A NOTE ON SEMI-SPECIAL PERMUTATIONS

by K. R. YACOUB
{Received 4th November, 1957)

In a recent paper [1], the theory of non-linear semi-special permutations has been
developed. A method for describing such permutations, on a given range [n], is to be found
in §§ 2, 3. This method consists in choosing a proper divisor s of », determining all the semi-
special permutations with principal number s, and then making s take all its possible values.
In this way the totality of non-linear semi-special permutations on [#] may be obtained.

Further, if = is a semi-special permutation with principal number s, then (see [1,
Definition 2.4]) 7 induces modulo s a linear permutation. Accordingly the permutations
with principal number s were divided (see [1], § 3) into two classes : the first class consists

of the permutations which induce modulo s the identity permutation ; while the second consists
of those permutations which induce modulo s linear permutations other than the identity.

The question arises whether permutations of the same class, or possibly of different classes
(though with different values of the parameter s), can be identical. It is the object of the
present note to answer this question.

Another question, closely related to the stated one, also arises, namely, whether one of
the classes just considered is perhaps a sub-class of the other.* The answer to this question is
in a few known cases affirmative (Cf. [2, §§ 4, 5]) ; but in general the author has no complete
answer.

1. Preliminary results
TuroreEM 1. (i) If there is a non-linear semi-special permutation m on [n] with principal
number s and if w induces modulo s the identity permutation, then = can be written in the form

=2 +SA(ltw+ ... +@®1) (modR), .oveviriiiriiiiniannn, (1)
where A is prime to N, N =n/s, and where

w'-1=0 (ModN), @-1%0 ModN). .coecorrirrrerrerrnnn.. @)

(ii) Conversely, if A is prime to N, and w satisfies (2), then (1) defines a non-linear semi-
special permutation of the desired type [1, Theorem 3.1].

THEOREM 2. (i) If there is a non-linear semi-special permutation = on [n] with principal
number s, if m induces modulo s a linear permulation other than the identity and if w1 =t, then
t 18 prime to n and m can be written in the form

mr=tr+af(x) (Mmodn) .oivviniiiiiiiii (3)
z—1
with $(1)=0 (mod N), $(z)=R3 (x-9)0! (modN) forz>=2, ..coooonn...e. 4)
i=1
where R is prime to N, N =n/s, and
1404 467120 (M0d N). toveerrreveeeeeeereeereseeeeenn. (5)

* This question was pointed out to the author by the referee.
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Moreover, if h is the order of t modulo s and u is defined modulo N by t*=1 +us (mod n), then

Y i (6)
=0
w(@-1) = .z_]:t“-"—l{«p(%") O+ D)E]} (@A N); o, (M)
"i 1th-f—l(l FO+ . +0-12(0 _ ) =0 (mod N) (r=1,2,...,8). .evrrrrrnn. (8)

i=0

(ii) Conversely, if t is prime to n and R is prime to N and if 0, t and R satisfy (5)—(8), then
(3) defines a non-linear semi-special permutation of the desired type [1, Theorem 3.10].

The permutation 7, described in Theorem 1, is of the first class; it depends on three
parameters, namely s, A and w ; for this reason it may be denoted by =(s; A, w). But the
permutation = of Theorem 2 belongs to the second class; it depends on four parameters,
namely s, ¢, B and §, and may be denoted by =(s; ¢, R, 6). The parameters s and ¢ are to be
determined modulo #, whilst B, A, w and & are to be determined modulo N, where N =n/s.
We use throughout s and s’ for proper divisors of » and put N =n/fs, N’ =n/s'.

2. The main results
Lemma 1. #(s"; X, w')=n(s; A, w)if and only if

§'=s, XM= (modN), w'=w (modUN).
For if (s’ ; A, w')=n(s; A, w), then (see Theorem 1, (1))
SN(l+w +...+0* VN=sXl+w+... +w*1) (modn), forallz. ............ (9)

For 2 =1, we have
A =82 (Modnm), e e (10)

and therefore (s'A’, s'N’) =(sA, sN); but since (A, N)=1 and (N, N') =1, it follows that s’ =s
and hence, by (10), A’ =A (mod N). Furthermore, if we put =2 in (9) and use (10), we find

that o'=w (mod N). This proves the necessity of the conditions of the lemma. The
sufficiency of the conditions is trivial.

