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Abstract

In this paper we study Steiner triple systems S as extensions of Steiner normal subsystems N by the
quotient Steiner systems Q, by means of the associated Steiner loops Ls (of projective type). On the one
hand, we deal with non-central extensions Ls of normal subloops L of index 2, which form projective
hyperplanes A of the Steiner triple systems S. On the other hand, we realize that the set of Veblen points
of a Steiner triple system S corresponds to the center of the Steiner loop Ls and the loop Ls is a Schreier
extension of its center by the quotient loop Lo, which is determined by a factor system f. For Schreier
extensions we provide in fact a small cohomology theory.

Introduction

Steiner triple systems S = (P, T ), where P is a set and T is a family of (unordered) triples (also called blocks
or lines) of elements of P such that any two distinct elements of P are contained in exactly one triple of T,
are among the most acknowledged structures in combinatorics, often appearing at the very beginning in any
history of this discipline. Although it has been known since the 50’s of the last century ([15], [3]) that, for
any triple {a,b,c} in a Steiner triple system S, the operation a - b = ¢ (together with a-a = Q- Q = Q and
a-Q=Q-a=a, for a further element Q not in §) gives in turn a commutative loop, an extension theory for
Steiner triple systems has not been explored.

Also it seems that the tools provided by loop theory have been underestimated, to the extent that, for
instance, a couple of notable results in [17], [22] can be, not only significantly simplified, but even strengthened
(see Remark 1.2).

In this paper we study Steiner triple systems by means of a classic algebraic technique, that is, by reducing
their structure to that of suitable normal subloops and the corresponding factor loops, leaving the classification
of simple Steiner loops to a future investigation. In this respect, we provide only one result, that is, Theorem
1.7, which connects our paper to [23].

In fact, subloops correspond to Steiner triple subsystems and normal subloops give in turn quotient loops
which are associated with quotient Steiner triple systems, as well.

We must remark, to this extent, that recursive methods for the construction of ”products” of Steiner triple
systems are very well known [9, Ch. 3], but among these methods only one coincides with the extension provided
by our construction, that is, the case where the factor loop corresponds to the degenerate STS with only one
point. This is, as well, the case of projective hyperplanes, which in turn were firstly studied by Teirlinck [24]
and later by Doyen, Hubaut, and Vandensavel [12].
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We distinguish the case where the normal subloop is central: after proving that central elements correspond
to Veblen points (see Def. 2.7), we introduce an extension theory which takes inspiration by the well-known
cohomology theory for commutative groups. This specific theory provides a constructive approach to describe
Steiner triple systems containing Veblen points. In particular, the set of Veblen points, being the center of the
loop, always gives a Steiner triple subsystem of size 2¢ — 1, which is a projective geometry over the field GF(2).
The whole Steiner loop, in this case, is a Schreier extension of its center by the quotient loop, which can be
described by a factor system f as in Lemma 2.13. In Section 2.3.1 we face with the problem of defining equivalent
and isomorphic extensions by means of coboundaries, because for loops it is not necessary nor sufficient, for a
function ¢ to be a coboundary, that 42¢ = 0. Surprisingly enough, we could still use some tools from group
theory to classify Steiner triple systems containing Veblen points (see Remark 2.9 and Example 2.18.1).

It is worthwhile to point out that the center of a Steiner loop Ls which is not an elementary abelian 2-group
has index at least eight (see Theorem 2.14). This means that projective geometries over GF(2) are the only
Steiner triple systems of size v with more than [{%] Veblen points (see Corollary 2.15).

In the case of non-central extensions a significant place is held by extensions of subloops of index 2 (which
are normal, see Theorem 1.5): the corresponding subsystems are called projective hyperplanes in the pioneering
papers by L. Teirlink [24] and J. Doyen, X. Hubaut and by M. Vandensavel [12]. By means of Theorem 2.5
these extensions are thoroughly characterized by the projective hyperplane and a (further) suitable symmetric

Latin square on ”51 elements (see e.g. Example 2.6.1).

1 General facts

In this section we want to give some classic definitions and prove the basic properties of the main topic of this
work: Steiner loops.

We remind the reader that a loop is a set L equipped with a binary operation o such that the equations
aox =b and yoa = b have precisely one solution, for all a,b € L, and having an identity element Q € L. The
operation of a loop does not need to be associative: when associativity holds, the loop turns out to be a group.
A subloop N < L is normal if it is the kernel of a homomorphism or, equivalently, if the relations

toN=Nozx, zo(Noy)=(xoN)oy, zo(yoN)=(roy)oN,

hold for any x,y € L. If L is commutative (as it will always be in our case), normality conditions reduce to the
only zo(yoN) = (zoy)oN.
The left, middle and right nuclei of a loop L are, respectively, the subloops

Ny={rxeL|(xoa)ob=xzo(aob)forall a,b € L},
N,={zeL|(aox)ob=ao(xob)forallabe L}
N,={zeL|(aob)ox=ao(box)forall a,be L}.

The intersection of the three nuclei N = Ny N N, NN, is called the nucleus of L and the subloop
Z={rxeN|zoy=youxforalyelL}

is the center of L. For a commutative loop, the center coincides with the nucleus.

In the introduction we have already given the definition of Steiner triple systems S = (P, T), where any two
distinct elements of P are contained in exactly one triple of 7. Throughout the paper we denote, for short, by
STS(v) a Steiner triple system of cardinality v. A STS(v) exists if, and only if, v = 1,3 mod 6 (in this cases
v is said to be admissible). We point out that in this definition we include the trivial case of the STS(1)
having one point and no triple.

Classic examples of Steiner triple systems are given by the point-line designs of projective geometries PG(d, 2)
over the field GF(2), or affine geometries AG(d, 3) over the field GF(3), for some d > 0.

These two items, loops and Steiner triple systems, are closely related, as shown by the following definition.

Definition 1.1. Let S be a Steiner triple system and let ¢ S be a further element. The set Ls = S U {Q},
with the binary operation - defined by
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e for any distinct x,y € S, x - y = z, where z is the third point in the triple of S containing x and y;
e foranyzr € Ls,z-z=Qandz- Q=Q -z =1z,
is called a Steiner loop of projective type.

Clearly, the equations ax = b and ya = b have the third point of the triple through a and b as the unique
solution, and {2 is the identity element of Ls.

Remark 1.1. While the idea of a loop arising from a STS is classic, the name of projective type is new, and
we decided to adopt this terminology based on [13], in which the authors study a different loop, corresponding
to a given STS, which they call of affine type, and which was defined by Chein in [7], putting z + y + 2 = Q2
whenever {z,y, 2} is a triple (here Q is a fixed element of P and the triples {z,Q, —z} through  define the
opposites). Moreover, in our case, the Steiner loop of projective type Ls turns out to be a group (more precisely,
an elementary abelian 2-group) exactly when the STS § is a projective geometry PG(d, 2) over GF(2), as well
as the Steiner loop of affine type Ls turns out to be a group (more precisely, an elementary abelian 3-group)
exactly when the STS S is an affine geometry AG(d, 3) over GF(3). On the contrary we report in passing that,
for k > 3, non-trivial Steiner k-tuple systems (that is, v-sets D admitting a family of k-subsets, called blocks,
such that any two elements belong to exactly one block) have been recently constructed in [6], with the following
property: D can be given the structure of a commutative group such that the sum of the elements in any block
is zero.

