectively defined on Q(x).

6.1.5. Uniqueness of W

The isomorphism ¢ is induced by some epimorphism W satisfying (16). We will soon see
that such a W is uniquely determined, and it is this unique W that we will construct. We first
need a version of Lemma 5.3 for d = 3 (note that the following is a deterministic algorithm,
unlike our general transitivity lemma).
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LEMMA 6.5. The unique element of Q conjugating a given T8' # T to another given
T82 £ T can be found in deterministic O(x) time.

Proof. We use the following routine.

~

1. For i = 1,2, use the SL(2, ¢g)-oracle to construct an element h; € (T, T8) =
SL(2, ¢) normalising T and T8, where |h;| = 2 if g is odd, and |h;| = g — 1 if g is even.

1'. If g is even, use DLQ—tWice inside (T, TI), asin3.3.1,toarrangeforh, h; (i = 1,2)
to induce the same scalar 7> € [F4 on T'. Then use the DLO—to find the integer 7 such that
(1 —h)=1.

2. Setu := (h1hy)PtD/2 if g is odd, or u := (hl_lhz)h'll if g is even.

3. Use the SL(2, ¢)-oracle again inside (T, T8?) to find the unique ¢+ € T such that
T81ut — 782

Return the element ut.

Correctness. It suffices to show that (T, T|') = (T, T»), as required in the last step of the
procedure. Let w denote the unique element of Q such that (h{)* = (hy). If p = 2, then
(since k1 and h; induce the same scalar on T') it follows that 2} = k5. Note that w acts on
the 2-space Q/T viav — v + ¢ for some ¢ € Q/T. We also have iy : v —> hv , so that
hy =hY 1 v~ hv +c¢(1 —h). Thenu = (hl_lhg)hyll v v+4c,sothatuT = wT, as
required. The case p > 2 is similar but easier.

Timing. This is dominated by the various SL(2, g)-oracle calls. O

For an epimorphism W satisfying (16) and inducing ¢: Q(x) % (@’) — QO % («), the
following routine finds the unique preimage g !, modulo scalars, of any given g € G.

PROCEDURE 6.6. Setu :=u; € Qandu’ :=u} € Q(x).SetTp:=T,T) :=T', T := T}"
and T3 = TI”Z. Also set xg := x, x| := y, x2 := x1.u’ and x3 := xl.u’z/, and proceed as
follows.

1. For 0 < i < 3, compute Tig and test whether Tl-g = T; by testing [tlfg ,tj] =1fora
single generator #; of T; and #; of T;.
() I TF =Tj, set y; := x;

(i) If Tl.g # Tj, use Lemma 6.5 to find the unique 7; € Q such that Tl” = Tl.g . Use

Lemma 6.1(iv) to write an SLP of length O (log ¢) from 85 to r; and evaluate it from

T to obtain 7/ € Q(x). Now set y; := xr/.
2. Compute the unique matrix in PSU(V) sending x; to y; for 0 < i < 3.

Correctness. It is clear, from the construction of the points y;, that g® ! sends x; to y;.
That there is a unique matrix in PSU(V') with this property follows from the fact that the
groups To, T1, T» and T3 represent points in ‘general position’.

Timing. This is dominated by O (x) for the calls to Lemmas 6.1 and 6.5.

PROPOSITION 6.7. There is a unique epimorphism V: SU(V) — G satisfying (16) and
inducing ¢: Q(x) x (&/) = O % ().
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Proof. Apply Procedure 6.6 to the element [ € L to obtain A; € SU(V), which is /W~ up
to scalar, and write it relative to our standard basis 8. Then there is a unique element

0 0 &
'=| 0 1 o0]|eazsuwy (23)
/6 0 0

fixing the basis vector v. Since our target epimorphism ¥ maps SU({eq, e_1)) to L, it
follows that /’¥ = [. Finally, since W is now determined on Q(x) and Q(x)l , it follows
that W is unique. U

6.1.6. A data structure for G

For the element /" in (23), set 7 := Tp U 7! and 8% = 5’& U (/S’é)l, where T and 85
are defined in (22). Extend the bijection Tp — 4 *Q in the obvious way to obtain a bijection
J — 4&*. This bijection uniquely determines W but, in order to construct ¥ effectively,
we need a version of Procedure 5.5 to solve problem (A2) for d = 3. Note, again, that the
following routine is deterministic, in contrast to the algorithm for the general case.

