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Abstract. The recursive differentiability of finite binary quasigroups is investi-
gated. We consider the Bruck and Belousov constructions of prolongation of finite
quasigroups and give necessary and sufficient conditions when such prolongations are
recursively 1-differentiable.
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The first construction of a quasigroup prolongation was proposed by Bruck (see
[1]) for the case of idempotent quasigroups in 1944. However, the notion of prolonga-
tion was introduced by Belousov (see [2]) in 1967. Constructions of prolongations of
finite quasigroups have been given by Osborn (1961), Yamamoto (1961), Denes and
Pasztor (1963), Belousov and Belyavskaya (1968), Belyavskaya (1969), Deriyenko
and Dudek (2008, 2013) and others (see [7]).

Belousov considered a construction of prolongations based on complete mappings
[2]. Recall that a complete mapping of a quasigroup @, -) is a bijection = — 6(z)
of @ onto @ such that x - 6(x) = 01(x) is also a bijective mapping of @ onto Q.
The determination of all quasigroups, in particular groups, which possess a com-
plete mapping remains at present an open problem [7]. In finite case, the complete
mappings of quasigroups define transversals of their Cayley tables. A transversal of
a latin square of order ¢ is a set of g cells, taken by one from each row and each
column, such that the elements in these cells are pairwise different.

Let (@,-) be a finite quasigroup of order ¢, and let o : Q — @ be a complete
mapping. Then {(z,0(x))|z € Q} is a transversal of the latin square given by the
Cayley table of (@,-). The prolongation (Q',0) of (Q,-), where @' = Q U {¢} and
¢ ¢ Q, considered by Belousov, is defined as follows:

x-yify#o(x) and z, y € Q;
¢ify=o(x) and z, y € @Q;

xoy=< z-o(x)ify=¢&and z € Q;
ol (y) yifr=¢and y € Q;
Eife=y=¢.

Analogously, we may construct prolongations of order ¢ + k if (Q,-) has k pairwise
distinct transversals.
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In the present work we study the recursive differentiability of Bruck and Belousov
prolongations, obtained by adding one element to a finite quasigroup.

The notions of recursive derivative and recursively r-differentiable k-quasigroup
(r > 0,k > 2) have been introduced in [3] in connection with complete k-recursive
codes.

Let @ be a finite set of g elements. Any nonempty subset C' of Q" is called an n-
code (or a code of length n) over the alphabet ). An n-code C' C Q", where |Q| = ¢,
with the minimum Hamming distance d, is called an [n, k, d],-code if |C| = ¢*. Tt is
known that the parameters of an [n, k, d|,-code satisfy the inequality d <n —k +1
[7]. An [n,k,d]s-code with d = n — k + 1, i.e. which attains the Singleton bound,
is called an MDS-code. At present it is an open problem to determine all values of
the parameters ¢,n and d (for a fixed k& > 2) such that there exist [n, k, d]4-codes
meeting the Singleton bound.

A code C of length n over an alphabet @ is called a complete k-recursive code,
where 1 < k < n, if there exists a mapping f : Q¥ — Q such that the components
of every code word u = (ug, u1, ..., up—1) € C satisfy the conditions:

Uitk = f(Uis Wit1y ooy Ui k—1),
for every ¢ = 0,1,...,n — k. So, if C is a complete k-recursive code of length n, over
an alphabet Q, then there exist the mappings f©, fO, . f=k=1 . Ok s Q such
that C' = {(x1, ..., z, fO(zF), ..., FOFD(@k)) | 21, ..., 2 € Q}, where

§O (b = f(ah),

FOG) = 1z, op, FO ),

FOE) = F(asn, o FO(ah), o SO (), for ¢ < b, and
FO @) = F(FER (), L, fOD k), for ¢ > k.

The mapping f® (z%), where t > 0, is called the recursive derivative of order
t of f. We say that a k-ary quasigroup (@, f) is recursively s-differentiable if its
recursive derivatives f), ..., f() are quasigroup operations. A complete k-recursive
code C = {(x1, ..., xp, fO(@F), ..., fFOFD (k) | 21,...,2, € Q} is an MDS-code
if and only if the system of k-recursive derivatives {f(@, ..., f(*=#=1} is strongly
orthogonal [3, 6]. As a corollary from this result we get that if the given above code
C' attains the Singleton bound then the k-ary operation f is recursively (n —k — 1)-
differentiable.

