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Abstract

We investigate the isotopy question for Taniguchi semifields. We give a complete character-
ization when two Taniguchi semifields are isotopic. We further give precise upper and lower
bounds for the total number of non-isotopic Taniguchi semifields, proving that there are
around p™** non-isotopic Taniguchi semifields of order p>” where s is the largest divisor of
m with 2 s # m. This result proves that the family of Taniguchi semifields is (asymptotically)
the largest known family of semifields of odd order. The key ingredient of the proofs is a
technique to determine isotopy that uses group theory to exploit the existence of certain large
subgroups of the autotopism group of a semifield.
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1 Introduction
A finite semifield S = (S, +, o) is afinite set S equipped with two operations (4, o) satisfying
the following axioms.

(S1) (S, +) is a group.
(S2) Forallx,y,z €S,

e xo(y+z)=xo0y+xo0z,
e (x+y)oz=xo0z+4+yoz.
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(S3) Forallx,y e S,xoy=0impliesx =0ory = 0.
(S4) There exists € € S suchthatx oe = x =€ o x.

An algebraic object satisfying the first three of the above axioms is called a pre-semifield.
If P = (P, +, o) is a pre-semifield, then (P, +) is an elementary abelian p-group [15, p.
185], and (P, +) can be viewed as an n-dimensional F,-vector space ]F’I',. A pre-semifield
P= (F’I‘,, +, o) can be converted to a semifield S = (F”, +, %) using Kaplansky’s trick (see
e.g. [16, Section 1.1]).
Two pre-semifields P; = (IF;Z,, +,01) and P, = (F’;, +, 0p) are said to be isotopic if
there exist IF ,-linear bijections L, M and N of I satisfying

N(xo1y)=L(x)oy M(y).

Suchatriple y = (N, L, M) is called an isotopism between IP; and P;. Isotopisms between a
pre-semifield P and itself are called autotopisms. Isotopy of pre-semifields is an equivalence
relation and the pre-semifield P and the corresponding semifield S constructed by Kaplansky’s
trick are always isotopic.

Research on semifields started more than 100 years ago with the work of Dickson [5].
Over time, they received much attention due to their connections to several different areas.
Firstly, every semifield coordinatizes a projective plane and different semifields coordinatize
isomorphic planes if and only if they are isotopic ([1], see [15, Section 3] for a detailed
treatment). More recently, semifields have been the center of much attention since they are
equivalent to Maximum Rank Distance codes with certain parameters (see e.g. [20]) and can
be used to construct other combinatorial structures like relative difference sets (see [18]).

Deciding whether given (pre-)semifields are isotopic or not is generally a very difficult
question, and finding effective ways to prove non-isotopy of semifields is considered a major
open question (see e.g. [12, p. 936]). Most results on the isotopy of semifields are based
on isotopy invariants like the nuclei, however it is well known that potentially many non-
isotopic semifields can have the same nuclei, and having more precise tools is desirable. In
[6], the authors developed a technique to settle the isotopy question for a specific family of
commutative semifields. In this work, we will focus on the (non-commutative) Taniguchi
semifields introduced in [22] by extending the methods introduced in [6].

Note that many constructions of semifields also yield corresponding constructions of
almost perfect nonlinear (APN) functions which play a big role in the design of block ciphers
for cryptography. This is also the case with the Taniguchi semifields. However, the construc-
tion used by Taniguchi for the semifields, by design, are more complicated than that for the
Taniguchi APN functions. The equivalence question for the Taniguchi APN functions was
recently solved in [13, 14] using a more elementary, but a very technical approach compared
to the techniques we use. A variant of the approach we introduce here yields a much shorter
proof for the equivalence problem for the Taniguchi APN functions. It seems that the isotopy
question of the Taniguchi semifields is more complex than the equivalence question for the
Taniguchi APN functions.