PROCEDURE 6.8. Use Procedure 6.6 to compute g‘~IJ_1 up to scalar. Next, use Section 5,
(A1), to write an SLP from 7 modulo scalars to that matrix, and evaluate this SLP from §*
to obtain an element 4 € G. Then gh~—! € Z(G), and we modify the SLP in the obvious
way to obtain an SLP to g.

Timing. This is dominated by O () for the calls to Procedure 6.6.

Total timing and reliability for 6.1. A suitable data structure for G is found, with probability
atleast 1 — 1/27 —0.01 > 0.95, in time O (& + x logq + log®q) = O(£ + x logq).

6.2. SUW,q)

Let G = (4) be a nontrivial homomorphic image of SU(4, ¢). In addition to a general-
purpose algorithm, we also consider a special case that arises in the main algorithm for
d > 4in4.3.2, where the output isomorphism is required to have some additional properties
(see 6.2.7).

6.2.1. The subgroup L

We begin along the same lines as the algorithm in [6, 6.4], for recognising SU(4, ¢) in
its natural representation. Exactly as in [6, 6.4.1], with probability greater than 1 — 1/2%,
find an element t of ppd®(p; 2k) - ppd® (p; 6k)-order, divisible also by 8 if k = 1 and
p is Mersenne. Set a := 72 ~9+D_ Choose up to sixteen conjugates b = a$, and for
each one: use Lemma 3.2 to find L := {a, b)’, use the SL(2, g)-oracle to test whether
L = SL(2, g) and, if so, to construct an effective isomorphism Wy : SL(2,q) — L.

Reliability. Asin[6,6.3.1], with probability greater than 1/2 for a single choice b, {a, b)’ =
SL(2, g). For such b, Lemma 3.2 correctly computes L = {(a, b)’ with probability greater
than 1/2. It follows that at least one of the sixteen choices b will succeed with probability
greater than 1 — 1/2*. Hence we obtain a suitable L with probability greater than 1 —1/2* —
1/2% =7/8.

Timing. All of the constructions are obtained in O (& 4+ x + wlog®¢), as in 6.1.1.
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6.2.2. The subgroups J;

Use the SL(2, g)-oracle to construct a transvection group 7 of L, and let/ € L \ Np(T).
We now use the approach taken in [6, 6.4.4], to construct distinct SU(3, g)-subgroups Jj
and Jp of G. Fori = 1, 2, proceed as follows for each of up to sixteen choices g; € G. Set
Ji = (T, T! T8 ). Use 6.1 to test whether J; = SU(3, ¢) and, if so, to construct an effective
isomorphism W; : SU(3, g) — J;. Use Procedure 6.8 to test whether or not #8! € J, and,
if not, return Ji, Jo, W1 and V5.

Reliability. Fori =1,2,by Lemma 2.7, J; = SU(3, ¢) with probability greater than 1/2.
If J; = SU(3, gq), the routine in 6.1 succeeds with probability greater than 0.95. Hence,
a single choice of conjugate produces an isomorphism W; with probability greater than
0.475. Since two nonsingular 3-spaces inside a 4-space are equal with probability less
than 1/g> < 0.01, we obtain distinct SU(3, ¢)-subgroups with probability greater than
1 — (2(0.525)'° +0.01) > 0.95.

Timing. O (§ + x logq) is required for no more than 32 calls to 6.1.

6.2.3.  The subgroup L

Our approach to constructing W will involve modifying the isomorphisms W and W, that
we have just obtained so that, when viewed as maps on suitable 3-spaces of a 4-space, they
extend simultaneously to a unique epimorphism W: SU(4, g) — G. In order to carry out
the necessary modifications, we need some additional constructions.

Fori =1,2,1et Q; = O,(Ny,(T)). Use W to construct 7, s € Q1 such that rT and
sT are nonsingular vectors spanning Q1/7 as [F,-space and use W; to construct 1 # u €
Q>. The next procedure constructs an SL(2, g) subgroup L centralising L, as well as an
element z € Lo such that (Q»/T)? is perpendicular to Q/T in Q/T (that is, such that

[Q1, 051 =1).
PROCEDURE 6.9. If [r, u] = 1 = [s, u], then report failure; otherwise, proceed as follows.