As orthogonal systems of binary quasigroups are strongly orthogonal, we obtain
the following statement.
Theorem 1 [3] A complete 2-recursive code of length n

C = {(z,y, fOz,y), .. f(2,9)) | 2,y € Q}
attains the Singleton bound if and only if (Q, f) is a recursively (n— 3)-differentiable
quasigroup. In this case, {f(o), . f(”*g)} is an orthogonal system of quasigroups.

It follows from Theorem 1 that:
1) a binary finite quasigroup (Q, f) is recursively r-differentiable if and only if the
complete 2-recursive code
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C={(z,y, fO2,9),ce. [ (2,y)) | 2,y € Q}

is an MDS-code;
2) the maximum order r of recursive differentiability of a finite binary quasigroup
of order ¢ satisfies the inequality r < g — 2 (see [5]).

Various methods of construction of binary recursively differentiable quasigroups
are given in [3-6]. In particular, it is proved in [3] that, for every positive inte-
ger q, excepting 1, 2, 6, and possibly 14, 18, 24 and 42, there exist recursively 1-
differentiable binary quasigroups of order q. Later, in 2009, it was shown that there
exist recursively 1-differentiable quasigroups of order 42 (see [4]), but the question
is still opened for 14, 18 and 24.

Another open problem is to determine the maximum order r of the recursive
differentiability of a finite k-quasigroup. As it was mentioned above, in the binary
case we have r < ¢ — 2 and there exist recursively (¢ — 2)-differentiable binary
quasigroups of every primary order ¢ > 3 [3]. Necessary and sufficient conditions
when a binary finite abelian group is recursively r-differentiable, for » > 1, are given
in [6]. A generalization of this result for a class of n-ary groups is considered in
[5]. Also a table with maximum known values of r for binary finite quasigroups of
order up to 200 is given in [5], where it is shown, in particular, that there exist finite
recursively 1-differentiable n-quasigroups of every odd order ¢ > 3, for every n > 2.

Our aim in the present paper is to find necessary and sufficient conditions when
the prolongations of finite binary quasigroups, obtained using Bruck and Belousov
constructions, are recursively 1-differentiable. Let (Q,-) be a finite quasigroup of
order n and @ = {1,2,...,n} such that the mapping x — z - = is a bijection. Then
the main diagonal of the Cayley table of (Q,-) is a transversal, which entries are
given by the mapping 6 : Q — Q,0(x) = x - x. As it was mentioned above, Bruck
considered such prolongations for idempotent quasigroups, i.e. in the case § = € be
the identical mapping on Q.

Following Bruck’s idea, the operation of the prolongation (Q’, o) of a quasigroup
(Q,-), where @ = {1,...,n} and Q' = Q U {¢},£ € Q, is defined as follows:

z-yifz#yandz, ye Q;
ifx =y and z € Q;

zoy=< f(x)ify=¢ and x € Q; (1)
O(y)if z =€ and y € Q;
Eife=y=¢.

So, the prolongation (Q’,0) is a quasigroup with the Cayley table:

1 n 3
1 0(1)
n . € O(n)
£10(1) .. 0(n)| ¢
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where x oy = z - y, for every x # y from Q.

Remark that not every transversal on the main diagonal gives 1-differentiable
prolongations as it is shown in the following statement.
Proposition 1. Let (Q,-) be a finite quasigroup such that the mapping 6 : Q — Q,
O(x) = x - x is a bijection. If the prolongation (Q’',0), given by (1), where Q' =
QU{EY}, €€ Q, is a quasigroup, then 6(z) # z,Vr € Q.