Remark 1.2. Here we want to support, with the following examples, our initial assertion that loop theory
turns out to be an effective tool for the study of Steiner triple systems.

On the one hand, it is very well known that, if any three non-collinear points determine always a Pasch
configuration, then the STS is a PG(d,2). On the other hand, the same property can be formulated in terms
of lack of the anti-Pasch configuration C14.

/N AL

C16 (Pasch)

because the lack of the anti-Pasch configuration C4 is equivalent to the fact that any three non-collinear
points determine always a Pasch configuration.

If we translate the Pasch configuration in the setting of loop theory, it simply corresponds to the associativity
a(be) = (ab)c:

ab be

Ci6 (Pasch)
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and this makes the two above characterizations much more direct. Moreover this fact will be sensibly
strengthened in Corollary 2.15.

Trying to find a corresponding characterization for AG(d,3), M. Hall ended up discovering Hall triple
systems, which form a family of STS’s properly containing the affine geometries over GF(3), and for which in
fact any three points belong to an affine plane AG(2,3). As shown by M. Pavone in [21], the corresponding
characterization for Steiner triple systems as affine geometries over GF(3) is that any four points belong to an
AG(3,3), simply because the associated Steiner loop of affine type fulfills, for any three points (together with
the zero element) the associative law, hence being a group. In the same lecture, he noted that if the Steiner
loop of affine type associated to a Steiner triple system is not a group (equivalently, the Steiner triple system is
not an AG(d, 3)), then the three non associating elements form, together with zero, a C} configuration:

a b a b
° ® ® ® ® ®
Yy

a+b @ ® ®c a+b o/o\.\oc
t x

® ® ® °® o ®
Q b+c Q b+c
Grid Cl

where —t = (a+b)+c=a+ (b+c¢), —z=a+(b+¢), —y=(a+b)+ec

This allowed him to strengthen a result by Kral et alii [17] characterizing affine geometries over GF(3) as
Steiner triple systems where the configurations Ci6, C§ and C% are missing, as well as Hall triple systems where
the configurations C& and CZ are missing. In fact, he proved that the affine geometries over GF(3) are exactly
the Steiner triple systems where the configurations C1g and Cfg are missing, as well as the Hall triple systems
where the configuration C} is missing.

If S is a Steiner triple system, the resulting Steiner loop of projective type Ls is a commutative loop of
exponent 2. Also, it satisfies the totally symmetric property, that is

x(zy) =y, forallz,ye€ Ls.

In fact, if {x,y, 2} is a triple of S, then
z(xy) = x2 =y.

The statement is clearly trivial when z = Q or y = Q.

Remark 1.3. In the case of Steiner loops of projective type, since L fulfills the totally symmetric property, the
left, middle and right nuclei coincide, and because of commutativity one has trivially that the nucleus coincides
with the center Z of Ls.

Proposition 1.2. Let L be a commutative loop of exponent 2. Then the following assertions are equivalent:
1. for all z,y € L one has z(zy) = y;
2. for all z,y,z € L one has that x(yz) = Q if, and only if, (zy)z = Q.

Proof. Assume that 1. is true. If z(yz) = Q, then z = yz = 2y, since L is commutative with exponent 2. We
compute

(zy)z = ((zy)y)z = 22 = Q
If (zy)z = Q with a similar computation we obtain that x(yz) = €2, hence 2. holds.
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Assume now that 2. is true. For all z,y € L, putting z = yx, we have that (yz)z = , that is equivalent
to y(zz) = Q. From the last equality we obtain that y = xz, that is, substituting z, y = z(xy). Hence 1.
holds. O

This construction of a loop Ls arising from a Steiner triple system S is reversible. Indeed, if £ is a
commutative loop of exponent 2 fulfilling the totally symmetric property, then the set S := £\ {2} has the
structure of a Steiner triple system where the triples {z,y, z} are defined by z := zy. It is a Steiner triple
system since the third point in the triple through z and z is y since xz = z(zy) = y. According to Proposition
1.2 the triples {z,y, 2z} of S are characterized by the property that

xyz = (),

and we want to stress the fact that for any triple in Sy the associative property holds.
Naturally we have that Sg; = S and Ls, = L.

Now we want to settle the basic correspondences between Steiner triple systems and their associated Steiner
loops of projective type.

Theorem 1.3. Let S be a Steiner triple system and Ls the corresponding Steiner loop of projective type with
identity €.

i) L' is a subloop of Ls if, and only if, it holds L' = L, where R is the Steiner triple subsystem of S given
by L'\ {Q}.

ii) If Lnr is a normal subloop of Ls, then each non-trivial coset Ly defines a subsystem N U xLy of S
containing N .

iii) If Ly is a normal subloop of Ls, then the factor loop Ls/Lx = Lo, where Q is the Steiner triple system
consisting of the non-trivial cosets of Lys.

Proof. i) £’ is a subloop of Lg if, and only if, it is closed under the operation of Lg, that is equivalent to
saying that if two distinct elements of S are contained in R := £\ {Q}, then the third point z = zy of
the triple through x and y is in R as well.

ii) Let L be a normal subloop of Ls and = ¢ L. Firstly we note that the cardinality of N'U L is
admissible: indeed, if w is the cardinality of A/, then [N UzLys| = N|+ [2Ly] =w+w+1=2w+ 1,
and 2w+ 1=3or1 mod 6 whenever w=1or 3 mod 6, respectively.

Now we want to show that through any two distinct points of AU zL s there exists precisely one triple
of the STS S contained in N U zL .

Firstly, if any,any are two distinct elements in the coset zLyr, then (znj) - (xng) = n3 € Ly, since
(xLyr) - (®Lpr) = Ly, that is {zn1,zng, n3} is a triple of S contained in N U zLyr.

If zny € Ly, na € N, then we have (zn;) - ng = zng since (zLyr) - Ly = zLy, that is {zny,ne, zns} is
a block S contained in AU zLys.

Finally, if ny, ne are two different elements in A/, then trivially there exists precisely one triple {n1, ns, nins}

of V.
Hence the set AU xLx is a subsystem of STS S.

iii) This follows from the fact that Ls/Lxs is a commutative loop of exponent 2 with the totally symmetric

property.
O

If Lpr is a normal subloop of Ls and Lo is the corresponding quotient loop, we say that A is a normal
subsystem of S and Q is the corresponding quotient STS.

Definition 1.4. Let v be the cardinality of a STS. We say that v + 1 = (u + 1)(w + 1) is an admissible
factorization if w and w are admissible in the sense of Steiner triple systems.
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Example 1.4.1. Since the factorization 14 = 2-7 is not admissible, we see that the two non-isomorphic STS(13)
cannot have normal subsystem, hence the corresponding Steiner loops of projective type are simple.

The next result is known in loop theory, but in this case of Steiner loops we want to give an alternative
proof from a more combinatorial point of view.