1. Fori =1, 2, use ¥; to find an element o; € Cj,(L) of order g + 1.

2. [Repeat this step up to four times.] Set Ag := (o1, 02) and use Lemma 3.2 to find
a probable set of generators for Lo := A(,. Use the SL(2, ¢)-oracle to test whether Ly =
SL(2, g) and, if so, to obtain an effective isomorphism Wo: SL(2,g) — Lo.

3. Fix distinct transvection groups S; of Lo for j € {00, 0, 1}. For i = 1,2, use the
transvection groups S;’i (j = 00,0, 1), together with Wy, to find a 2 x 2 matrix 6; repre-
senting the element of PGL(2, g) induced by o; on the 2-space underlying L. (See [13,
p. 47], for example.)

4. Fori = 1,2, find the eigenvectors (w;), (w}) of 6; over Fo2.

5. Let M| and M, be elements of SL(2, ¢) sending (w;) +— (wq) and (wy) — (wi),
respectively, and set z1 := M Wq and z» := M) Wy.

6. If [r,u®'] =1 = [s, u®'], set z := z1; otherwise, set z := z».

Return Lg and z.

Correctness. LetV = (]qu)4 and let W: SU(V) — G denote any epimorphism. Then,
for some nonsingular vy, vo € V and A, A, A, € IE‘qz, we have

r=ri(u, A)Y, s =ri(psv1, A)¥Y  and  u = ri(v2, AV,
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with py € ]qu \ F, (see (4)). It follows immediately from Lemma 2.1(iii) that [r, u] = 1 =
[s, u] if and only if (vy, v2) = 0.

Assume that either [r, u] # 1 or [s,u] # 1 (so that (vy, v2) # 0). Then, in Step 2,
Ag < Cg(L) and, fori = 1, 2, the element alf = 05\11’1 induces a ppd#( p; 2k)-element on
(v1, v2) (of the same order for bothi = 1 and i = 2) fixing (v;) and (vlf) = ()N (v, v).
Since (vy, v2) # 0, it follows that Ag acts irreducibly on (vy, v2), and hence that A6 =
Lo =SL(2, q).

Fori = 1,2, (v;) and (v}) are the only nonsingular points in (vq, v2) fixed by o/ (it
acts nontrivially on (v;) and as 1 on (v;)). Observe that, since we have only the projective
action of o/ (via the action of o; on the transvection groups of L in Step 3), we cannot
distinguish between (v;) and (v]). Nevertheless, either (v2) M1 = (v}) or (v2) M2 = (v]);
Step 6 decides which is the case, and defines z to be z; or z in Ly < Cg (L) accordingly.

Reliability. (v, vy) = 0 with probability 1/(g> — g — 1) < 1/100. The only part of the
algorithm that is randomised is Step 2, where Lemma 3.2 produces generators for Ay with
probability greater than 1/2. The subsequent SL(2, ¢)-oracle call then determines whether
or not we have Aj,. Hence, we will obtain a suitable group Ly in at least one of the four
repetitions of Step 2 with probability greater than 1 — 1/2*. The procedure therefore returns
Lo and z with probability greater than 1 — 1/2* —0.01 > 0.9.

Timing. O(£ + x + pnlog? q) is needed for Lemma 3.2 and the SL(2, ¢)-oracle calls.

6.2.4. Recognising Q
Replace J> with J5 and W with W; o z, defined effectively, for j € J; and j” € SU(3, ¢),
via the equations

—1 _
J(Wa0z)=(j'¥)° and j(¥roz)”' =7 Wl

We may assume that we have chosen standard bases ¢;, v;, e_; for our two 3-spaces in such
a way that each element of Qi\IJi_l has the form ry (vv;, A) for v, A € ]qu (see (4)). For
ie{l,2}and 1 < j < 2k, use ¥; to construct the generator

wak—1y+j = ri(p’ v, (o) THWY;
of Q;. Use the SL(2, g)-oracle to obtain a generating set 71, . .., #; for T, and set

o =1ts, uj | 1<s <k, 1< j <4k}, (24)
a generating set for Q = 0,(Ng(T)). Recall that our modification of W, ensures that

Q1/T and Q,/T are perpendicular nonsingular points of Q/T. As in Lemma 6.1, we need
to consider Q/T in a more general setting, as follows.

