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Abstract Let G be a finite nonabelian group. Bent functions on G are defined by the Fourier
transforms at irreducible representations of G. We introduce a dual basis G, consisting of
functions on G determined by its unitary irreducible representations, that will play a role
similar to the dual group of a finite abelian group. Then we define the Fourier transforms as
functions on 6, and obtain characterizations of a bent function by its Fourier transforms (as
functions on G). For a function f from G to another finite group, we define a dual function
fon G, and characterize the nonlinearity of f by its dual function f Some known results
are direct consequences. Constructions of bent functions and perfect nonlinear functions are
also presented.
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1 Introduction

The notion of a Boolean bent function was first introduced by Rothaus [22] in 1976. Since then
Boolean bent functions have been studied in numerous papers, and various generalizations of
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this notion have been developed. Applications of bent functions and their generalizations can
be found in information theory, cryptography, coding theory, etc. Tokareva [25] presented a
systematic survey of the recent development of the research in this field. Among the general-
izations of Boolean bent functions, bent functions which are defined on the direct product of
a finite number of identical cyclic groups and take values in this cyclic group were introduced
by Chung et al. [5] and Kumar et al. [13]. As further generalizations, Logachev et al. [15]
defined bent functions on finite abelian groups, and Poinsot [18] defined bent functions on
finite non-abelian groups. Carlet and Ding [4] and Pott [21] studied perfect nonlinear func-
tions between two finite abelian groups, which can be regarded as a generalization of bent
functions on finite abelian groups introduced in [15]. Later, the notion of perfect nonlinear
functions between two finite abelian groups in [4,21] is generalized to perfect nonlinear func-
tions between two arbitrary finite groups by Poinsot [19]. More research on bent functions
and perfect nonlinear functions on finite (abelian or non-abelian) groups can be found in
other papers (cf. [24,26-28]). Other generalizations of bent functions on finite groups are
also studied; for example, see [8,9,20].

Perfect nonlinear functions on finite groups can be used to construct DES-like cryptosys-
tems that are resistant to differential attacks. An example of using the classical XOR as well
as the addition in a cyclic group and the multiplication in the group of units of a finite field
can be found in Lai and Massey [14]. Also see [23] for more examples of S-boxes that use
addition in a cyclic group. Pott [21] mentioned that “It seems that in most applications (in
particular in cryptography) people use nonlinear functions on finite fields. However, there is
no technical reason why you should restrict yourselves to this case”.

For arbitrary finite groups, the connections between the perfect nonlinear functions and
relative difference sets are studied by Pott [21]. Let G and H be arbitrary finite groups, and
f : G — H afunction. Pott [21] proved that f is a perfect nonlinear function if and only
if the set Ry := {(s, f(s)) : s € G} C G x H is a semiregular (|G|, |H|, |G|, |G|/|H])
relative difference set in G x H relative to {Ig} x H, where 1 is the identity element
of G. Furthermore, the notion of a (G, H)-related difference family is introduced in [26].
It is proved in [26, Theorem 1.3] that f is perfect nonlinear if and only if {S, : y €
H} is a (G, H)-related difference family in G, where Sy = f ~1(y). In particuar, if f
is perfect nonlinear, then by [26, Corollary 1.4], {Sy : y € f(G)} is also a partitioned
(IGI, K, |G|/|H]) difference family in G, where K := {|Sy| : y € f(G)}.

Let G be a finite group, and let f be a complex valued function on G.If G is abelian, then
there is the dual group GofG consisting of its (1rredu01ble) characters. The Fourier transform
f of f is defined as a function on the dual group G, and the bentness of f is defined by its
Fourier transform. That is, if the values of f on G are on the unit circle, then f is said to be
a bent function if the absolute value of f( x) is 4/[G], for any x € G.If G is nonabelian,
then the Fourier transform fof f is defined as a function on the irreducible representations
of G, and the bentness of f is also defined by its Fourier transform (see Sects. 2 and 3 below
for some details).