Theorem 1.5. If the index of a subloop Lar of Ls is two, then Ly is normal.

Proof. Since L is the disjoint union of Ly and Ls\ Ly = L€, for each z ¢ L, the intersection zLyNLy = 0
because x - n ¢ L for any n € L. Hence LS =Ly

If v,y € Lpr, then one has - (yLn) =x - Ly = Lx = (- y) L

If x ¢ Ly and y € Lpr, then one has z - (yLy) = 2Ly = L€ and (x-y)Ly = L€ because z -y is not in
Ly

If 2,y ¢ L, then we prove that xy € L by the following counting argument. The triples {z,y, xy} with
x eS8, y¢S (and necessarily zy ¢ S’) are exactly

(%)

out of the b = w triples of S. Since the difference is equal to

v(v —1) N (v—1)(v—3)

6 ( 2 ) B 24 ’
which is the number of triples of . Hence, the triples of S which are not triples of A" have exactly one point in
N. This means that, if z,y ¢ Lar, then xy € Lyr, hence (z - y)Lx = L. Moreover, - (yLpr) = 2Ly = Ly
for the same reason.

We can conclude that £r is a normal subloop in Ls. ]

The same statement is not true when we let the index rise to 4, as shown in the next example.

Example 1.5.1. Let § = {0,1,...,9,a,...,e} be the STS(15) with the triples given by the columns of the
following table:

00000001111112222223333444455556666
13579bd3478bc¢c34789a789a789¢c78ab789%a
2468aceb69adebbbecdeedcbabedd9cecebd

Any triple N of S gives a subloop £ < Ls of index 4. Let A be, for instance, the triple {3, 9, c}. Normality
requires that for any z,y € Ls and any ny € Ly, z(yn1) = (xy)ns for some ny € L. If we choose z = 5,
y=17,n1 =23, then

x(yn1) =5(7-3)=5-e=0b,

but the equation (5 - 7)ny = b, being equivalent to d - no = b, leads to ny = 1, that is not an element of L.

The following Theorem characterizes normality in small cases.
Theorem 1.6. Let S be a Steiner triple system.

e If a sub-STS(1) N = {x} is normal, then any two different lines through it generate a Fano plane (so x
is a so-called Veblen point, see Definition 2.7).

e If a sub-STS(3) is normal, then any outer point generates with it a Fano plane.
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Proof. Let N = {z} be a normal subsystem of S. Then, from the condition

y(2Ln) = (yz)Lar, forany y,z € Ls,

it follows that y(zz) = (yz)z, that is, z associates with every other couple of elements of Ls. Let {1 = {x, a, za}
and ¢o = {x,b, xb} be two triples through z with a # b. Then

(bx)a = b(za) = z(ab), and (ax)(bx) = ab,

hence x, ¢; and /5 generate a Fano plane, as shown in the next figure:

X

Let N = {a,b,ab} be a normal subsystem of S and x an outer point. From normality condition, we know
that the solutions n1,no,ng of the equations

xz(ab) = (za)ny, xz(ba) = (xb)ng, (ax)(xb) = ans,

lie in Lxr. It is easy to check that the only possibilities which do not lead to any contradiction are ny = b,
ne = a and ng = b, giving the identities

x(ab) = (xa)b, xz(ba) = (xb)a, (ax)(xb) = abd.

This means that N and z generate a Fano plane, as shown in the next figure:

a

O

Let Ls, and Ls, be two Steiner loops with identity € and Q9 respectively. A homomorphism Ls, — Ls,
is a map sending 2y to {22 and any triple of &7 into either a triple of Sy or into 5.

If S; and S, have the same cardinality, then the isomorphisms of loops L5, — Ls, corresponds exactly to
the isomorphisms of Steiner triple systems S; — So.

If M is a permutation matrix corresponding to an automorphism of a Steiner loop of projective type Ls
with multiplication table T, then M'TM is the multiplication table of the image loop.
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Now we want to give some remarks about the multiplication group of a Steiner loop. In [23] it is proved
that if the order of any product of two different translations of a Steiner triple system S of size v > 3 is odd,
then Mult(Ls) contains the alternating group of degree v + 1. In particular, the order of any product of two
different translations of a Hall triple system is three, a fact proved in [10]. They also remark that in the Steiner
triple systems constructed in [11] from a cyclic group the order of any product of two different translations is
odd, as well.

Theorem 1.7. Let S be a Steiner triple system with v points, and let Ls be the associated Steiner loop of
projective type with identity . Then each translation of Ls has the form

Ao = (0, 2) (Y1, y2) (Y3, Y4) - (Yo—1,Yn)-

The multiplication group Mult(Ls) is contained in the alternating group A,41 if and only if v = 3, or 7,
mod 12.

Proof. Each translation is products of transpositions because of the definition of Steiner loop of projective type.

Since v = 1,3, mod 6, then v =1,3,7,9, mod 12. If v = 3,7, mod 12, then for the cardinality one has
|Ls| = 4,8, mod 12. Therefore in both cases |Ls| is divisible by 4. The number of transpositions in A, for all
T #£Qis % which is even. Therefore the permutation A, is even. Hence the multiplication group Mult(Ls)
is contained in the group A,11. Conversely, if v = 1,9, mod 12, the cardinality of |Ls]| is not divisible by 4.
The number of transpositions in A, is odd. Hence the multiplication group Mult(Ls) is not contained in the

group Ay41. O

Theorem 1.8. Let S be a Steiner triple system containing a STS(9) and such that the Steiner loop Ls is
simple. Then Mult(Ls) is the alternating group or the symmetric group on v + 1 elements, according to the
cases where v is 3,7 or 1,9 mod 12.

Proof. Since Lg is simple, Mult(Ls) is primitive. Let R be the sub-STS(9) of S, then Mult(Ls) contains
Mult(L%), which is the symmetric group on 10 elements [23]. In particular, Mult(Ls) contains a 3-cycle, and
by Jordan’s theorem on primitive groups of permutations the assert is proved. O

2 Extensions of Steiner loops of projective type

In this section we reduce the structure of Steiner loops of projective type to consecutive extensions of simple
ones. As one can expect, by considering that the number of Steiner triple systems with n elements increases

2
as (n/ e? + o(n))n /6 (see [16]), this construction is very flexible, compared with the corresponding extension
theory for commutative groups.
We begin by recalling a standard result, which introduces the reader to the idea of studying extensions and
simple Steiner loops, that is the motivation of our paper.

Theorem 2.1. Any Steiner loop Ls of projective type has a subnormal series
NdLs, Q- D Ls, = Ls,

where the factors Ls,,,/Ls, are simple Steiner loops of projective type.

i+1
In Theorem 2.16 we will characterize projective geometries over the field GF(2) in terms of subcentral series.