Suppose that our input group G is a naturally embedded SU(4, g)-subgroup

of a black-box unitary group H of dimensionn > 4. Let Oy = O, (Ny(T))
and let (, )g,/7 denote a non-degenerate Ny (T)'/ Q y-invariant hermitian

formon Qg /T. In particular, Q/T is a hyperbolic line of Qg /T .

LemMA 6.10. () B), := u;T)!X, is an F,-basis for Q/T.
(i1) In (GS2) there is a deterministic O (x)-time algorithm that, for any given y € Qp,
writes the projection of yT on Q)T along (Q/T)* as an I, -vector relative to Bl’,.

(GS2)

(iii) There is a deterministic O(x + plog q)-time algorithm that, for any given w € Q,
writes an SLP of length O (log q) from /S’é to w.
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Proof. Statement (i) is clear, and Statement (iii) follows from Statement (ii) in the same way
that Lemma 6.1(iv) followed from Lemma 6.1(iii). For Statement (ii), apply Lemma 6.1(iii)
twice (using W; and J; fori = 1, 2) to find the projections of y7 on Q1/T along (Q1/T)*

relative to 1T, ..., uxT, and on Q,/T along (Q2/T)l relative to uog+1 T, ..., uqrT.
Since Q1/T and Q»/T are perpendicular, the concatenation of those two vectors is the
desired I ,-vector. O

6.2.5. Extending V1 and V>

SetV = (qu)4 and define a hermitian form on V by designating the usual basis of V to be
B = ey, vy, v2, e_1,where,fori = 1, 2,thebasis B; = ey, v;, e_ is a standard basis for the
nonsingular 3-space V; that it spans. We have assumed that there exists ¥: SU(V) — G,
and we may suppose further that Jw—l = Ssuv;) fori =1, 2. Viewing W as a map on
SU(V1), we may assume that W extends Wj. Also, viewing W5 as a map on SU(V3,), there
exists « € Aut(SU(3, ¢)) such that the following property holds, where ¢ o W5 : SU(V2) —
Jr sends j' > j¥W,:

there is an epimorphism W: SU(V) — G extending ¥| and o o W5. (25)

Any such automorphism « factors as 6y, where 6 is induced by an automorphism of ;> and
y is induced under conjugation by an element of GU(3, ¢). For « satisfying (25) the 6 in
any such factorisation is unique. The following procedure calculates the field automorphism
inducing that 6.

PROCEDURE 6.11. Set o’ := diag(1/p, p/p, p) and o := o’ ¥| € J.

1. Fix u € Q3 and use Procedure 6.8 to find, relative to a suitable standard basis,
14‘-1-’271 = ry1(v, v) and Lt"‘-I—’{1 =r ().

2. Express v/ = Av and find the integer 0 < n < 2k such that A7" = 1/p.
Set 6 to be the automorphism A > A~7".

Correctness. Note firstthat o actson Q/ T, fixing the 1-spaces Q1/T and Q,/ T . Further-
more, by Lemma 2.3(i), o induces the scalar 1 /p on Q2 /T . Hence, if ¥ is any epimorphism
extending Wi and 1 # u € Q», then u¥~! = ri(w, %) and u’ W~! = r{(w’, %), where
w = (I/p)w. Let ® denote the restriction of W to SU(V>). Then, if ®y denotes the
isomorphism 6: SU(V,) — J, sending A — AY® for some field automorphism 6, we

have
_ — —1
ud; = @d N =@’ e and w0y =@’ ).
—1 — _
It follows that w'? = (1/p)? Lwf Computed using Wy, the scalar induced1 by o on
0,/ T is 1. We therefore require the unique field automorphism € such that A% = 1/p.

That is precisely the automorphism that the procedure constructs.
Timing. This is dominated by O (), for the call to Procedure 6.8.