Lemma 2. «(s"; ¢, R',0)=n(s; t,R,0) if and only if s'=s, t'=t (modn), R'=R
(mod N), and §' =6 (mod N).

Proof. If n(s’; t',R',0')=m(s; ¢, R, 8), then (see Theorem 2, (3)) ¢'=¢ (mod »), and

-1 z—1
t'x+s’R’xZ (-0 1=tx+sR 3 (x-1)0*' (modn), forzx >2;
i=1 i=1
z—1 -1
i.e. §R' Y (x-1)§+1=sR ZE (-2 (modn) (x=2). .vvverrrennen (11)
i=1 i=1

For x =2, we have
SR =8B (mMod®), .cooiriiiiiiiiiiiiiiiiiiiiiiiieans (12)

and therefore (s'R’, 'N’)=(sR, sN); but since (R, N)=1 and (R', N')=1, it follows that
’=s, and hence, by (12), R'=R (mod N). Moreover, by using (12) and (11), with =3, we
deduce that 6’ =8 (mod N). This confirms the conditions in the lemma. The converse of the
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lemma is trivial and the proof is therefore omitted.
The preceding two lemmas combine together to prove

THEOREM 3. No two permutations of the same class can be identical.
We are now in a position to distinguish permutations of different classes. We prove
the following

THEOREM 4. #(s'; ¢, R, O)=a(s; A, w)if and only if

8 =ks, where k=(w -1, N),t=1+As (modn), ..c.ccovvrvevenenen.. (13)
- 7
RE"(“’k D (mod ¥), 6= (mod N'), N’ =’—z,=%, ............ (14)
u+—{l A1 — } s prime to N',  cireeiie e (15)
uk(l +As) — AR(l +uks)=0 (mod N'), .oorvvivinieniineiinienne. (16)
where h is the order of t modulo s', u is defined modulo N' by t*=1+us’ (mod n) and
—1&=1
p=2 LS i)t (mod ).
ko i<h

Proof. Suppose that n(s’; ¢, B, 8)=n(s; A, w); then (see Theorem 1, (1) and Theorem
2, (3))

=142 (MOdN)  .ooviiiiiiiiee e (17)

t=1

-1
and lx +s’RxZ (=) l=x+sA(l+w+... +w®?) (modn), forx =2. ... (18)

If weput t=1+As (modn), (18) takes the form

-1 -1
SRS (@ -i)f1=sMNw-1) S (@-i)o-t (modn), forz > 2. .oovveen.... (19)
i1=1 i=1
For x =2, we have
§R=sMw-1) (modn), .oeiiiriiiriiiiiiiiicienn, (20)
which gives (since (R, N')=1 and (A, N)=1)
N N
! = - T — ’ — - =
8 =8{w-1,N)y=1ks, N oL ) &0 e (21)
and accordingly
F i Clul ) B Cld ) e (22)

(w-1,N) &k
Furthermore, if we put =3 in (19) and use {20), we find that

(w-1)( -w)=0 (mod N),
and therefore f=w (Od N'). e, (23)

Relations (17), {21), (22) and (23) show the necessity of conditions (13) and (14). We
now show that (15) and (16) are necessary for the existence of (s’ ; ¢, R, ), when ¢, ¢, R and
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6 are given by (13) and (14). In fact, with the choice of ¢, ¢, R, 6 according to (13) and (14),
conditions {5) and (8) (with s’ in place of s and N’ in place of N) are secured. For, since

, N
VMo eLm
we have by Theorem 1 (2),

l+w+... +0*1=0 (mod N').
Furthermore, since 8§ =w (mod N') and s’ =ks, we have
146+...+608 ' =1l+w+... t0* )l +w* +... + %) =0 (mod N');

this confirms condition (5) of Theorem 2.

Again, since § =w (mod N’) and t=1 +sA (mod »), we have

Grtt — 7 = Tt — T =T _ 1 (mod N')
=0 (mod N’),

because w*=1 (mod N) and N =kN’; this confirms condition (8) of Theorem 2.

Next, we proceed to show that conditions (6) and (7) reduce respectively to conditions
(15) and (16) of the theorem. For, since R=A(w -1)/k (mod N') and f#=w (mod N’), then
(see Theorem 2, (4))

ply =221 E: (z~i)w1 (mod N,
and therefore kpz)=Al+w+... +w®1-2) (modN).