More generally, we want to study extensions of Steiner loops of projective type. Extensions of normal
subloops by (quotient) loops are much more relaxed than in the case of groups (cf. [2] and [4], [18]). For instance,
the only extension already considered for Steiner triple systems, that is, the case of a STS(v) S containing a
projective hyperplane, that is STS(%51), is determined by any given 1-factorization of the complete graph K ESY

o). i

Definition 2.2. Let L and Lo be Steiner loops of projective type of order n and m with identity elements
Q) and () respectively, and let Sq(L£) be the set of n x n Latin squares with coefficients in the set £y

An operator ® : Lo X Lg — Sq(Lr), which maps the pair (P, Q) to a Latin square ®p g : Ly XLy — Ly,
is called a Steiner operator of projective type if it fulfills the following conditions:
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i) the Latin square ®g q is the (symmetric) multiplication table of Lys;

ii) ®g p(y,z) = Ppo(x,y), that is, @ p is the transpose of ®p g;

)
)
iii) ®p p(z,2) = Q'

iv) @ppo(r, Ppol,y)) =y
for all (P, ), (Q,y) € Lo X L

Remark 2.1. With P = @ and = = y, conditions iii) and iv) yield

Ppg(r, ) ==

Theorem 2.3. Let L and Lg be two Steiner loops of projective type of order u+1, w+1 and with identities
O, Q, respectively. Let ® : Lo x Lo — Sq(Lar) be a Steiner operator of projective type.
If we define on Ls = Lo X L the multiplication

(Pa .’E) : (Q»y) = (PQv(I)P,Q(xvy))a

then Ls is a Steiner loop of projective type of order v+ 1 = (u + 1)(w + 1) with identity Q = (Q,Q'). The
subloop o ~
Ly ={(Q,z)|z€Ln}

is a normal subloop of Ls isomorphic to Ly, with corresponding quotient Ls /Ly isomorphic to Lg.
Conversely, any Steiner loop of projective type Ls having a normal subloop Ly with corresponding factor loop
Lo = Ls/Ly, is isomorphic, for some given Steiner operator ®, to the above described construction.

Proof. Let Ls be defined as above.
If (@Q,y) and (R, z) are two given elements in Lg, then the equation

(Qy) - (Pz) = (R, 2)

has a unique solution (P, z), where P is the solution of QP = R in Lg and z is the unique element in £ such
that ®g gr(y, z) = z, that is, the column index of the element z in row y in the Latin square ®¢ gr.

By Remark 2.1, the element (£2,€') is the identity of £Ls. By Definition 2.2, condition ii), the operation is
commutative, by condition iii) £s has exponent 2 and condition iv) yields that (P,z)- ((P,z)-(Q,y)) = (Q,),
that is, Lgs fulfills the totally symmetric property.

Thus Lg is a Steiner loop of projective type. By Definition 2.2, condition i), the subloop

Ly = {(@.2) |2 € Ly}

is isomorphic to Ly, and it is normal because both ((Q,y)(R, 2))Lx and (Q,y)((R,2)Lxr) coincide with the
set
{(PQ,x):z € N}.

Conversely, for any Steiner loop Lg of projective type having a normal subloop £y and a corresponding
factor loop Lo = Ls/Lr, let m: Ls — Lo be the canonical epimorphism and o: Lo — Ls be a section with
o(Ly) =Q and 7o = idz,. Since for every 7(X) € Lo it holds 7(X) = m(o(7(X))), we have that

X = o(x(X)) -, (1)

with & € L. By normality of £ and using the fact that o(7w(X))o(7(Y)) and o(n(X)7(Y)) are in the same
coset, we obtain that

XY = (o(n(X)) - 2) (o(7(Y)) -y) = (o(m(X)7(Y))) - Prr(x).m(v) (2, Y)
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for a suitable element ®.(x)rv)(z,y) of L depending on 7(X),n(Y),z,y. Since Ls is a loop, for any
m(X),m(Y) € Lg, Pr(x),x(v)(—,—) defines a Latin square with entries in L5 and with rows and columns
indexed by L as well. Thus we can define an operator ®: Lo x Lo — Sq(Lxr) such that &: (7(X), 7(Y)) —
. (x),x(v)- Up to renaming the elements of Lg, every x € Ls can be represented by the couple (P, ) defined
in (1), where P = m(X). With this representation, the operation of Lg is given by

(Px) - (Q,y) = (PQ, Ppo(z,y)).

The first condition of Definition 1.1 is trivially fulfilled since x = (2, z) for every z € L. Condition ii) holds
for commutativity, condition iii) comes from the exponent 2 and condition iv) reflects the totally symmetric

property.
O

In this case we say that Ls is an extension of L by Lo or, equivalently, that the short sequence
O =Ly —Ls— Lo — 0 (2)

is exact.
The next theorem follows from well known facts (cf. [1], § 10 and 11).

Theorem 2.4. Let L be an extension of Ly by Lo. Then Mult(Lyr) is a normal subgroup of Mult(Ls) and
Mult(Lg) is isomorphic to Mult(Ls)/Mult(L).

Theorem 2.5. Let -

O =Ly —Ls—Lo—Q
be an extension of Steiner loop of projective type with |Lar|l = w+ 1 and |Lg| = w+ 1. Then the (u+ 1)(w +
1) X (u+ 1)(w + 1) multiplication table of Ls is thoroughly determined by its w + 1 diagonal (v + 1) x (u + 1)
symmetric blocks and other % tables.

Proof. Since the multiplication of Lgs is given by

(Pz) - (Q,y) = (PQ,Ppo(w,y))

for some Steiner operator ®, the multiplication table of Ls is described by the (w +1)% (u+1) x (u+ 1) tables
corresponding to the Latin squares ®p g, with P, € Lg. Every Latin square ®p ¢ in the main diagonal
uniquely determines the Latin squares ®g p and ®pg. If P,Q, R € Lg are such that PQ = R, then ®pq
uniquely determines ®p r, ®g g, and consequently ®o p,Pr p,Pr . Hence, once the blocks on the main
diagonal are fixed, the remaining w(w — 1) blocks can be determined by specifying just % of them in detail.

0 Pl...| © |...] R
Q] Pan ®o.p %00 Po.r
P Ppo | Ppp Ppq ®pr
Q| P50 Pq.p 0.0 Po.r
R | ®r¢q O p Pro Pr.r
O]
10
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2.1 Projective hyperplanes

A proper subsystem S’ of S is called a projective hyperplane if every block of S has a non empty intersection
with §’. Equivalently, a subsystem S’ of an STS(v) is a projective hyperplane if, and only if, |S'| = ”;1:
indeed, each of the ”;1 blocks through a point x outside &’ must have exactly one point in common with S’.

By cardinality reasons, projective hyperplanes correspond exactly to subloops of index 2, which are normal by
Theorem 1.5.

Corollary 2.6. If Ls is a simple loop, then S does not contain a projective hyperplane. If Ls is not simple,
and Ly is a proper normal subloop of Ls, then N is a projective hyperplane of the subsystem M of S generated
by N and x, for any x € S\ N.

Proof. The first assertion is trivial, and the second follows from the fact that £ turns out to be the union of
Lar, L. O

Remark 2.2. The problem of classification of ST'S(v) with a projective hyperplane reduces to the classification

of STS(”;l) together with the classification of symmetric Latin squares of ”T_l letters, where one inserts {2 in

the main diagonal.