In Sect.2, we give the basic definitions that are important for our problem and give some
simple general results. In Sect.3, we introduce the group theoretic techniques that are key
to later sections. In Sect. 4, we investigate when two Taniguchi pre-semifields are isotopic.
A complete characterization is given in Theorem 3. Section5 deals with giving a count
of non-isotopic Taniguchi pre-semifields, with precise bounds given in Theorem 5. The last
section compares these results to similar results for other semifields, in particular to semifields
constructed via skew-polynomial rings (or cyclic semifields).
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2 The setup
The Taniguchi pre-semifields are defined in [22] on Fn = Fjm x F,m with n = 2m via the
pre-semifield multiplication

(x,y) * (u,v) = ((x%u + owcuq)q2 —a(x?v —au?y)? — b(ylv + ayv?), xv + yu),
where

° q:pkforsomel <k<m-—1,
e —qx isnota (g — 1)-st power, and
e the projective polynomial P, , 5 (x) = x4t 4+ ax + b has no roots in Fpm.

In this paper, we will instead use a different, isotopic representation of the Taniguchi pre-
semifield. This representation arises after taking x, u to the ﬁz-th power, where g = p" ¥,
and then taking the second component to the g2-th power:

(x,y)o,v) = (x%u + o« xud — a(xv? — aluy?) — b(ylv + ayv?), xv?’ + yqzu).(l)

The benefit of this representation is that both components of the operations employ only one
nontrivial field automorphism (namely, x +— x4 in the first, and x — x9” in the second
component), which gives in particular more structure to certain autotopisms as we will see
later.

If a # 0 we can always find an isotopic Taniguchi pre-semifield with the parametera = 1
by using the transformation y — 8y and v — §v for a suitable § € F*,,. We thus only have
to distinguish the cases a = 0 and a = 1 when discussing the isotopy question. We will
denote the Taniguchi pre-semifield on Fyn = Fpm x Fpm by T'(q, , a, b), where the value
of m is fixed and taken from context.

We also exclude the case k = m/2 since in this case g> = 1 (mod p™ — 1) which is a
special case that requires slightly different methods. Also observe that these pre-semifields
are already contained in a family of Bierbrauer [2, 3], so we believe that it makes sense to
exclude them from our treatment here.

It is possible to discern some isotopisms immediately:

Proposition 1 Let g = p* and § = p™~*. Each Taniguchi pre-semifield T (q, o, a, b) = IP|
is isotopic to another Taniguchi pre-semifield T (q, l/aq2, a(@?='/b), a?’=! /b) = P.

Proof We first perform a change of variables x <> y, u <> v on Py (which clearly preserves
isotopy). The result is

(x,y) *1 (w,v) = (v + otqzyvq —a(yu? — ax?v) — b(x%u + axu?), yuq2 +xqzv).

We take the second component to the power g and then x, y, u, v to the power g as well. The
result is

(x, y) %2 (u, v) =(yv? + aqzyqv —a(yTu — a?xv?) — b(xu? + axu), yqzu + xvgz)
=@ ((1/aT )37 + yTv) — aa? (1/a®)yTu — xv7)
— ba((1/a)xu? + xTu),

yazu + xqu).
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Now we can divide the first component by —ba, which yields
(. ) #3 @, v) =0T+ (Haxu® —a(@?™! /o) — (1/a?)yTu)
— @O+ (1/aT)yol),
xo?’ + qu u),
proving the desired isotopy. O

With Proposition 1 it suffices to consider coefficients g = p* with k < m /2 when tackling
the isotopy question (recall that we exclude the case k = m/2).

3 Group theoretic preliminaries

We now introduce the machinery of the technique to determine isotopy. The ideas are based
on an approach developed by the authors in [6] for a family of commutative semifields.

We denote the set of all autotopisms of a pre-semifield P by Aut(PP). Itis easy to check that
Aut(P) is a group under component-wise composition, i.e., (N1, L1, M1) o (N3, Lo, M>) =
(N1 o Na, Ly o Ly, M1 o M3). We will often view Aut(P) as a subgroup of GL(IF’I,»«)3 =
GL(Fpm x IF pm)3 =GL(0n,F p)3. Our approach is based on the following simple and well-
known result (see e.g. [6]).

Lemmal Let Py = (F*, +,01), P, = (F’];, +, 02) be isotopic pre-semifields via the iso-
topism y € GL(Fpn)>. Then y =1 Aut(P2)y = Aut(P)).

The key fact that we will use is that the autotopism groups of the Taniguchi pre-semifields
have a large and easily identifiable subgroup. We introduce some notations:

We write [F ,-linear mappings L from [F ,» to itself as 2 x 2 matrices of IF ,-linear mappings
from IF ,m to itself. That is,

_ (L1 L2 .
L= <L3 L4> s for L;: ]Fpm — ]Fpm.