Let G be a finite nonabelian group. We introduce a dual basis of G, also denoted by
6, that consists of complex valued functions on G determined by its unitary irreducible
representations (see Definition 2.3 in Sect. 2). The dual basis G will play arole similar to the
dual group of a finite abelian group in our discussions. That is, for acomplex valued function f
on G, we will define the Fourier transform fas afunctionon G (see Definition 2.5 in Sect. 2).
Although our definition of the Fourier transform (as a function on 6) is equivalent to the
traditional definition of the Fourier transform (as a function on the irreducible representations
of G), by this new definition we are able to obtain further characterizations of bent functions
on finite nonabelian groups (see Theorems 3.3 and 3.4 in Sect. 3). Furthermore, if f is a
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function from G to another group H, then we define a dual function )7 of f as a function
from G to the vector space with basis H. We will characterize the nonlinearity of f by its
dual function ]7 (see Theorems 4.2 and 4.3 in Sect. 4). The method developed in this paper
also provides conceptual proofs of some known results (see Corollaries 3.9 and 4.8).

The rest of the paper is organized as follows. In Sect. 2 we discuss properties of the Fourier
transform as a function on the dual basis G. Then in Sect. 3, we study characterizations of
bent functions. Characterizations of perfect nonlinear functions between two arbitrary finite
groups are discussed in Sect. 4, and constructions of bent functions and perfect nonlinear
functions are presented in Sect. 5.

2 Fourier transforms on finite groups

Let G be a finite group. The identity element of G is denoted by 1¢, or simply by 1 when
no ambiguity can occur. Let GL(m, C) be the group of all invertible m x m matrices over
the complex numbers C. Then a homomorphism ® : G — GL(m, C) is called a (matrix)
representation of G, and m is called the degree of ®. We say that a representation ® : G —
GL(m, C) is reducible if there is P € GL(m, C) such that

Ax) O

-1 _
P <I>(x)P—< 0 Clkx)

) , forallx € G,

where A(x) and C(x) are square matrices, and O are zero matrices. If a representation ®
is not reducible, then we say that ® is irreducible. Two representations ¢ and ¥ of G are
said to be equivalent if there is an invertible matrix P such that W (x) = P~ l®(x) P, for all
x € G.LetTr(M) denote the trace of a square matrix M. Then the character ¢ of G afforded
by a representation @ is the function ¢ : G — C defined by ¢ (x) = Tr(®(x)), forall x € G,
and ¢ is called an irreducible character if ® is irreducible. The degree of @ is also called
the degree of ¢, and denoted by n,. Two irreducible representations are equivalent if and
only if they afford the same character. A representation @ is called a unitary representation
if ®(x) is a unitary matrix, for any x € G. Note that any irreducible representation of G is
equivalent to a unitary irreducible representation (see [12, Theorem 4.17]).

The principal irreducible representation of G is ®; : G — GL(1,C), x — 1, and the
principal irreducible character is ¢ afforded by ®;. Any other irreducible representation
(character) is called a non-principal irreducible representation (character). Throughout the
paper, let Irr(G) denote the set of irreducible characters of G. For the references of the
representation and character theory of finite groups, the reader is referred to [1,11,12,16].

Let f : G — Cbeafunction. Then for an irreducible representation ® : G — G L(m, C),
the Fourier transform of f at ® is defined as

F@) =3 f(0)®(x) € Mat,, (O), 2.1)
xeG

where Mat,, (C) is the algebra of all m x m matrices over C. The order of G is denoted by
|G|. Let {®, ®, ..., Pr} be a complete set of representatives of inequivalent irreducible
representations of G, where k is the number of conjugacy classes of G. It is known that the
Fourier transforms of f at 1, ®,, ..., ®; determine f through the inversion formula

k
| ~
fx) = @ E n; Tr (dD,-(x_l)f(dJi)), where n; is the degree of ®;. (2.2)
i=1
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For each ¥ € Irr(G), we fix a unitary irreducible representation @, that affords . Then
for any s € G, @y (s) is an ny x ny unitary matrix, denoted by (d)lf () ;- Thus, for any

i

Y € Irr(G), we have ”21// functions on G defined by ®y;:
v v o
b;; G—C, s> ¢(9), 1<i,j<ny.
Throughout the paper, the following notation will be used.

Notation 2.1 For each y € Irr(G), let ®y be a (fixed) unitary irreducible representation
that affords v, and we also write

By = (45),;
Furthermore, let
G={¢}, : ¥ elm(G). 1 <i.j <ny}
The set C° of complex functions on G is an |G |-dimensional complex space. It is also a
G-module (or G-space) with the G-action defined by
sf: G—>C, t+ f(s™'r), foranyse G, feCOC. (2.3)

The complex conjugate of any z € C is denoted by z. For any f € CO, let f be the complex
conjugate of f definedby f : G — C, s — f(s). The next lemma collects some basic facts
about G. These results are known and can be found in the references mentioned above.