Change of basis. Apply the field automorphism 6 to all of the generating matrices for
SU(V;). We next find a matrix C € GU(3, ¢q) such that, if y € Aut(SU(3, ¢g)) represents
the automorphism induced under conjugation by C, then y o W, satisfies property (25).
Find a hyperbolic pair fi, f_1 in the support of LW, ! and a vector w € (f1, f_1)*
such that (w, w) = 1 having the property that, if matrices in SU(V,) are written relative
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to fi, w, f—1, then xW I = X, ! for all generators x of L. Clearly, this is a necessary
condition for W; to satisfy, in order for there to exist an extension of W; and W,. Also, since
Ccu(v)(SU(V1)) is transitive on the set of vectors v € (v2) such that (v, v) = 1, we may
choose any w € (f1, fot subject to (w, w) = 1.

Let C € GU(3, g) map our given standard basis for SU(V,) to the standard basis
f1,w, f—1, let y denote the automorphism of SU(V>) induced under conjugation with
C, and replace W, with y o W5.

6.2.6. A data structure for G

We have shown that, as maps on SU(V}) and SU(V>) relative to 8 = ey, vy, V2, e_1,
the isomorphism W;: SU(3,q) — J; and the modified W,: SU@3,q) — J> can be
simultaneously extended to an epimorphism W: SU(V) — G. We note, once again, that
since the images of the groups Q(({e1)) and Q({e—1)) are determined, such an extension is
unique.

Recall that we intend to use Procedure 5.5 to write SLPs to given elements of G in the
case d = 4. Accordingly, we now construct a suitable generating set 8™ for G, which can be
used by the SLP algorithm for the general case. First, however, we need a four-dimensional
version of Lemma 5.2.

LEMMA 6.12. In deterministic O (x) time, given any g € Ng(T), one can find the 2 x 2
matrix g representing the linear transformation induced by g on Q/T relative to the F ;>-
basis u1T, uzk1T.

Proof. This follows easily from Lemma 6.10(ii) in the same way that Lemma 5.2 followed
from Lemma 4.8(ii). ]

Leto’ and o € Jj be as in Procedure 6.11, let !’ € SU(V)}) interchanging (e1) and (e_1),
and set ] := I"U; € J;. Recall the generating set /SZ defined in (24), and use W and ¥ to
construct

To = (W', w W [ 1<s <k, 1<i 2KV {0y ! | 2k + 1 < i < 4k},

the preimage of 4§ *Q under W. Let 4] be the generating set for Lo = G (L)’ returned by the

SL(2, g)-oracle in Step 2 of Procedure 6.9. Observe that, for s € Lo, sl = diag(l, s, 1),
where 5 is the 2 x 2 matrix induced by s on Q/T relative to u1 T, uzx+17.In O (kx) time,
use Lemma 6.12 to construct 7y := 56‘\1—"1 . Finally, set

T :={o/, I''UTp UTy, and
8% = (o, 1)U 8} U 8,

and define a bijection T — 4™ in the obvious way.

Total timing and reliability for 6.2. A suitable data structure for G is found, with probability
1 —(1/8+40.05+0.1) > 0.725, in time O (& + x loggq).

6.2.7. A special case

The construction of a hermitian form on Q/ T, presented in Procedure 4.4, requires that we
be able to modify an effective isomorphism to obtain one with a certain specific property
(see Proposition 6.14). The algorithmic setting in which that need arises is summarised as
follows.
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(a) We have naturally embedded SU (4, g)-subgroups K and J of a black-box group G,
where G is a homomorphic image of SU(n, g¢) for some n > 5.
(b) There are transvection groups T, 71 < K such that (T, T1) = K N J = SL(2, q).

(c) We have generators for the group QO = O,(Ng(T)) of order qz"—l, as well as
generators for 0y = QN J and Qg = Q N K, each of order q3.

(d) We have an effective isomorphism ¥, : SU4, g) — J.

We first demonstrate how any effective isomorphism ®: SU(4, g) — K defines a hermitian
form on a certain elementary abelian section of K.