We call the constituent functions L1, ..., L4 of L subfunctions of L. Set

ra+1 0

¥r = (Ny, Ly, M,) € GL(F n)* with N, = (’"0 . 2+1), L =M, = ("(1) n?)
where m, denotes multiplication with the finite field element r € IF;,". For simplicity, we
write these diagonal matrices also in the form diag(m,, m,), so
yr = (diag(m,q+1, mrq2+1), diag(m,, m,), diag(m,, m,)).
We fix some further notation that we will use from now on:
Notation 1

e Let p be a prime.
o Setq = p* withk <m/2andq = p"*.
e Define the cyclic group

Z@ ={y, : r € T} < GL([EFp)’

of order p™ — 1. It is easy to see (Lemma 2 below) that Z(9 < Aut(P).
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e Let p' be a p-primitive divisor of p™ — 1, i.e. p'|p™ — 1 and p' 1 pK' =1 fork’ < m. Such
a prime p' always exists ifm > 2 and (p, m) # (2, 6) by Zsigmondy’s Theorem (see e.g.
[7, Chapter IX., Theorem 8.3.]). We thus always stipulate m > 2 and (p, m) # (2, 6)
from now on.

o Let R be the unique Sylow p’-subgroup of]F;m.

e Define

Zﬁg) ={y-:7r € R},

which is the unique Sylow p’-subgroup of Z'P with |R| elements.
e For a Taniguchi pre-semifield P = T(q, o, a, b), denote by

Cq,ot,a,b = CAut(]P’) (Zgg)),

the centralizer of Zg]) in Aut(IP).
e Define

S = {diag(m,, m,): r € IF";,m},
and
Sg = {diag(m,,m,): r € R}.

Observe that the condition m > 2 that is necessary to work with a Zsygmondy prime is
actually not restrictive since for m = 2 the only admissible value for ¢ is ¢ = p = p™/?
which is precisely the case we exclude anyway.

The crucial fact for our technique is that y, € Aut(P) forallr € IF;,,, when P is a Taniguchi
pre-semifield 7' (g, «, a, b) for arbitrary «, a, b, which can be directly verified using Eq. (1):

Lemma2 Let T(q,a,a,b) = P be a Taniguchi pre-semifield on F,n with n = 2m. Then
Z@ < Aut(P).

The key result that enables us to settle the question of isotopy for Taniguchi semifields
is a slight adaptation from [6, Theorem 5.10.], which deals with certain commutative pre-
semifields. In some sense, the result we present here is an adaptation of the one from [6] to
a non-commutative semifield.

Lemma3 (/6, Lemma5.7.]) Let NGL(F 1) (SR), NGL(F ) (S) and CGL 1) (SR), CGL(E 1) (S)
be the normalizers and the centralizers of Sg and S in GL(IF pn). Then

(a) NGL(F,n)(SR) = NGL(F n)(S)
= Mo T My T\ * m n
= :(mc3t mcﬂ> tene2, 03,04 €, T € Gal(F, /Fp)} N GL(IF pn),

mCl mcz

Mey My

(b) CoLEF,m)(SR) = CGLE,(S) = {( ) 1€1,02,C3,C4 € Fzm} N GL(F ).

The following is an analogue of [6, Lemma 5.8.].

Lemma4d LetP = T(q, «, a, b) be a Taniguchi pre-semifield. Assume that Cy y q p contains

Z9D as an index I subgroup such that p’ does not divide I. Then Z;g) is a Sylow p’-subgroup

of Aut(P).

Proof Let T be a Sylow p’-subgroup of Aut(IP) that contains the p’-group Z }3). T itself is (by
Sylow’s Theorem) contained in a Sylow p’-subgroup of GL(IF 3, say U. In particular, T is
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abelian since all Sylow p’-subgroups of GL(FF )3 are abelian, see [6, Proof of Lemma 5.8.].

