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Let K=GF(q) be a Galois field with ¢ elements, ¢=p°,p prime,
s>1. Let K* denote the Cartesian product of n copies of K. The
following definition is basic for our further investigation:

Definition 1. A polynomial f ¢ Klx,, ---,x,] is called a permu-
tation polynomial (in n variables over K) if the equation f(x,, ---,x,)
=a has ¢* ' solutions in K* for each a c K.

For n=1, this coincides with the well-known notion of a permu-
tation polynomial in one variable ([3], ch. 5; [1]; [6]). We shall charac-
terize the permutation polynomials of degree at most two such that
they can be determined effectively. For rather obvious reasons, the
cases p#2 and p=2 have to be distinguished.

The prime field GF(p) of K can be identified with the residue class
field Z/(p). We shall freely use this identification in the sequel. In
particular, the trace tr (a) of an element a ¢ K relative to the extension
K/GF(p) can be viewed as an integer modulo p. Throughout this
paper, & will always stand for a fixed primitive p-th root of unity. The
following criterion is crucial:

Theorem 1. f e Klx,, ---,2,] is a permutation polynomial if and
only if

g @z, esan)) = () for all non-zero b ¢ K.

(@1,++,an) EX™
Proof. We have
gues@ e = 3" N(@)€=¢»  forall be K
(a1,**,an)EKN a€EK

where N(a) is the number of solutions in K* of f(a,---,a,)=a. If f
is a permutation polynomial, then N(a)=q"* for all a ¢ K and so for
all non-zero be K:

gtr(bf(al,m,a,n)) — qn—l Z étr(ba) — qn—l Z St.x'(c) =O.
(@1,++,ap)EKT a€EK cEK

Conversely, suppose that the condition of the theorem is satisfied.
Then for allac K:

N(a):i Z StrEb(f(ax,"-,am—a)]
Q (a1,+++,ap)EK™ bEK
:L Z Etr(bf(al,~~',an)>$tr(—ab)

q (ay,++,an)EK™ bEK
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:i Z Str(‘ab) Z Sﬂ'(bf(al,“',an))=_1_qn=q7l"1.
q

q VEx (a1,+++,a@n) EKP
Lemma 1. Suppose f e Klz,, ---,x,] is of the form f(x, ---,x,)
=g(@yy vy X)) F (L yry -+, 2, 1< M <0, where he K[Xy,, -+, 2,] 18
a permutation polynomial and g ¢ K[z, - -+, 2,]. Then f is a permu-

tation polynomial.

Proof. This follows easily from Theorem 1, since
Str(bf(al,---,an)): S”T(W(“la"‘7“m))§“<bh<am+1,'",an))
(@1,%++,an) EK™ (@1,%+,an) EKM
:( &tr(bu(al,---,a,m)))( Z Str(bh(am.;. 1,---,an)))= 0
(@1,+++,am) EK™ (@m+1,°+,an) EKN =M

for all non-zero b € K.

In the proof of Theorems 2 and 3 we shall frequently refer to the
following lemma which is an immediate consequence of the definition
of a permutation polynomial.

Lemma 2. The property of being a permutation polynomial is
invariant under nonsingular linear transformations of the variables,

i.e. tramsformations of the form xi=i aY;+ b0, € K,b e K,1<1<n,
Jj=1

det (a;;)#0.
This suggests the following definition :
Definition 2. Two polynomials f,g e Klx,, - - -, x,] are said to be

equivalent if they can be transformed into each other by nonsingular
linear transformations of the variables.

Using this definition, the first case of our main result can now be
expressed as follows:

Theorem 2. For p+2, a polynomial fc Klx,, ---,x,] of degree
at most two is a permutation polynomial if and only if f is equivalent
to a polynomial of the form g(x,, -+, Xn_)+Xn, 9(2y, -+ -, 2,_) € Klx,,

e, n-1]-

Proof. The sufficiency of the condition follows from Lemma 1
and Lemma 2, since 2, is a permutation polynomial.