Lemma 2.2 With Notation 2.1, the following hold.
(i) IGl = |G].
(ii) ¥ = g¢f , forall ¢ € Irr(G).
i=
(iii) §}/(s) = ¢,(s™"), forall ¢}; € G and's € G.
(iv) ¢;§ (st) = :Z_V/:I ¢;[,f<(s)¢,fj (1), for all ¢;/]/. € G and s,t € G. In particular,

n\p
s¢;/]f' = qu;/;{(s*l)cj)]zbj, forany s € G. 2.4)
k=1

From (2.2) and Lemma 2.2, G is a basis of CO.
Definition 2.3 With Notation 2.1, we call G a dual basis of G.

The dual basis G will play a role similar to the dual group of a finite abelian group in our
treatment of Fourier transforms on finite nonabelian groups.
Note that CY is a unitary space with the inner product

(f.8)g =) f()g(s), forany f,geCO. (2.5)

seG

The next lemma is well known (cf. [16, p. 187, Theorem 2.2]). It says that Gisan orthogonal
basis of CO.
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Lemma 2.4 (Orthogonality Relations) For any ¢>;’; ¢l €G,

e el =l
¢1 , ¢X — ] ny’ ij kl> (26)
(-2, {0, ifol; # -

Forany f € CY,in the next definition we define its Fourier transform fasafunctionon G.
Note that this definition is equivalent to the original definition of fin (2.1) and the inversion
formula (2.2). In this paper we will regard fas a function on irreducible representations and
also on G as well. To simplify the notation, the summation over all qb;/; € G is denoted by

Wi, j)
Definition 2.5 For any f € CY, the Fourier transform fof fon G is defined by
7@l =>"re¢ls). forany ¢! G.
seG

On the other hand, for any function t : G — C, we define the Fourier inversion T € CC as
follows:

(s) = |G| nydl()T(@)). foralls € G.
Wain)
Thus, from Definition 2.5 and (2.1), we have
F@p = (F6)), . forany y € 1m(G). @7

Remark 2.6 Since G is a basis of CY, we have CC = CG.Leto : G — C be a function.
Then o can be linearly extended to a function (still denoted by o) on CG as follows:

o:CG—C, Z a;éqb;/j. > Z afﬁ-o(ﬁl;).
(Y.i,j) i)

In particular, for any function f : G — C, its Fourier transform f, a function on G, is also
a function on CG by linear extension.

The next lemma is straightforward.
Lemma 2.7 f: f forany f € CY, and 7 = T forany t € (o

The next lemma discusses the relation between a function and its Fourier transform on G.
It can be regarded as a reformulation of the inversion formula (2.2).

Lemma 2.8 Let f € CO, and f the complex conjugate of f. Then

f= ny F@)e).
|G| Wi, j) Y

Proof Since G is a basis of C%, we may assume that f = Z(W ij) %ij ¢>U , where a e C.
Therefore, f =", ;. N otl] qbl] and hence f = X i ocl] ¢z; So by Lemma 2.4,
. — |G| — ~
FoH =Y o ¢”’<¢k,> =Y o) <¢,f,,¢;§)c =" af;. forany ¢ € G.
W.i.j) Wi.j) x

Hence, the lemma holds. O
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Remark 2.9 For any s € G, we have the characteristic function 15 € CY (e 1,(1) = 0
if t # s and 15(s) = 1), whose Fourier transform is 1; ((/)5) = ¢>;/]f. (s), for any gbg e G.
For any function o : G — C, it is straightforward to check that o = ) G E(S)Ts. So the

Fourier transform and the Fourier inversion can be regarded as transformations between G
and {1, : s € G}.

Let V be a vector space of dimension |G| with a basis B := {e;};cc indexed by the
elements of G. Then any s € G induces a linear transformation (an isomorphism) Q5 : V. —
V,e; — ey, forany t € G.

Definition 2.10 With the notation in the above paragraph, the (left) regular representation
of G is

Q: G— GL(G|,C), s Matg(S),

where Mat g (€2;) is the matrix of C2; with respect to the basis B.