This implies that 7' is a subgroup of the centralizer Cy ¢,q,5 0f Z Ef) in Aut(PP). By assumption,

Z@D is an index I subgroup of Cy.a,a,b and p’ does not divide 1. Moreover, Z;g) is a Sylow
p’-subgroup of Z@ and therefore p’ { [Z(©) : Z;g)] =1I;. Let [T : Zg)] =1, = p™ for
h > 0, since both are p’-groups. Since I5|I11,and p’ { I11, we must have p’ 1 [ and I, = 1.
Thus, Z;g) =T and Zg) is a Sylow p’-subgroup of Aut(IP) as claimed. O

The following theorem is the main result that enables us to solve the isotopy question. It
states that if two Taniguchi pre-semifields are isotopic (and a certain condition is satisfied),
then there must exist an isotopism of a very simple form. Note that this does not prove that
all isotopisms necessarily have this structure.

Theorem2 Let Py = T(q1,a,a,b) and Py = T(qa, &', d’, b') be Taniguchi pre-semifields
such that 0 < k; <m/2 and 0 < ky < m/2. Assume that

Cyy,a,a,b cONtains 79 as an index I subgroup such that p’ does not divide 1. ©

If Py, Py are isotopic, then there exists an isotopismy = (N, L, M) € GL(IF‘,,n)3 such that
all non-zero subfunctions of L, M are monomials. Moreover, all non-zero subfuncions of L
and M have the same degree. (The degree of the subfunctions of L could be different than
the degree of the subfunctions of M ).

Proof By Lemma 2, we have Zg“) < Aut(Py) and ng < Aut(P,). Assume P; and IP; are
isotopic via the isotopism § € GL(IF )3 that maps P; to P>. Then 5§~ Aut(P2)8 = Aut(P))
by Lemma 1. Observe that |8_1Z§$p)5| =|R| = |Z§g')|, SO Z;g') and 8_1Z;;m8 are Sylow
p’-subgroups of Aut(lP;) by Lemma 4 as long as Condition (C) holds. In particular, these
two subgroups are conjugate in Aut(P;) by Sylow’s theorem, i.e., there exists a > € Aut(Py)
such that

WTIsTIZP 80 = (5107 2 o0y = Z V. 2)

Set y = (N, L, M) = §i. Note that y is an isotopism between IP; and P, since A €
Aut(Py). Equation (2) then immediately implies that

diag(m .qy+1, m,q§+1)N = N diag(mq,+1, msq%ﬂ)

diag(m,, m,)L = L diag(my, my)
diag(m,, m,)M = M diag(my, my)

forallr € Rand s = m(r) where 7: R — R is a permutation. In particular, L and M are in
the normalizer of Sg = {diag(m,, m,): a € R}. By Lemma 3, all of the four subfunctions
of L and M are zero or monomials of the same degree. O

We will now systematically investigate isotopisms (N, L, M) where the subfunctions
of L, M are monomials or zero. We want to emphasize that without this simplification, a
treatment of the isotopy question is very complicated, whereas the calculations we will do,
while still technical, are much easier to handle. We also note that the remaining question on
the crucial Condition (C) is naturally answered along the way and does not require much
additional work.
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4 Settling the isotopy question for Taniguchi semifields

We apply Theorem 2. First, we achieve some further strong restrictions.
Proposition 2 Let g1 = p*, g2 = p?,
Py =T(q,a,a,b) = Fpm xFpm, +,01), and,
P, =T(q,a',a',b')=Fpm X Fpm, +, 02)
be Taniguchi pre-semifields such that 0 < ki < m/2, 0 < ko < m/2. Further, let (N, L, M)
be an isotopism between Py, P> such that all non-zero subfunctions of L, M are monomials

of the same degree. Then N>, N3, Lo, L3, My, M3 = 0, all other subfunctions are monomials
of the same degree, and k1 = k».

Proof Say the degree of the non-zero subfunctions of L and M is p™ and p", respectively.
Then, for all (x, y), (u,v) € }F%m,

L(x,y) 03 M(u, v) = (azx?* + bay"?, e3x?* + doy?®)
0y (a3u"t3 + 1731)”’3 , C3u”t3 + d3vpt3)
= (hi(x,y,u,v), ha(x, y, u,v))
for some az, by, c2, dz, a3z, b3, c3,d3 € Fym.
Hence,
hy = (a2x?” + byy??)(esu?” +dsvP™ ) + (ox?” + day?? )% (a3u?” + byo?™). (3)
We also have
N((x,y) o1 (u,v)) = (x, N3(x¥'u + aft xudt — a(xv? — o uy?y — b(y?"v 4+ ayvi'))
+ Ny + yhiu)).
Set N((x,y) o1 (u,v)) = L(x,y) oo M(u,v). Let us assume N3 # 0, i.e. the second
component contains a term
(¥ + o xud! — a(xv? — of! uy?) — b(y?v + ayv?))”' . 4)