For 2 =1 +ys, we have

Bl+ys)=M(l+w+... +0" )1+ +... +0@ 1) + w2 -1 -ys} (mod N)
=1l+w+...+w*1~8) (mod N)

Sgw-1S (s—i)wi-!  (mod N).
i=1

— ~1
If we divide both sides by & and put b E“’_kl 'S (s-i)w! (mod N), we find that

i=1
Pl+ys)=Aby Mod N').  covrieiiiiiiiiiieiiieeereeenann, (23)
In a similar way, we can also show that
(2 +98) =20y + 2T mad NY). s (24)

k
We turn now to conditions (6) and (7) of Theorem 2. Condition (7) requires that

=1
w+ 3 thiL(t)
i=0
is prime to N’ ; but since =1+ As (mod =), then, by using (23), it follows that
-1 )
l/'(t‘) =Ab T (mod N ),

and condition (6) is then secured if

M, -1
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is prime to N’. Moreover, condition (7) requires that
h—1
w(@-1)= X 120 - (0 + 1))}  (mod N');
i=0

but, since f=w (mod N’), ¢(1)=0 (mod N’) and ¢(2)=R=A(w-1)/k (mod N'), then by
using (23) and (24}, the above condition reduces to

- h—1 i_ — i_
wfw -1y =1 202D A5l fop =1 Mo =D e BT (mod ),
k i=1 s k s
i.e. to
ANo-1)t*-1 A(l-w)f, . -1 ",
u(w—l): k t-—l + s ht —ﬁ (mOdN ) 3 eeseenean (25)
w-1821 .
moreover, bl —w)= —(w-1) % (s ~?)w*1 (mod N')
i=1
sl mod N')
=8 Lk ( 2

since w?—-1=0 (mod kN'), and so (25) takes the form

w(w-1) EM—“’k:l) ht+-1  (mod N'),

or simply uk =Akt*1 (mod N').

If we multiply both sides by ¢t=1 + As (mod ») (note that such an operation has no effect on
the condition under consideration because ¢ is prime to » and therefore to N') and put
t*=1 +uks (mod n), the above condition then takes the form

uk(l +As) =Ah(1 +uks) (mod N'),

which confirms (16). Thus we have shown the necessity of all the conditions in the theorem.
For the converse, it has been shown that (15) and (16) are sufficient for the existence of
w(s"; ¢, R, 6) when &', {, R and 8 are given by (13) and (14). Then it remains to show that, in
virtue of (13) and (14), =(s"; £, R, §) =7(s; A, w).
Denoting 7(s; A, w) by = and =(s"; ¢, R, 8) by =, and using (13) and (14), we find that

wl=t=1+As (Modn), .oovverriiiiiiiieiiiicereaees (26)
and, for z > 2, mr=te+ s’Rjgll(x —3)0-1  (mod n)
= (1 + ) + Ao - 1)1”;_11(90 “i)w! (modm);
i.e. rr=x+sA(l+tw+...+0® 1) (modn), forz>=2. ...l 2mn

(26) and (27) combine together to show that =»'=m, i.e. n(s'; ¢, B, 8)=n(s; A, w). This
completes the proof of the theorem.
The above theorem may be illustrated by the following example.

https://doi.org/10.1017/52040618500033657 Published online by Cambridge University Press


https://doi.org/10.1017/S2040618500033657

SEMI-SPECIAL PERMUTATIONS 169

3. Illustrative example. Let n=p?% where p is an odd prime, and consider the two
semi-special permutations (see [2, § 5]) mw=m(p; A, 1 + 2p?) and #' ==(p® ¢, R, 1) defined on
[»] by mx =2 + Apx + $A2p3x(x - 1) (mod p?),

w'r=ix+iRpix(x —1) (mod p%),
where A, 2, R and ¢ are all prime to p ; t%1 (mod p®) and ¢, R are chosen in such a way that
# — $Rht?-1 i3 prime to p, kA being the order of ¢ modulo p? and u is defined modulo p by
t*=1 +up® (mod p4).

If we take t =1 + Ap (mod p?), R =R (mod p), then & =p? and » =2 (mod p) ; in this case
u —$Rht?1 =2 (mod p) which is prime to p and ' ==, i.e.

w(p3; 1+Ap, A2, 1)==(p; A, 1+ 02p?).
On the other hand the conditions of Theorem 4 can be easily confirmed in this case with
s=p, N=p% w=1+802p® (mod p?), s'=p%, N'=p, t=1+Xp (mod p%), R=A2 (mod p) and
6=1 (mod p).
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