The regular character p of G is the character afforded by the (left) regular representation
of G. It is known that p = ZWGIH(G) ny ¥ (see [12, Lemma 2.11]), po(lg) = |G|, and
p(s) = 0 forany s € G\{lg} (see [12, Lemma 2.10]). Let I,, be the n x n identity matrix
for any positive integer n. For any g € CY, since G is a basis of C% and p = Z(W) anb;/f,
the following are equivalent by Lemma 2.8 and (2.7):

(1) g(s) =0forany s € G\{lg};
(i) g = 4570 (org = §50p);
(iii) Zg‘(d%,,) = g(l)InV,, for any ¢ € Irr(G).

More generally, we have the next result.

Lemma 2.11 (Cf. [27, Lemma 2.1]) Let f € C% and A € C. Then the following are
equivalent.

(i) Foranys € G\{1g}, f(s) = A R
(ii) For any non-principal irreducible character ¥ of G, f(®y) = (f(1) — k)Inw.

Proof Let g = f — AYr1, where v is the principal irreducible character of G. Note that for
any non-principal irreducible character  of G, " ,.. 5 ®y (x) = O (the zero matrix, cf. [12,
Problem 2.1]). Hence,

§(<1>¢) = f(dDw), for any non-principal irreducible character ¥ of G. (2.8)

Assume (i). Then g = %ll)p, and hence for any ¢ € Irr(G), g(Py) = g(1) 1y, by the
remark before the lemma. So (ii) holds by (2.8).
Assume (ii). Then by Lemma 2.8 and (2.8),

5= L 2oV = L e 4 D —7) o¥
§= G (1//2':' mE@NOY = RO+ Y (Fm-7)9!
7)) i) ¥ #Y
IO DU Ry
=617+ g (B0 —30) .

Thus, g(1) = $& () + oy (800 —8(D) ¥ (1), and hence F(71)) — E(1) = 0. So
7= %p, and (i) holds. o
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The next corollary will be needed later.

Corollary 2.12 The following hold:

(i) A function f € CS is constant on G if and only if for any non-principal irreducible
character V¥ of G, f(d)y,) = O, the zero matrix.

(ii) Forany) .. ass € CG, oy are equal for all s € G if and only if for any non-principal
irreducible character r of G, @y, (erG ass) = O, the zero matrix.

Proof (i) follows directly from Lemlna 2.11, with f(1) = A.
(ii) Let f: G — C,s > «a,. Then f(®y) = Oy (ZS€G cxss). So (ii) follows from (i). O

The set C¢ of complex functions on G is also a unitary complex space with the inner
product:

Ema= Y. nyE@a@)). forany neCC, 2.9)
Wi, ))

where 77 : G — Cis the complex conjugate of n defined by n(qﬁ"[/) = n(q&"[/) for any
qb;/]/. eG.
Lemma 2.13 Forany f, g € CC,
(7.3)5 =IGI{f. 8)6
Proof 1t follows from (2.9), (2.5), Definition 2.5, and Lemma 2.2(iii, iv) that

(Fale= 2 m7whzel = 3 3 nyr)e) )50 0l1)

Wi, )) (Y,i,j) s,teG
= f6)80 Y nyeli©elah
5,1€G i j)
= Z f (s)%p(st’l), where p is the regular character of G,
s,teG
= |GI(f. g)c-
So the lemma holds. O

3 Bent functions

In this section we study characterizations of bent functions by their Fourier transforms on
the dual basis G. The main results are Theorems 3.3 and 3.4 below.
In the following we always assume that G is an arbitrary finite group, ®y, = (¢>l]/; ) cisa

unitary irreducible representation of G that affords v, for any ¢ € Irr(G), and G = {¢;§ :
Y € Irr(G),1 < i, j < ny}is a dual basis of G. For any matrix M, let M* denote the
conjugate transpose of M. Let T := {z € C : |z| = 1} be the unit circle in C.

Definition 3.1 (Cf. [18, Definition 9]) A function f : G — T is called a bent function if

o~

(@[ F(@]* = [GlLy,, foranyy € Iir(G).
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A function g € CY is said to be balanced on G if 3", _; g(x) = 0.
Let f : G — C be a function, and a € G. Then the derivative of f in the direction a,
d, f, is defined by

dif: G—C, x+ f(ax)f(x).