Example 2.6.1. Here we give an example of a STS(19) having a subsystem A (of order 9) as a projective
hyperplane, corresponding to a normal subloop £ of index 2 in a Steiner loop of projective type of order 20.
We can see N as the affine plane over the field GF(3) with the following configuration.

For L we fix the following multiplication table:

Sl 1T 2 3 4 5 6 7 8 9
Qi 1 2 3 4 5 6 7 8 9
171 & 6 7 8 9 2 3 4 5
212 6 @ 9 7 8 1 4 5 3
313 7 9 @ 5 4 8 1 6 2
Ly: 414 8 7 5 & 3 9 2 1 6
5/5 9 8 4 3 & 7 6 2 1
66 2 1 8 9 7 5 3 4
7|17 3 4 1 2 6 5 € 9 8
8|8 4 5 6 1 2 3 9 Q 7
919 5 3 2 6 1 4 8 7

The factor loop Lo of order 2 has the multiplication table:

1
The elements of Ls will be represented by pairs (Px) in Lo X L and the addition table of Ls will be given
by the four 10 x 10 block matrices ®p .
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Note that the Latin square ®q g is the multiplication table of L. The Latin square ®7 1 is a symmetric table
such that the identity element 2 is in the main diagonal. We choose for ®1 1 the table

<

| .
2
2
2
2

<

<
<
<
<

<

W D00 O R U N QD
— WA O 00N Ul ]|~
O W N0 QU N
DO 00O R W D] Ut W
OO N WU 00N [
B O = ] D T W N 00 o o
GO O D~ Wik — © oo
00U O~ © WA N
N QU D O 0w |
QD00 T O N O W ©

© 00~ O Uk Wi

Each of the 45 entries in the upper triangular matrix of ®1 1 determines a triple of the STS(19), for instance
we can read from the table that (1,4) + (1,1) = (2,2) that is {(1,4), (1,1), (€2,2)} is a triple, we find 45 triples.
Each of the found triples gives two entries in the Latin square ®g, 1, as well as in 7 = (b%i’ respectively, for
instance the {(1,4), (1,1),(,2)} triple gives the two entries ®g 1(2,4) = 1 and ®g 1(2,1) = 4. The entries in
®q o yields 12 triples of the STS(19). Hence we obtained all of the 57 triples. Therefore the Latin square ®g, 1
is thoroughly determined as follows

<
<
<

<

<
<
<
<

<

© 0O TR W~ Q-
GO D Wk O~ 00 QR
O LD W ] 00 ©
OB WD 00~ Ul NN
T O~ DO U O A W w
0N O U QD = L |
QD= o0 © W~ Wl
— QU -1 O W 00N OO
WO RO~ N Q U~ ~]
B OOl = O D ool
O~ 00RO U W O ©

2.2 Center and Veblen points

In this section we want to characterize the notion of Veblen points in an algebraic way and to study a particular
class of loop extensions called Schreier extensions, that in our case correspond to Steiner triple systems with
Veblen points.

We remind the reader that for Steiner loops of projective type the nuclei and the center coincide. On the
one hand, the center Z of a Steiner loop Ls has cardinality 2¢, for some non negative integer ¢, since it is an
elementary abelian 2-group. On the other hand, being Z a normal subloop, its cardinality must divide that of
Ls. Thus, one gets v + 1 = 2¢(w + 1), where w + 1 must be the cardinality of the quotient Steiner loop.

Now we want to stress the fact that the non-zero central points of a Steiner loop of projective type are
exactly the Veblen points of the corresponding Steiner triple system.

Definition 2.7. A point z in a STS S is a Veblen point if whenever {z, a, b}, {z, c,d}, {t,a,c} are triples of S,
also {t,b,d} is a triple of S.

The following theorem, that gives an algebraic characterization of Veblen points, leads to a much more
general version of the Veblen and Young theorem for STS.

Theorem 2.8. Let Lgs be a Steiner loop of projective type and Z be its center. A point x € S is a Veblen point
if, and only if, x € Z.

12
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Proof. Let © € S be a Veblen point. If we consider the triples {z,zy,y}, {z,z,zz}, {t,zy,2} in S, we have
that also {t,y,xz} is a triple in S. Hence one has that (zy)z = ¢t = y(xz), that is, using commutativity,
z(zy) = (zx)y. Therefore, x is in central element.

Conversely, let z # 2 be in the center Z. If {z,y,zy}, {z, 2,2z} and {t,y,xz} are triples of S, then the
element ¢ = y(xz) coincides with (zy)z, meaning that {¢,zy, z} is also a triple of S. O

Corollary 2.9. The set of Veblen points of an STS(v) is always a Steiner sub-system, in particular it is a
projective geometry of cardinality 2° — 1, for some integer ¢ > 0.

Theorem 2.10. If v+ 1 = 2'(w + 1) is an admissible factorization only for t = 0, then any STS(v) contains
no Veblen points.

Proof. The claim follows from the fact that, if the center has cardinality 2¢, then “2"21 must be the cardinality

of the quotient projective Steiner loop. O

After the definition of Schreier extensions we will give a necessary and sufficient condition on the existence
of STS(v) with (at least) 2¢ — 1 Veblen points.
Further in this paper we will give a construction method to obtain such STS’s containing Veblen points.

Remark 2.3. If S is a STS(15), then the cardinality of Z could be 1,2,4,8 or 16. Actually, we will see
that a STS(15), different from PG(3,2), can have at most one Veblen point. In particular, in relation to the
classification in [8], the STS(15) number 1 is PG(3,2), the STS(15) number 2 has precisely one Veblen point,
which is the point 0, and all the STS(15) from number 3 to 80 have no Veblen points.

Now, in order to show what we claimed in advance in the previous Remark 2.3, we prove a more general
fact about Veblen points, Pasch configurations and Fano planes.

Lemma 2.11. If S is a STS(v), then:

. . . v—1)(v—3
1. The number of Pasch configurations through a Veblen point is ()4#.
2. If § has 2 Veblen points a, b, then the third point ¢ = ab in the line through them is also a Veblen point,

and there are “13 Fano planes containing the line ¢1 = {a,b, ab}.

Proof. If a is a Veblen point, then for all points b € STS(v), a # b, there are ”23 Pasch configurations through
b and a which do not contain the block {a, b, ab}.

This follows from the fact that we cannot choose a, b, ab to be in the Pasch configuration, so we are left with
v — 3 points of the STS(v), and in a Pasch configuration there are 4 further points. Fixing one of these 4 points,
the others are uniquely determined: indeed, if we fix = to be in the configuration, the other must necessarily be
az, br and a(bx) = (ax)b, and rearranging these four points we obtain the same configuration. Finally, since
the point b can be chosen in v — 1 different ways we obtain the first assertion.

Fixed the Veblen line ¢ = {a, b, ab}, let & be a point of S not in . Since ¢ is a Veblen line, together with x
it generates the Fano plane shown in the next picture.

13
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ab

bx

axr

We can choose z in v — 3 different ways, but replacing it with az, bx or with (ab)x = b(az) = a(bz) we obtain

the same Fano planes. Hence there are ”23 different Fano planes containing the Veblen line ¢ = {a, b, ab}.