Note that none of these terms can be canceled out by N4(xvq12 + yqlzu). Thus, those
monomials also have to occur in /5. Let us consider the monomials xpk'“up[, xP P
Those appear in hy if and only if 0 = k1 + 1,13 +2ko =t, 0 +2ky = ¢, 13 = k; + 1,
ki = —2kp (mod m),ortp =1t3 =t, k; = 2kp (mod m). In both cases we get r, = t3 and
t is uniquely determined by 7, so N3 is a monomial. In order for all monomials in Eq. (4)
to occur in Ay, it is necessary that ayazbabzcaczdads # 0, but then hy will also contain the
terms y”tzul’tﬁy(2 and y”wz’qu”[3 which cannot both occur in the second component of
N((x, y) o1 (u, v)) (again, by the choice of #;, 3 and the conditions on k1, k» it is impossible
that those terms are covered by N4(xv‘112 + yqlzu)). We infer N3 = 0.

Thus

N((x, y) o1 (u, ) = (, Na(xo®i + y9iu)).

Comparing with Eq. (3) immediately yields that N4 is a monomial, say of degree p’, and
eithert = th =13,91 = q2, b0 = co =b3s =c3 =0o0rtr +2ky =t,13 =t + 2ky,
t+2ky = tr,t = 13 + 2kp. The second case leads to t, = #3 and k; = —kp (mod m), which
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is by our condition 0 < k1 < m/2,0 < k» < m/2 impossible. So g1 = ¢2,t =t = 13,
by =cy =bz =c3 =0 (mplying Ly = L3 = M3 = M3 =0).
Let us now check the first component. We have
N((x,y) o1 (u,v)) =(N1(xTu + @ xudt
— al(xvﬂh _ aqnuyql)
—bi(y"v +ayv?))

FN2 (x0i + yhiu), %)

and
pk1+12 P2 ,q2 p2 pk1+f2
hy, =Cx uf” + M Cyx¥"u
2 kq+t 2 k+t
_a/(C’j.xszPl 2_a/qlc4up2ypl 2)
k-t 1 1 k+t;
_b/(CSypl 2vp2+alc6yp2vpl 2)
or non-zero coefficients Cq, ..., Cg. A comparison of degrees immediately shows No, =
f fficients C Ce. A p f deg diately sh N 0
and that Ny is a monomial of degree p' as desired. O

In the next step, we determine the remaining subfunctions. This also immediately verifies
Condition (C).
Proposition 3 Let g1 = p*!, ¢» = p*2,
Py =T(q1,a,a,b) = (Fpm x Fpm, 4, 01), and,
Py =T(q,a',a',b') = (Fpn x Fpm, +, 02)

be Taniguchi pre-semifields such that 0 < ki < m/2 and 0 < ko < m/2. Further, let
(N, L, M) be an isotopism between Py, P> such that all non-zero subfunctions of M, N are
monomials of the same degree. Then

e a=d =0,al /o isa(q—1)-st powerin Fn and b'P' Ibisa (g + 1)-st power in Fom
forsome(O <t <m—1, or
t t
e a=a =1,af /o isa (g — 1)-st power in IF;,,, and b = b'P" forsome0 <t <m — 1.

Moreover,

(peedtem) — 1y(p™ — 1) ifa #0

C =
| lh,ot,a,b| {(pgcd(k,m) _ 1)(pm -1 -ng(pm -1, pk +1) ifa =0.

Proof From Proposition 2, we infer that L,, L3, N, N3, My, M3 = 0, all other subfunctions
are monomials of the same degree p’, and ¢; = ¢» =: p¥ =¢q.
Set N1 = a1xpr, Ny = d1xp[. Then

N((x,y) o1 (u,v)) = (a1 (x%u + o xud — a(xv? —alylu) — b(y9v + ayvq))”[,
dl(xvq2 + yqzu)Pr). %)
Likewise, the subfunctions of L and M are monomials of degree p’, so
L((x, ) 02 M((u, v)) = (a2x"", doy"") 03 (azu””, dzv”").
Thus
L(x,y) o2 M(u,v) = (A1(x, y, u,v), A2(x, y, u, v))
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where
Arryouv) =@ @ + o @) @
—d (@0 @)™ — o azw)” @y™)
=t (@) @ +a @) @),
and