Poinsot [18, Theorem 3] characterizes a bent function by its derivatives (see Corollary 3.9
below).

Leto : G — C be a function. Then o is also a function on CG by linear extension. We
can define the derivative of o in a similar way. That is, for any a € G, the derivative of o in
the direction a, d,0, is defined by

dgo 1 G—C. ¢/ > o(ad))o@]).

Recall that the G-action on G is given by (2.4); i.e. ad)g = ZZL ¢i11,/( (a! )qb;(/;, foranya € G
and ¢;§ €G.

Definition 3.2 A function o : G — C is said to be balanced on G if

> nyo@l) =0.
(i J)
The next theorem is our first main result of this section. It characterizes a bent function f
by the derivatives of its Fourier transform f.

Theorem 3.3 Let f : G — T be a function. Then the following are equivalent.

(i) f is a bent function. R R
(ii) Forany a € G\{1g}, d, f is balanced on G. That is,

Y nyflagl) F(9l) =0, foranya e G\{ig}).
Wi, j)

The kernel of Y € Irr(G) isker ¢ := {s € G : ¥ (s) = ny}. Itis well known that ker ¥
is a normal subgroup of G. To simply the notation, for a normal subgroup N of G, let

Nt = {¢ : ¥ €Irr(G) and kery O N}. 3.1

Such a notation is used for subgroups of an abelian group in the literature (cf. [15], etc.),
with slightly different definitions.

In the case that f € CC is not bent, the conditions under which the set {a € G : d, f is
balanced on G} contains Q\{1g} for some subgroup Q of G (when G is abelian) have been
studied in the literature (cf. [15], etc.). Our second main result of this section characterizes
functions f that have balanced derivatives d, f for a (# 1) in a normal subgroup. Note that
Theorem 3.4 below is not a generalization of the results of Logachev et al. (cf. [15, Theorems
4 and 5]).

Theorem 3.4 Let f : G — T be a function, and N (# {1g}) a normal subgroup of G. Then
the following are equivalent.

(i) Foranya € N\{lg}, d, f is balanced on G, i.e. ZseG (daf)(s) =0.
(ii) Foranya € N\{lg}, dafis balanced on 6, ie. Z(w’i’j) n¢(daf)(¢;§) =0.
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(iii) For any a € N\{lg},

A G|?
S ()@ = —%.
Wi, j) we¢NL

The rest of this section is devoted to the proofs of Theorems 3.3 and 3.4. Let us start with
the following definition.

Definition 3.5 Let f € CO.1f f= (wz ; a;ljf.d);/;, where cx;? € C, then for any ¢ € Irr(G),
L]
fy = Z 1//¢1// is called the v-component of f, and the ny x ny matrix M(f)y =
i,j=1

(“5)1',]' is called the vy -matrix of f.

For a matrix M = (a;j);,j, let M = (@i})i,j- Then for any f € CO, it follows from
Lemma 2.8 and (2.7) that

M(f), = |G|f(<I>¢) for any ¢ € Irr(G). (3.2)

Hence, the following are equlvalent by the remark before Lemma 2.11: (1) f(s) = 0 for any
s € G\{lg}: (i) M(f)y = f(1) 1 n,. for any ¥ € Tre(G); and (iii) f(Dy) = f(1)1n,,
for any ¢ € Irr(G).

The convolutions of functions on G play an important role in the study of bent functions
when G is abelian. For any two functions o, T € CO, the convolution of o and 7, o * 7, is
defined by

1:G—>C, ar Zo(s)r(s*la). (3.3)
seG

If G is abelian and © € 6, then t(s~') = 7(s) for any s € G. But if G is nonabelian,

then for any 4);/; cGands € G, qb;/;. s™h #* 4);[; (s) in general (see Lemma 2.2(iii)). So for
nonabelian finite groups, we need a modified convolution.

Definition 3.6 Let f, g € CY. Then the quasi-convolution of f and g, f ®g, is defined by

f®g: G—C, aHZf(ax)@.

xeG

Lemma 3.7 Let f, g € CO. Then the following hold.