O

Remark 2.4. If STS(15) & has more than one Veblen point, then it contains at least a line ¢ = {a,b, ab}
of Veblen points. Fixed another line through a, say ¢ = {a,z,ax} # ¢, there are exactly 2 different Pasch
configurations containing both ¢ and ¢’. Since the number of lines different from ¢ is 6, we can affirm that there
are precisely 12 Pasch configurations containing ¢;. Since we have 42 different Pasch configurations through
every Veblen point a, b or ab, 12 of which contain the whole line ¢, S has at least 30 - 3 + 12 = 102 Pasch
configurations. By the table in [8], we can affirm that the only STS(15) with more than one Veblen point is
PG(3,2) (in which every point is a Veblen point).

Now we want to see if there are STS(15) with exactly one Veblen point. If S is such, then it contains at least
42 Pasch configurations. With this argument, using the table in [8], we can cut out all the STS(15) from number
6 to 80. For the STS(15) number 3, 4 and 5, we note that in the corresponding Steiner loops of projective type
the following holds:

7-(1-6) #(T-1) -6,
T-(3-1) £ (7-3)1,
4-(0-8)# (4-0) -8,
1-(d-a)#(1-d)-a,
¢ (9-0) # (c-9) -0,
2.(b-5)# (2-0)-5.

This means that the center of these loops is trivial, and consequently STS(15) number 3, 4 and 5 have no Veblen
points.

Finally, if S is STS(15) number 2, it is easy to see that the point 0 is its only Veblen point by checking that
it is in the center of Lgs.

2.3 Schreier extensions

As mentioned in the beginning of this section, we are interested in the study of the class of loop extensions
called Schreier extension, introduced in [20].

Let N be a group with identity €', @ be a loop with identity Q, 7: Q@ — Aut(N) a function of Q into
the automorphism group of N with T(Q2) = Id, and f: Q@ x Q — N a function with the property f(P,Q) =
f(Q,P) =, for every P € . From now on, for a notation in accordance with the literature, we assume the
operation of N to be additive and that of @ to be multiplicative. The operation

(P,z) o (R.y) = (PR, f(P,R) + 2" +y),
defines on @ x N a loop L called Schreier extension of N by @, which contains N = {(Q,2) |z € N} ~ N as a

normal subgroup with corresponding quotient loop isomorphic to Q.

14
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In the case of Steiner loops of projective type, if Ls is a Schreier extension of Lar by Lo, N must be a
projective geometry over GF(2), and by Proposition 3.2. in [20] we have that the function T is trivial, Lxr is
central and f is symmetric. Hence in Schreier extensions for Steiner loops the multiplication is given by

(Px)o(Ry) = (PR,m+y+f(P,R)),

and function f is called a factor system. In this case we say that the Steiner triple system & is a Schreier
extension of N by Q. We want to stress the fact that since £ is in the center of Lg, the elements of N are
Veblen points of §. Hence, Schreier extensions allow us to construct Steiner triple systems containing Veblen
points. Conversely, if Lxr is a central subgroup of Lgs, then Ls can be obtained as a Schreier extension of Lar
by Lo = Ls/Lxr (cf. [5], p. 334), and this means that any STS S containing Veblen points can be seen as a
Schreier extension of the projective geometry consisting of its Veblen points (or a smaller subsystem).

We note that, if a central subgroup Ly < Lgs has cardinality 2, say Ly = {€, 1}, then the factor system
fi Lo x Lo — Ly is simply f(P,R) = ®pr(2,1) + 1, where ® is the Steiner operator describing Ls as an
extension of L by Lo.

Theorem 2.12. There exists an STS(v) with (at least) 2° —1 Veblen points if, and only if, %2 = 2,4 (mod 6).

v+l must be

Proof. One direction of the claim follows from the fact that, if the center has cardinality 2¢, then =

the cardinality of the quotient projective Steiner loop.
The other direction is proved because we can construct such a loop considering a Schreier extension of an

elementary abelian 2-group Lar of cardinality 2¢ by a Steiner loop Lo of order ”;1. O

Remark 2.5. A list of the first 100 cardinalities of ST'S’s which cannot have Veblen points follows:

9, 13, 21, 25, 33, 37, 45, 49, 57, 61, 69, 73, 81, 85, 93, 97, 105, 109, 117, 121, 129, 133, 141, 145, 153, 157, 165,
169, 177, 181, 189, 193, 201, 205, 213, 217, 225, 229, 237, 241, 249, 253, 261, 265, 273, 277, 285, 289, 297, 301,
309, 313, 321, 325, 333, 337, 345, 349, 357, 361, 369, 373, 381, 385, 393, 397, 405, 409, 417, 421, 429, 433, 441,
445, 453, 457, 465, 469, 477, 481, 489, 493, 501, 505, 513, 517, 525, 529, 537, 541, 549, 553, 561, 565, 573, 577,
585, 589, 597, 601.

As for the unmentioned cardinalities, by Theorem 2.12 we can say: any STS(19) has at most one Veblen
point, any STS(27) has at most one Veblen point, any STS(39) has at most 3 Veblen points.

Lemma 2.13. If a Steiner loop of projective type is a Schreier extension of a group Ly by a loop Lo, then the
corresponding factor system f must be constant on the triples of Q, that is

f(P,Q) = f(P.R) = f(Q,R) (3)
whenever {P,Q, R} is a triple of Q. Moreover, it holds f(P,P) =) for every P € Lg.

Proof. Since Lg fulfills the totally symmetric property
(P,z)o ((Pz)o(Q,y) = (Q,1),

for every P,Q € Lo, x,y € Lxr, we have that
(P(PQ),z+z+y+ f(P,Q)+ f(P,PQ)) = (Q,y),

that is
(Q.y+ f(P.Q)+ [(P,PQ)) = (Q,y),
which implies
f(P,Q) = f(P, PQ).
With a similar argument it is easy to check that also f(P, Q) = f(Q, PQ) holds. So, if P and @ are two distinct
points of the STS Q, then {P,Q, R = PQ} is a triple and we obtain equation (3). If P = Q € Lg, then it

follows that B
f(P,P) = f(P,Q) ="

15
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Now we prove a theorem which characterizes Schreier extensions of index at most 4.
Theorem 2.14. Any Schreier extension Ls of index at most 4 is a group.

Proof. Since the factor loop Lo has cardinality less or equal 4, it can be either the elementary abelian 2-group
of order 2 or 4. We want to prove that the associative property

(Pz) o (@ y) o (R, 2)) = (P,x) 0 (Q,9)) o (R, 2) (4)

holds for every P,Q,R € Lo and z,y,z € Ln. Let f be the factor system defining the Schreier extension. If
Lo has cardinality 2, then f is trivial and the extension is splitting, hence Ls is a group. Let now Lg be the
elementary abelian 2-group of order 4. On the left-hand side we have

(P,z)o((Q,y)o(R,2)) = (Px)o (QR,y+ 2+ f(Q, R))
= (PQR,z+y+ 2+ f(P,QR) + f(Q, R)),

on the other hand we have

(P,z)o(Q,y)) o (R,2) = (PQ,x+y+ f(P,Q)) o (R,2)
= (PQR,z+y+ 2+ f(PQ,R) + f(P,Q)).