Aa(x, y,u,0) = (@) (@) + @ doy)”

A comparison with Eq. (5) yields for all possible terms (x4u)?", (xu)?", (xv?)?", (y1u)?',
(y? v)p’, (yv? )1" in the first component and the two terms in the second component the
following 8 equations:

ay = (afaz)” (©)
a0 = ' (aya?)" @)
aja = d ()" ®)
ajaa?™? = q'o/1 (a3dg)”r 9)
arb? = b'(dlds)" (10)
atb? a? = b'a (drd)? (11)
2

dy = (adf )" (12)

q° '
d = (asdH'. (13)

Eq. (8) can only be satisfied if a = a’ = 0 ora = a’ = 1, so we only need to consider these
two cases. s
Substituting Eq. (6) into Eq. (7) yields (afa3)”' (@?' ja')?" = (azad)?" which leads to

al N juyP" T = a7 (14)

In particular, oz”'/o/ must be a (g — 1)-st power. We set a3 = asy, where y9~! =
(@ /a’yP* ™" Similarly, substituting Eq. (10) into Eq. (11) yields

—1 t m—t —1
dy @ Y =di,

and we set d3 = dpy» where yzq_l = (a /a’)pm#. Comparing now Eq. (12) with Eq. (13)

2 2 2 2
gives azdg )/zq = azdg y, thatis y = yzq . A comparison between Eq. (6) and Eq. (10)
yields

m—t

/by = (a2 /d) ™y s = (@r)do)t 'y S !

= (ar/d) T (@ JayP" D), (15)

"

Thus (b’Pmit /b) must also be a (¢ + 1)-st power; in other words b and b'P"™" have to be
in the same coset of the subgroup of (¢ + 1)-st powers in F;m.

We now consider the case a = a’ = 0. Then Eq. (8) and Eq. (9) always hold and the
conditions we have gathered so far cover all equations. We can thus find an isotopism between
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690 F. Gologlu, L. Kélsch

T(q,a,0,b)and T(q, o', 0, ') if and only if ol /o’ is a (g — 1)-st power and " /b)is a
(g + 1)-st power for some ¢ € N.

Now consider the case a = a’ = 1. Of course, all previously derived constraints still
apply, and Eq. (8) and Eq. (9) give two additional conditions. We first rewrite Eq. (8) with
Eq. (6). The result is azdgi = agag, and, using Eq. (14), we get

q

a t o 2k—
q 3 q
dy = pa—1 =% @ fa? )P

Similarly, rewriting Eq. (9) with Eq. (6) yields

q k—t

k / q
ayal ja'? =d.

We show that these two statements are equivalent under the previous conditions. Indeed, we
have
t o 2k—
di =ai(@' ja?)P r
t o 2k—t
& diy] =alyi@ ja? )P

' q(q+1) '

3_ t 2k— t 2k—
& df =afyd (@ jar) @ fa?)?

t m—t
=al ((a" Ja)P )
i k—t k k—t
& di =d@! jd) =aal o7 .

Substituting this condition into Eq. (15) gives

m—rt

7" by = (@ fa! YT @ jayP D < 1,

We conclude that for fixed o, o/, ¢ with o?' /o' a (g — 1)-st power, the presemifields
T(q,a,1,b)and T (g, &', 1, b’) are isotopic if and only if b = b'P forsome0 <t <m— 1.

It remains to prove the statement on the centralizer. By Lemma 3, we only have to check
autotopisms where the subfunctions of L, M are monomials of degree 1. This is a special
case of this proposition, which is realized by setting P} = [P; and ¢ = 0. To compute the size
of the centralizer, we have to go through our previous calculations and count the autotopisms
of this form. For @ = 0, we have a3 = a»y, d3 = d>y? and agH = dg“, where y
is (g — 1)-st root of unity (see Egs. (14) and (15)), and all other coefficients are uniquely
determined from that. So there are in total p" — 1 choices for ap, p2d%-" — 1 choices of y
and ged(p* + 1, p™ — 1) choices for d».