Conversely, any linear polynomial is certainly equivalent to a poly-
nomial of the above form. A quardratic permutation polynomial
f e Klz, ---,2,], as any quadratic polynomial over K, is equivalent to
a polynomial of the form e,x?+ .- + e+ b2, + - - - + b2, +¢,1<k<n,
¢;#0for 1<i<k,whichisin turn equivalenttoex?+ - - - +e,22 + by, 1 %1 11
+ .. +bx,+d. We are done if we can show that there exists a 7,
k+1<j<n, such that b,£0. Assume the contrary. Then, by Lemma
2, the polynomial e,x3+ - - - +¢,22+d is a permutation polynomial over
K. On the other hand, we have for all be K,b+0:

étr[b(e1a§+u-+eku%+d)]:qn—lcgtr(bd)( Etr(bem“})). ..
( 1 ) (a1,+++,an) EKMP a;ze:K

.. ( Z Etr(beka"}c))=qn—kStr(bd)Tl. Ce Ty

ag€K
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with 7= 3 &u0eed 1<i< k.

a;€EK
Let @ denote the set of non-zero squares in K and N the set of non-
squares in K. If be; e @, then

Ti=1+2 Z Str(a):(z Str(a)_ Z Str(a))_l_(l_l_ Z Str(a)_l_ Z Etr(a))
acQ acQ a€EN aEQ aEN
:(Z Str(a)_ Z Str(a))_l_ Z gtr(a)z Z Etr(a)_ Z: étr(a)
acQ aEN aeK acQ a€N
which is a Gaussian sum associated with K. Thus, as shown in [2], |7,
=4/¢. On the other hand, if be; ¢ N, then

Ti=1+2 Z Etr(a):2(1+ Z gma)_‘_ Z Str(a))_(]__i,z Z Str(tw)
aAEN aEN aEQ acQ
=2 ¥, E0—(142 3 £0)=—(142 3 £7@)
ackK a€cQ a€EQ

and therefore |7;,|]=4/¢. In any case, the left-hand side of (1) turns
out to be+0. This contradiction to Theorem 1 completes the proof.

It follows easily from the preceding proof that the rank of the
matrix A associated with the quadratic form occurring in f and the
rank of the augmented matrix A’(=A 4+ coefficients of the linear terms)
are sufficiently strong invariants for deciding whether f is a permu-
tation polynomial or not. More explicitly, f is a permutation poly-
nomial if and only if rank A’ >rank A.

Theorem 3. For p=2, a polynomial f < Klzx,, ---,x,] of degree
at most two is a permutation polynomial if and only if f is equivalent
to either g(x,, - - -, Xy _ )+ 2, 07 9@y, -+ -, Tp_ )+ 23, 9@y, « -+, Buy) € K2y,

] xn—1]°

Proof. Sufficiency. Since both x, and x? are permutation poly-
nomials, then so f is one by Lemma 1 and Lemma 2.

Necessity. Any linear permutation polynomial is equivalent to
a polynomial of the form g(x,, ---,®,_)+x,. Let f be a quadratic
permutation polynomial over K, f=Q(z, -, 2,)+L(x,---,%,),Q a
quadratic form and L a linear polynomial over K. As shown in [4],
[5], any quadratic form over K is equivalent to a polynomial of the form

x,x2+x3x4+~~+wm_lxm+§_’, ex?,0<m<n. Thus f is equivalent to

By Xy F v A X Ly Z et 4 Z d;x;+d. We substitute z;=vy,+d,,
1<i<m, »; -yi,m+1<1<n, and get J equivalent to H = 4,9, + Y59,
+ At Yne 1ym+Ze¢yl+ ST dyite. Put h=dp.Wmei+ e+ dul

t=m+1

+ e Yt +e§,yn By Lemma 2, H is a permutation polynomial.
From this it follows that & is a permutation polynomial. For other-
wise there would exist a non-zero b ¢ K such that:

(2) Z Etr@rlamti,eesan)) £,

(@m+1,00,an) EE"™M

Using the same b, we consider
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Etr(bH(m,"',an))