Hence we have to check that
f(P,QR) + [(Q,R) = f(PQ,R) + f(P,Q). (5)
e If the three points form the only triple in the underlying ST'S(3) Q, then by Lemma 2.13 we obtain (5).

e If one of the three points is the identity element, say P = Q without loss of generality, then f (Q,QR) +
f(Q,R) = f(Q,R) + f(2,Q), recalling that f(Q,QR) = = f(Q, Q) by definition of f.
e If two of the three points coincide, say P = Q without loss of generality, then the equation (5) reduces to

f(P,PR)+ f(P,R) = f(Q, R) + f(P, P). Its right-hand side is €', and since {P, R, PR} is a triple one
has that f(P, PR) = f(P, R), therefore the left-hand side is equal to Q" as well.

O

It is well known that Steiner triple systems where all points are Veblen points are projective geometries over
GF(2), but in the following we give much more relaxed hypotheses.

Corollary 2.15. If a Steiner triple system S with cardinality |S| < 2% —1, d > 0, contains at least 27=* Veblen
points, then it is a projective geometry.

Proof. Indeed, if we suppose that S has at least 2¢=% Veblen points, the center Z of Ls has at least 2973
elements. If |S| < 2rd — 1, then one has |£s/Z| < 8. Hence Ls is a group and S is a projective geometry
which contains a STS(2¢73 — 1) as a subsystem. Therefore, S can either be PG(d — 4,2), PG(d — 3,2) or
PG(d - 2,2). O

Remark 2.6. As a consequence of Corollary 2.15, we can easily see the fact that the only STS(15) with more
than one Veblen point is PG(3,2), as we showed before. In fact, now we can say even more. If we let d be 5, we
have that the only STS(v) with v < 31 having more than one Veblen point are PG(1, 2), PG(2,2) or PG(3,2).

As mentioned after Theorem 2.1, in the next Theorem we characterize projective geometries over GF(2) in
terms of subcentral series.

Theorem 2.16. A Steiner loop Ls of projective type has a subcentral series
NdLs, Q- Ls, =Ls,

where the factors Ls,,, /Ls, are Steiner loops of projective type of cardinality 2 if, and only if, S is a projective
geometry PG(t — 1,2).

16
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Proof. We prove the first part of the assertion by induction. If ¢ = 1, then L5 = GF(2), so S = PG(0,2).
Let now t > 1 and assume that Ls, , is a projective geometry. Since Lg,_, is central and of index 2, then by
Theorem 2.14 Lg, is a group and therefore the STS S is a projective geometry. In particular, S = PG(t — 1, 2).
Conversely, if S; is a projective geometry PG(¢—1, 2), then the Steiner loop of projective type is an elementary
abelian 2-group and the assertion follows directly. O

Now we give an example of a Steiner loop of projective type Ls corresponding to the STS(15) number 2, as
a Schreier extension of its center (which has cardinality 2) by the factor loop Lg corresponding to the STS(7).

Example 2.16.1. Let Ls be the Schreier extension of Ly = {Q/,1} by Lo = {Q, P,..., P;} given by the
factor system f such that
f(P5, P5) = f(Ps, Ps) = f(P5, Ps) = 1,
f(Ps, Pa) = f(Ps, Pr) = f(Py, Pr) =1,
and f is trivial elsewhere.
If we identify the elements of Lgs as follows:

Q= (Q,9), 0=(1),
1= (P,Q), 2=(P,1),

= (P, ), 4= (Py1),
5=(P,Q), 6=(Ps,1),
7= (P,Q), 8= (Ps1),
9= (P5,Q), a=(Ps1),
b= (P, ), c= (P 1),
d=(P,), e=(P;1),

we obtain the presentation of the STS(15) number 2 given in [8], where the triples are given by the columns of
the table

00000001111112222223333444455556666
13579b6d3478bc3478bc789a789a789a789a
2468aceb69adeb6ba9edbecdecbededcbachbece

2.3.1 A small cohomology theory for Steiner triple systems

In this subsection we want to study a small cohomology theory for Steiner loops of projective type Ls which
are a Schreier extension of a central subloop Lxr by a factor loop Lg. We denote the group of all factor systems
(or, equivalently, of all Schreier extensions) with

EXtS(,C_/\/, EQ).

In fact, in order to stay constructive, we just identify an extension with the corresponding factor system defining
the operation.

Remark 2.7. Since a factor system is simply defined by the values it takes on the triples of Q, one easily finds
that the number of all possible Schreier extensions of L by Lg is

|[Exts(La; Lo)| =27,
where b is the number of triples of @ and 2¢ is the cardinality of the elementary abelian 2-group L.

Definition 2.17. Two Schreier extensions Ls, and Ls, of Ly by Lo are equivalent if there is an isomorphism
Ls, — Ls, which induces the identity homomorphism both on L5 and Lg. In this case, if f; and f are the
corresponding factor systems we write f; ~ fo.

17
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Let 0' be the cohomology operator defined on the set of all functions Lo — L by

(6'9)(P,Q) := p(PQ) — (¢(P) + »(Q)),

adapted from group theory to the non-associative frame of loop theory (recall that L is a central subgroup of

Ls).
For any ¢: Lo — Ly mapping Q — ', we have that its coboundary, that is 6" ¢, belongs to Exts (L, Lo),
because (61p)(P, P) = (6')(Q, P) = (6'¢)(P,Q) = Q' and it is constant on the triples of Q.

Lemma 2.18. Two factor systems fi1,fo € Exts(Lnr,Lg) are equivalent if, and only if, they differ by a
coboundary.

Proof. If we assume that ® is an equivalence between the extension given by the factor system f; and the one
given by f3, then we have that

O(P,z) = O((P,)(Q,z)) = ©(P,Q)(Q z) = (P, o(P))(Q ) = (P,z + ¢(P)),

for a suitable function ¢ : Lo — Ly, and, computing the multiplication of two elements, one sees directly
that fo = f1 + 8'(p). Conversely, if fo = f1 + 6 (), then the map ®(P,z) := (P,z + ¢(P)) gives in turn an
isomorphism which fixes both L and Lg, hence an equivalence, from the extension corresponding to f; to
that corresponding to fs. O

Remark 2.8. In the setting of loop theory, as for groups, factor systems are thoroughly determined by a given
section o, that is a function Lo — Lg such that 7o = id, where 7 : Ls — L is the canonical projection, hence
o(P) = (P, ¢(P)), for a suitable function ¢ : Lo — Lxr. In fact, computing both

o(P)+0(Q) = (P,¢(P) +(Q,¢(Q) = (PQ,¢(P) + ¢(Q) + f(P,Q)) and
o(PQ) = (PQ,»(PQ)),

we find the difference B
a(PQ) — (0(P) +0(Q)) = (2 (f + ') (P.Q)).
Note that we used the fact that f(PQ, PQ) = Q) and that Ly is a group.