Proof. Indeed, if there exists an element a € @ such that a = 6(a) = a-a, then using
(1) we get: aclaa:a'(a-a):a-a:aandfclaa:a-(f'a):a'Q(a):a-a:a,
so (@', 0) can not be a quasigroup. O

Lemma 1. Let (Q,-) be a finite quasigroup of order n, Q = {1,...,n} and Q' =
Q U {&} where & & Q. If the mapping 0 : Q — Q, 0(x) = x - x is a bijection and

O(x) # x, Vx € Q, then the recursive derivative of order 1 of the operation ” o”,
given in (1), is the following:

y-(x-y)ify#z-y v#y, v,y € Q;

Eify=x-yxr#y, v,y € Q;

1 Oy)ifx =y, = € Q; 5
HQ(x)ifyzf,xEQ; (2)

y-0(y)ifz=¢, yeQ;

Cife=y=¢.

Proof. Using (1) and the fact that = 5 y=yo(zroy),Va,y € Q, we have:

yo(x-y)ifx#yand x,y € Q;
yolifz =y, yeQ;

zoy=1g fob(z)ify=¢ v €@;
yol(y)ifz=¢, ye@;
Cifr=y=¢.

in the previous formulas, we get:

2

Now, using (1) for ” o
(y-(z-y)ify#z-y, x#yand 2,y € Q;
(ify=x-y, x#yand x,y € Q;
O(y)if v =y, y €Q;

zoy=14 OP(z)ify=¢ zv€Q;

y- 0y ife=¢ y#0(y), yeQ;
Sifrx=¢, y=10(y), y € Q;
Eife=y=¢.

If the mapping 0 : Q — Q, 0(z) = x - x is a bijection and 6(z) # x, Vx € @, then
the prolongation (Q’,0) is a quasigroup and its recursive derivative (é) is defined as
it is shown in (2). O
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Remark 1. According to Lemma 1, the Cayley table of the recursive derivative
(@, <1>) is the following:

> T Yy §

. 0(z) P

. 20 . . . €
Table 2

where

Loy @yify#Fe-y
Eify=x-y9.

Theorem 2. Let (Q,-) be a finite quasigroup such that the mapping 0 : Q — Q,
O(x) = z - x is a bijection and 0(x) # x,Yx € Q. Then the prolongation (Q',0)
obtained using Bruck’s construction, where Q' = Q U {¢}, & € Q, is recursively 1-
differentiable if and only if the following conditions are satisfied:

1. {fe | x€Q} =Q, where fy -x =2x,Va € Q;

2. 0 is a complete mapping of (Q,-);

5. for cach z € Q{0(x)y - (-9),0°() |y €Q, x4y, y £y} = Q.

Proof. According to Proposition 1, the condition 0(z) # z,Vo € @, implies the
1
fact that the prolongation (Q’,0) is a quasigroup, so the equation zoa = b &

a o (x oa) = b has a unique solution in (@', é) and consequently, the rows in Table
2 are permutations of Q’. For z,y € @, the entry of the cell (z,y) is £ if and only
it y=a-y,ie. if and only if z = f, is the left local unit of y. Thus { will appear
exactly once in each row and each column of Table 2 if and only if {f, | y € Q} = Q.
The row of the element £ in Table 2 is a permutation of @’ if and only if x — z-0(z)
is a bijection on @, i.e. if and only if 6 is a complete mapping of (@, -).
Finally, the row of z € @ is a permutation of @’ if and only if
{0(x),y-(z-y),0*x) |z #y,y#z-y,y€Q}=Q.
]

Example 1. The prolongation of the quasigroup (Q, -), obtained using the transver-
sal T={(1,1),(2,2),(3,3)}, is recursively 1-differentiable.

o|1 2 3¢ o|1 2 3 ¢
(g 1 3)2 112 1 ¢ 3
211 ¢ 23 21¢ 3 2 1
313 2 |1 313 €1 2
§12 3 1|¢ £11 2 3 ¢

As it was mentioned above, the Belousov’s idea of prolongation uses an arbitrary
transversal of the Cayley table, not necessarily one on the main diagonal.
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Let {(z,0(x)) | = € Q}, where § € S, be a transversal of a finite quasigroup
(Q,-). Then the mapping ¢ : Q — Q, 6 (x) = x - 6(z) is a bijection. Following the
Bruck’s idea, Belousov considered the prolongation (@', o), where Q" = QU{{}, € € Q
and

x-yify#0(x) and x, y € Q;
Eify=0(x) and z, y € Q;

roy=1 06 () ifr =€ andy e Q 3)
0'(z) if y=¢ and z € Q;
Eifz=y=¢.