LEMMA 6.13. Let ®: SU(4, q) — K be an effective isomorphism. Let e1, e2, e_1 and e_3
denote the standard basis relative to which the matrices of SU(4, q) are written, and set
S:=T{e1)Pand U := Op(Nk(S)). Suppose, for uy,us € U, that w;® 1 = ri(wi, &)
for w; € (ex,e—_2) and \; € qu. Then the assignment

(1S, u28) e == (wr, wy), (26)
defines an N (S)'/ U-invariant non-degenerate hermitian form on U/ T.
Proof. This follows easily from Lemma 2.2(i). ]

In our setting we have two copies of SU(4, ¢): one for J relative to a standard basis
(ei)ier» and one for K relative to a standard basis (el’. )ier- Using a basis change if neces-
sary, we may assume that W; maps 7 ({e;)) — T and T ({e—1)) — T1, while Vg maps
T((e’l)) — T and T((e/_l)) — T. Hence we may use (26) to construct forms (, )y, and
(, )pon Qy/T and Qg /T respectively. Now there exists a unique N (T')’/ Q-invariant
hermitian form on Q/T extending (, )y,, and another extending (, )4; there is no reason
to suppose that they are the same form. However, we prove the following proposition.

PROPOSITION 6.14. In the present setting, one can modify ® so that (, )y, and (, )o
extend to the same Ng(T)' | Q-invariant hermitian form on Q/T.

Proof. We may view the two copies of SU(4, g) as naturally embedded subgroups of
SU(n, q) for n > 5. Specifically, let (e;);c;r and (elf)iep span nonsingular 4-spaces W
and W' of an n-space V with e; = ¢] and e_; = €’ |, so that ¥;: SU(W) — J and
®: SU(W’) — K. Clearly, there exists some automorphism o € Aut(SU(4, ¢)) such that
the isomorphism ®,: SU(W’) — K sending A > AY® € K satisfies the following

condition.
There exists ¥: SU(V) — G extending both V; and P, . 27

As in 6.2.5, each « € Aut(SU(4, ¢)) can be written as « = 6y, where 6 is induced by an
automorphism of F > and y is induced under conjugation with an element of GU(4, q).
Once again, we first find the unique 6 so that o = 0y satisfies (27).

Finding 6. Let o' € SU(V;) induce the scalar 1/p on (e;) and p on (e_;). Then
o := o'W, € J has order g2 — 1 and normalises 7 and Tj. By Lemma 2.3(i), o induces
on Q/T atransformation ¢ fixing a nonsingular 1-space U/ T of Q;/T and inducing the
scalar 1/p on the (d — 3)-space (U/ T)L. Use W, to construct generators uy, ..., uy forU,
and also generators wy, . .., wy for the subgroup U; < Qy, of order q3, suchthat U, /T
is perpendicular to U/ T. Next, as in the proof of Lemma 6.10(ii), find the projection of r T’
on Qy/T relative to u1 T, ..., uxnT,w T, ..., wyT for each generator r of Q. Using
elementary linear algebra, find an F),-linear combination of those 4k vectors representing
an element of U, /T, and hence construct an element u € Qg such that uT € U, /T.
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Thus ¢ induces the scalar 1/p on the [ 2-space spanned by uT', and we may use a similar
method to that employed in Procedure 6.11 to compute 6.

Modifying ®. Unlike the procedure in 6.2.5, we do not need to find o, satisfying (27);
we need only to modify ® in such a way that (, )¢ = (, )o, on Qg /T for such a @ .
Apply 6 to each element of our generating set for SU(Vk ) (hence modifying ®). Then there
exists y € Aut(SU(4, ¢g)), induced under conjugation with some C € GU(4, ¢), such that
®,, satisfies (27). Clearly, any such y satisfies the property

de;] = x\L’;I as matrices, for all x € (T, Tl). (28)

If y’ is any automorphism induced under conjugation with an element of GU(4, ¢) (say
C’) that satisfies (28), then D := C'C~! centralises SU({e1, e—1)). Hence, if D, de-
notes the restriction of D to (e’z, e »)» then D induces the transformation w +— AwD,
on Q({e1))/ T ({er)) for some A € qu with A9t = 1. In particular, we have ( , )q>y, =

)LX( , )@V =(, )@V on Qg /T. Hence we have reduced the problem to finding any auto-
morphism y satisfying (28). One can find a C giving rise to such y via an elementary matrix
calculation, and we replace ® with ®,,. This completes the proof of the proposition.  [J
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