For a = 1, we have again a3 = ayy and the additional conditions determine all other
coefficients uniquely. So the centralizer has size (p™ — 1)(p2d®&™) _ 1) because there are
again p” — 1 choices for a; and p&d%-™ _ | choices of y. O

We are now able to piece everything together in the following result:

Theorem 3 Let q; = pkl, g2 = pkz,

Py =T(q,a,a,b) = Fpm xFpm, +,01), and,
Py =T(q2.0',a",b") = (Fpn x Fpm, +, 02)
be Taniguchi pre-semifields such that k; # m/2 and a,a’ € {0,1}. If ko, = —k; (mod m)
then, for fixed o', a’, b', there exist a, a, b such that P\ and P, are isotopic. If ki # ko
(mod m) and k| # —ky (mod m), the pre-semifields Py and Py are not isotopic.
T(q,a,a,b)and T(q,a’,a’,b") are isotopic if and only if one of the two following cases
occurs:
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e a=da =0, al /d isa(q—1)-st powerin Fn and b’ /bis a (g + 1)-st power in Fom
forsome () <t <m—1.
e a=d =1,aP Jo isa (g — 1)-st power in Fn and b = b'? for some0 <t <m— 1.

Proof Let us first check Condition (C) from Theorem 2. By Proposition 3,
|Caraanl € {(pEE™ —1(p™ — 1), (pEIE™ — 1) (p" — 1) - ged(p™ — 1, p' + D).

Observe that p’ { (pged®1.m _ 1) since p’ is a p-primitive divisor and p’ { pX1 + 1 since
otherwise p’|(p¥! + 1)(p*1 — 1) = p?K1 — 1 which is not possible since 2k| # m and, again,
p’ is a p-primitive divisor. So (p™ — 1)p’ { |Cyy,«,q,5| and Condition (C) is satisfied.
Assume Py and PP, are isotopic. Then there is an isotopism (N, L, M) between P; and P,
with the properties stated in Theorem 2. We already dealt with the case k| = —k; (mod m) in
Proposition 1, so we can assume k» < m /2. The statement then follows from Proposition 3.0

5 Counting the number of non-isotopic Taniguchi semifields

To count the number of Taniguchi (pre-)semifields, we need a famous result by Bluher [4]
on projective polynomials and a well known basic lemma.

Theorem 4 ([4, Theorem 5.6.]) Let ¢ = p* and denote by N(p, m) the number of polyno-
mials P(x) = x4t +x + b withb € F,m such that P does not have a root in Fm. Set
d = gcd(k,m) andl = m/d. Then

m+d _ . d

j A
Z(QZH) ifl is even,
mtd _ | .
N(p,m) = g(pd+1) if p, 1 are odd,
pm+d+pd . . dl . dd
TrEY) if pis even and l is odd.

Lemma5 Letk,m € N and p be a prime. Then
o god(pt — 1, p" — 1) = peedm) — 1.
1 ifm/ ged(k, m) odd, and p = 2,
o ged(pF+1,p" -1 =12 ifm/ ged(k, m) odd, and p > 2,
peed®&m) L1 ifm/ gcd(k, m) even.
Theorem 5 Let N7 (p, k, m, a) be the number of non-isotopic Taniguchi semifields T (q, o, a, b)
on Fpm X Fpm with k # m/2. Set d = ged(k, m) andl = m/d. Then
(p* =2)- N(p,m)/m < Nr(p,k,m, 1) < (p* =2)- N(p,m),
where N(p, m) is determined in Theorem 4. Further,
(p* =2)- p!/m < Nr(p.k,m,0) < (p* =2) - p*
ifl is even,
(p? =2)/m < Nr(p.k,m,0) < p* =2
if p,1 are odd and Nt(p,k,m,0) = 0 if p is even and [ is odd. The total number of

non-isotopic Taniguchi semifields with k # m /2 is
L7
Nr(p.m) =Y (Nr(p.k.m.,0)+ Nr(p.k,m.1)).
k=1
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Proof By Theorem 3, T(q, o, 1, b) and T (q, &', 1, b’) are isotopic if and only if there is a ¢
such that o”' /o' is a (¢ — 1)-st power and b'” = b. o' /' is a (¢ — 1)-st power if and only
if ”", o are in the same coset of the cyclic subgroup with (p™ — 1)/ ged(g — 1, p — 1) =
(p" —1)/(p?—1) elements of ]F;m . There are thus p? — 1 such cosets. But —a, —a’ must not
be (¢ — 1)-st powers themselves by the necessary conditions for Taniguchi pre-semifields,
so there are between (p? — 2)/m and p? — 2 possible choices for « that yield non-isotopic
pre-semifields. The overall number of permissible b is (by Theorem 4) N (p, m). For a fixed
b, t there is exactly one choice of b’ that yields an isotopic semifields, so there are N (p, m)
many non-isotopic choices for b, yielding the desired bound.