Remark 2.9. Let us denote by B%(Lg, Lx) the set {51y | ¢ : Lo — L with ¢(Q) = Q'}. One has

Lo = Ly | p(Q) = )
BQ £ 7£ — |{SO Q N ,
B (Lo, L)l [Hom(Lo, £1)]

hence the number of non-equivalent Schreier extensions of L by Lo is

|EXtS(’CN7 ‘CQ)| _ 2tb i |HOH’1(£Q, 'CN)|
|B2(Lo, L) |B2(La, Ln)]

Example 2.18.1. If the loop Ls is a Schreier extension of Ly by Lo, where |Lx] = 2 and Q is the Fano
plane. One has [{¢ : Lo = Ln | ¢(Q) = '} = 27 and [Hom(Lg, Lrr)| = 2% and hence |B?| = 2*. Hence in
this case the number of non-equivalent Schreier extensions is g—z =8.

Definition 2.19. Two Schreier extensions Ls, and Ls, of Lnr by Lo are isomorphic if there is an isomorphism
Ls, — Ls, which fixes globally both £ and Lo.

Of course two equivalent extensions are isomorphic, but the converse is not always true. However, if fj is
the trivial factor system, that is the map fo(P,Q) = Q' for every P,Q € Lg, then being isomorphic to fo and
being equivalent to fy mean the same thing.

18
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Proposition 2.20. Let Ls, and Ls, be two Schreier extensions of Lar by Lo. Fvery isomorphism of extensions
Ls, — Ls, has, up to equivalence, the following form

(P,z) — (B(P), a(x)), (6)
for some suitable o € Aut(Lpr) and € Aut(Lg).

Proof. Since for any isomorphism of extension ¥ : Ls, — Lg, we have ¥(Ly) = Lo and ¥(Lg) = Lo, we
obtain that
‘I’(Pa Q/) = (ﬁ(P)aQD(P))? for any Pe [’Q7

where 3 is a suitable automorphism of Lo and ¢ is a function Lo — £ mapping 2 +— Q' and also that
U(Q,x) = (Q,a(x)), for any x € Ly, (7)
where « is a suitable automorphism of L. Hence

U(P,x) =T ((P,Q) o () = (B(P), p(P)) o (2 ax)) = (B(P), a(z) + (P)).
By Lemma 2.18, up to an equivalence we can suppose ¢ to be trivial and the assert is proved. O

Fixed L and Lo, if f; and fy are two isomorphic factor systems and ¥ is an isomorphism of the corre-
sponding extensions, by Proposition 2.20, from the relation

v ((PVT) © (Q’y)) = ‘IJ(P,SL‘) © \I/(Q,y),
we obtain that
V(PQ,z+y+ fi(P,Q)) = (B(P),a(z)) o (B(Q), a(y)),
that is
(B(PQ), a(z) + a(y) + (af1)(P,Q)) = (B(P)B(Q), alz) + a(y) + f2(B(P), B(Q))).

Hence, we have (up to a co-boundary) the relation

af) = faf, (8)

where with f8 : Lo X Lg — L we denote, for simplicity, the factor system (P, Q) — f(3(P), 5(Q)). Equation
(8) can be rewritten as

fi=a"lfaf. (9)
This defines an action of the group Aut(Lar) x Aut(Lg) on the set Exts(Lar, Lo)/ ~ of non-equivalent extensions
given by
(o, B)(f) = a7 B,

whose orbits are the isomorphism classes of all the factor systems.

Example 2.20.1. Now we give an example of two isomorphic but non-equivalent Schreier extensions of cardi-
nality 20. Let Ly = {€,1} be the unique loop of cardinality 2 and Lo the Steiner loop corresponding to the
STS(9). We can represent Q as the affine plane AG(3,2) having the points

{h = (*171), Py=(0,1), P (
P6:(17O)a ( 1 _1) =

; ) P4*( 170)7 P5:(070)3
(0,-1), Py=(1,-1)}
and the triples

{P17P23P3}7 {P17P4)P7}7 {P17P57P9}a {PlaP67P8}7
{P27P47P9}7 {P27P5;P9}7 {P27P67P7}a {P3aP47P8}7
{P37P57P7}7 {P37PG;P9}7 {P47P57P6}7 {P77P87P9}°
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Let us consider the Schreier extension given by the factor system f; defined by
f1(P3, Ps) = f1(Ps, Po) = f1(Ps, Py) = 1
and Q' for any other couple of points.

The automorphism S of Lo induced by the affine map x — Az + b of AG(3,2), with A = ( (1) i >,

b= ( _01 ), permutes the points of Q as follows:

B(P;) = Py, with o = (465)(789).
Let us consider the factor system fs := f;3, that is given by
J1(Ps, Py) = f1(P3, Pg) = f1(Py, ) =1

and Q' for any other couple of points. Clearly f; and f2 are isomorphic. Furthermore, they are equivalent if,
and only if, f; — fo = d'¢ for a suitable function ¢ : Lo — Lxr. A straightforward computer calculation shows
that such a function ¢ does not exist.

2.3.2 Steiner triple systems with a unique factorization

In this last section we want to give some results concerning Steiner loops of cardinality v 4+ 1 which admit just
one admissible factorization of the type v +1 = 2(w + 1).

Theorem 2.21. All the Steiner loops Ls of projective type with cardinality n = v + 1 are simple if n £ 4 and
8 mod 12. On the contrary, if n =4 or 8 mod 12, then there exists a Steiner loop Ls, of order n which is
a Schreier extension of a normal subgroup Ly, of order 2, and there exists also a Steiner loop Ls, of order n
which is an extension of a normal subloop Lyr, (corresponding to a projective hyperplane) of order "7_2 by a
factor loop Lo of order 2.

Proof. Since the STS S has cardinality v =1 or 3 mod 6, one hasv=1,3,7,0or9 mod 12. If n =v+1=4, or
8 mod 12, then n = 2-(w+1) is an admissible factorization and w is the cardinality of a projective hyperplane.
Hence we can construct both a Steiner loop Lg, of order n, which has a normal subgroup L, of order 2 (hence
central), and also we can construct a Steiner loop Lg, of projective type of order n which has a normal subgroup
L, corresponding to a projective hyperplane.

On the contrary, if n = 2 or 10 mod 12, then n = 2 - (w + 1) with w an even integer, meaning that n do
not have any admissible factorization, hence any Steiner loop of cardinality n must be simple. O

Corollary 2.22. Let Ls be a Steiner loop of projective type with cardinality v + 1 and suppose that it has a
unique admissible factorization v+ 1 = 2(w + 1). Then Ls belongs to one of the following families:

o Simple Steiner loops;
e Schreier extensions of the group of order 2 by a Steiner loop corresponding to a STS(w);

e Extensions of a Steiner loop corresponding to a projective hyperplane by the group of order 2.

As a consequence of the above Corollary it is possible, in principle, to construct all the non-simple STS(v)
admitting the unique factorization v + 1 = 2(w 4+ 1). In [14] this has been done for the two smallest meaningful
cases v = 19,27, as well as for six (out of 80) most interesting cases with v = 31, represented as Schreier
extensions of a group with two elements by a Steiner loop of order 16 chosen among the 80 STS(15) given in
[8].
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