(a1,°++,a0)EREM
=( Su[b(alaﬂn-+am—1am+e§a§+m+efnafn+e)])
(@y,+++,am) EK™
X ( Z &t!‘(bh(am+1,"',an)))
(@m+1,°*+,an) EEKN—M
( 3 ) — Etr(be)( Z Etr[b(a1a2+e2a§+ega§)1)
(a1,a2) € K2
< ( Str[b(a,m..1am+e$n_1a$n_1+e3na§n)])
(am—1,am) EK?2
% ( Eur@r@m1, e an)),
(@m+1,000,an) EEMT™

For an i with 1<i<m—1, let us congider
tr{b(agai+1+efal el af, ]
(ag,ai+1) EK2
From tr (@=a+a?*+a'+ - - +a* " and a®=a for all a € K we can infer
that tr (@) =a*+a'+a*+ - +a¥=a+a?+a'+ .- +a* '=tr (a) for all
ac K. Furthermore, there exists a non-zero ce K such that b=c.
Thus
tr [b(a.a,,,+ elai+ €2, a2, D1=tr (ba,a,,,) + tr (i) + tr(c’e},,ai,,)

=tr (ba,a;.,) + tr (ce,a;) +tr (ce;,,04,,)

=tr (ba0;,:+ cet; 4 €y y104,1)

=tr [(a;+c7 e, )(ba; . +ce)+ee; . ]
Therefore

Strcb(aiai+1+e§a§+e§+la§+,)]

(ag,a4+1) EK2
— gtr[(aﬁc—le“l)(bai+1+cei)+eiei+1]
( 4 ) (a4,ai+1)EK2
— Str(eieiu) Z Z“ Stl‘f(ai+0"lei+1) (bag+1+ceq)]
ai€K aj+1€K

— qStr(eieiH) +0.
It follows from (2), (3), (4) that >, guHayn, an) £, a contra-
(

a,l)..-,an)eKn

diction. Hence % is a permutation polynomial. Implicitly we have also
shown that m <n.

Let us look at # now. Taking into account only the terms with
non-zero coefficients and renaming the y,;,d; and e;,,m+1<i<n, we
have h=dp, X1+ - - - +d,2,+ €2, 22, + - - - +e2a2 with either d;=0 or
e;#0 for each i,m+1<i<r. If there exists an i,m+1<i<r, such
that either d;=0, ¢;+0, or d;+0, ¢;=0, then the proof is complete. In
the remaining case we have for all ¢, m+1<i<r, that both d;+0 and
e;+0. We shall show that » being a permutation polynomial implies
that the vectors (d,.,, - - -»d,) and (e, - - -, €,) are linearly independent
over K.

For otherwise there exists a non-zero ¢ € K such that d;=ce;, m+1
S’ié’i", hence th(em+1xm+1+ e +erxr)+(em+1xm+1+ ot +e¢xr)2~ It
follows that 4 is equivalent to p(x)=cx+x?. But this is not a permu-
tation polynomial since p(0)=p(c)=0.

The linear independence of (d,,,, - - -, d,) and (e, - - -, €,) implies
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that there exist 7,7 with m+1<7<j<r, such that

1;&0 Then

the substitution ¥, =d, &n,+---+d,2,,y;= em“xm“-i- -+ex,, Y,
=u,t£1, 7, m+1<t<r, is nonsingular. This substitution transforms
h into y,+¥% and thus H (and, by transitivity, f itself) is equivalent
to a polynomial of the desired form.

We have seen in the course of the proof that the problem of decid-
ing whether f is a permutation polynomial or not boils down to the
question of finding the canonical form of the quadratic form contained
in f. There exist invariants which allow to answer this just from the
coefficients of the form ([5]).

It seems to be difficult to characterize permutation polynomials of
degree at least three in the above fashion. Definitely, the results
obtained here do not carry over to that case. As a counterexample,
note that x*+%° is a permutation polynomial over GF(5) but is not
equivalent to a polynomial of the form g(z)+y.
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