For a = 0, we have again between (p¢ — 2)/m and p? — 2 choices for « for ranging
t. b, b’ yield isotopic pre-semifields if and only if b7 /b is a (g + 1)-st power for some
t. Here, similar to before, this means that 5’ P and b are in the same coset of the cyclic
subgroup with (p™ — 1)/gecd(g + 1, p™ — 1) elements of FZ”" By Lemma 5, we have
ged(g + 1, p" — 1) = p? 4+ 1if [ is even and ged(g + 1, p™ — 1) = 2 if [, p are odd
and ged(g + 1, p" — 1) = 1if p = 2 and [ is odd. So the number of cosets is p? + 1, 2
or 1 depending on p, . Since —b, —b’ themselves must not be (¢ + 1)-st powers (by the
conditions on the Taniguchi pre-semifield x?*! 4 b has no roots) we thus have p?, 1 or 0
valid cosets.

By Theorem 3, different choices for 1 < k < m/2 yield non-isotopic semifields, proving
our result. O

Remark 1 The precise values for N7 (p, k, m, a) in Theorem 5 depend on the precise values
of m and d, and could be computed with additional effort, see [14, Section 5] where a similar
computation is applied for the p = 2, d = 1 case. However, these calculations are quite
involved and since the factor 1/m that lies between the bounds in Theorem 5 does not change
the asymptotics of the result, we choose to not go into any more details.

6 Comparison with other semifield families and conclusion

Theorem 5 (together with Theorem 4) shows that the total amount of pairwise non-isotopic
Taniguchi semifields of order p>” is approximately p”* where s is the largest divisor of

m, excluding m /2. In particular if 3|m, the number of semifields is around p%’”.
On the other hand,

e the best known lower bound on the number of pairwise non-isotopic odd-order semifields
of order p" constructed using skew-polynomial rings (or, equivalently, cyclic semifields;
see [17] for details) is less than p”/ 28, Theorem 10].

e The number of pairwise non-isotopic generalized twisted fields of order p” is around p’,
where ¢ is the largest divisor of n that is less than n/2 [19, Theorem 27].

e The best known lower bound on the number of pairwise non-isotopic semifields of order
p* constructed with the HMO construction is less than p* [10]. We are not aware of
any other construction of odd-order semifields that yields better lower bounds.

The count in Theorem 5 thus shows that the family of Taniguchi semifields yields a better
bound compared to the best currently known lower bounds. In particular, the results in this
paper show that the family of Taniguchi semifields is the largest known family of odd-order
semifields to date. Interestingly, the amount of non-isotopic Taniguchi semifields is even
larger than the known upper bound on the number of non-isotopic odd-order semifields of
order p" constructed using skew-polynomial rings, which is p"/2 log, (p") [11]. Note that
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the family of semifields constructed via skew-polynomial rings was recently extended [21],
however it remains so far unclear how much this changes the bound mentioned above. The
upper bound given by Kantor [10, Theorem 1.6.] on the number of non-isotopic semifields
from the HMO construction is larger than the number of non-isotopic Taniguchi semifields.
However, it is unclear how strict this bound is.

Note that the situation for non-isotopic semifields of even order is quite different, as
the construction by Kantor and Williams [12] yields bounds that are much higher. More
precisely, the number of non-isotopic semifields of even order is not bounded from below
by a polynomial in the order of the semifield (see [9]). Whether the number of non-isotopic
semifields of odd order is also not bounded by a polynomial in the order of the semifield is an
open problem, widely known as Kantor’s conjecture. In fact, even the number of commutative
semifields of odd order is asymptotically not much different from the current state-of-the-art
bound for non-commutative semifields, with [6] giving a family of around p”/* non-isotopic,
commutative semifields of order p”. It is thus desirable to construct new, larger families of
(non-commutative) semifields especially of odd order.
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