Remark 2. If #’ is a bijection then (@', o) is a quasigroup with the following Cayley
table:

ol ) .. y | oe

el 0@ . wey 0@

I R (R R 3
Table 3

Let (@, -) be a finite quasigroup and 6 € S such that 8’ : Q — Q,6'(z) = z-0(x)

is a bijection. Then the recursive derivative (@', é) of the prolongation (@', o) given
in (3) is the following:
(y-(z-y)ify#0(x-y), y#0(x)and z, y € Q;
ify=0(z-y), y#6(z) and z, y € Q;
. 0'(0(x)) if y = 0(x) and =z, yeQ;
zoy=q y- 007 (y)if y £ 000 (y), v =€ and y € Q; (4)
¢ if y = 0(0'(0"(y))), v =€ and y € Q;
00710/ (2)) it y = € and 7 € Q;
( fifr=y=¢

Proof. Indeed, (4) follows from (3), using the definition of the recursive derivative

J:éy:yo(xoy),Vx,yEQ. O

Remark 3. If y = 6(0'(6~'(y))), where y € Q, then ¢ 5 y=§&=¢ 5 &, so (@', <1>) is
not a quasigroup.

Now, using (4) and Remark 3, we get the following statement.

Lemma 2. Let (Q,-) be a finite quasigroup, 6 € S such that 6’ : Q — Q, ¢'(z) =
x-0(x) is a bijection and y # 0(0' (0~ (y))),Yy € Q. Then the recursive derivative
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(@, <1>) of the Belousov’s prolongation (Q’,0) is:

y-(z-y)ify#6(z-y), y#0(z) and z, y € Q;
fify=0(z-y), y#0(z) and z, y € Q;
1 0'(0(x)) ifyzH(a:) and z,y € Q;
y 0(«9‘ (y) ifz=¢and y € Q;
0'(0~(0'(x))) if y = € and = € Q;
( S fe=y=¢.

Proof. The proof follows from (4) and the condition y # 0(8'(0~(y))),Vy € Q. O

Remark 4. The Cayley table of (Q, c1>), given in (5) is the following:

ol O@) .. y ¢

¢ | 00@) .. w oo 0@)

T3 R TIY  (Z0 7 3
Table 4

where

w:{ y-ayify #0(x-y), y#0(x);
ify=0(z-y), y#0()

Theorem 3. Let (Q,-) be a finite quasigroup, 8 € Sq such that the mapping
" Q — Q, 0'(x) = x-0(x) is a bijection and 67 (y) # (07 (y)),Vy € Q.
Then the Belousov’s prolongation (Q', o) is recursively 1-differentiable if and only if

the following conditions hold:

LA W)y |y e Q) =Q;

2. the mapping y — y - 0"(0~1(y)) is a bijection on Q;

5. for cachx € Q, {0(8(x)), y- 29,8618 @)y £ O(w-y),y # 0(x),y € Q} = Q.

Proof. According to Belousov’s construction, (Q’, o) is a quasigroup, so the equation

1
xoa=0b<% ao(xoa)=>has a unique solution in @', for every a,b € Q’'. Thus
the rows in the Cayley table (5) are permutations of @Q’. The element ¢ appears in

acell (z,y) withz,y € Qif y=0(z-y), y# 0(x), i.e. if v =0 (y)/y. If (Q’,é) is
a quasigroup, then {071(y)/y | y € Q} = Q.

According to Table 4, the row of £ is a permutation of @’ if and only if the
mapping y — y - 0'(6~1(y)) is a bijection on Q.

Finally, the row of z € @ in Table 4, is a permutation of @’ if and only if the
third condition is fulfilled. O
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Example 2. The prolongation of the quasigroup (Q, -), obtained using the transver-
sal T={(1,2),(2,1),(3,3)}, is recursively 1-differentiable.

o|1 2 3¢ o|1 2 3 ¢
112 ¢ 113 1161 3 2
216 2 3|1 213 2 ¢ 1
313 1 &]2 3|1 € 2 3
11 3 2|¢ €12 3 1 ¢
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