(i) Forany { € Irr(G), M(f®g)y = %M(f)¢,[M(g)¢]*.
(ii) Forany ¥, x € It(G), (f®g)y = fy®gy, and fy®gy =0if Y # x.
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Proof (i) Assume that f =3, ; & a;/;(bg, and g = ", ;1) BL®7;- Then forany a € G,
it follows from Lemma 2.2(iv) and Lemma 2.4 that

(fe@ =Y. > al¢l@x) Y BLelx)

xeG (Y.i,)) (x.k,0)
—_— l’hj/ [
YYD TD e @ (g ()
Wi, j) (x,k,0) xeGm=1
ny
Voax 14 14
Z Z o By Zd)im(a) <¢mj’¢li(l>G
(wij)(xkl) m=1
_ ny
14
= 2. Z jﬂkj‘fj Z Z :3k1¢ (@).
(Wi, ) k=1 (wtk) Jj=1
So (i) holds.
(ii) follows directly from (i) and its proof. O

The next lemma characterizes a function with balanced derivatives in terms of its /-
matrices, for all ¥ € Irr(G).

Lemma 3.8 Ler f : G — C be a function. Then the following are equivalent.

(i) Foranya e G\{1g}, d, f is balanced.
(ii) fo®f = IG\ p, where 8 = erGIf(x)l2 and p is the regular character.
(iii) For any ¢ € Irr(G),

2

M(f)y[M(f)y] =

|G|2 — 5 BIn,, where B is the same as in (ii).

Proof Sinceforanya € G,)" . cqda f(x) =) e [(ax) f(x) = (f®f)(a), (i) and (ii) are
equivalent. From the remark after Definition 3.5, (ii) holds if and only if for any ¢ € Irr(G),
M(f®f)y = \GI ,BI,W, Hence, (ii) and (iii) are equivalent by Lemma 3.7. ]

Since for a function f : G — T, f®f = p if and only if f® f = p, as a direct
consequence of Lemma 3.8 and (3.2), we have the next result.

Corollary 3.9 (Cf. [18, Theorem 3]) A function f : G — T is bent if and only if for any
a € G\{lg}, d, f is balanced.

Remark 3.10 Theorem 3.3 can also be obtained as a consequence of Theorem 3.4 (with
N = G) and Corollary 3.9. But our approach to the proof of Theorem 3.3 yields Corollary 3.9
as a direct consequence, and provides a clear explanation why Theorem 3.3 and Corollary 3.9
are true.

Similar to Definition 3.6, we can define the quasi-convolution of two functions on the dual
basis G as a function on G.

Definition 3.11 Let o, t be functions on the dual basis G. Then the quasi-convolution of o
and 7, 0 ®7, is a function on G defined by

o®t: G—>C, ar Y. nyoag))T@)).
Wi, J)
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Therefore, for any o, 7 € (Ca,
(oc®1)(lg) = (0, 7)g and Z Ty dao(¢>;§) = (o®o)(a), foranya € G. (3.4)
W.i,))
For any function o : G — C and any ¢ € Irr(G), let o (®y ) be the ny X ny matrix
(0(@})); ;> and let 7 (@) be the conjugate of 7(®y), i.e. 7(By) = (o(@f)) . The

i

transpose of a matrix M is denoted by M .
Lemma 3.12 For any functions o and t on G and any y € Irr(G), the Y-matrix of o ®7 is

M(o@r)w =ny o (Dy) T(dy)".

Proof Since forany a € G and ¢;§ € 5, aq&;? = ZZL qb;/]/( (a_l)qﬁlzbj by (2.4), it follows that

ny
Y npo@dlt@l) =Y ny Y eh@ o) @)
(i, )) (Wi, j) k=1
"Vf n\(,

Yelr(G) ki=1 \j=1

Let B be the (k, i)-entry of o (®y)[7(®y)]". Then B} = 31, () 1(¢/}). Hence,

@®T)(@) = Y nyBlidl(a). foranyaeG.
(Y, k,i)

So the lemma holds. O
Now we are ready to prove Theorem 3.3.

Proof of Theorem 3.3 Since (f, f)g = |G|(f, )¢ = |G|* by Lemma 2.13, it follows from
(3.4) that

(ihholds & f®f=IGlp & f®f=IGlp,

where p is the regular character. But by Lemma 3.12,

To&f=Glp & M(f®f)vf =ny|Gll,,, forany ¥ € Irr(G)
& f(Dy) [f(cbl,,)]T = |G|I,,. forany y € Irr(G).

Since f(®@y) [f(%)]T = |Glly, if and only if f(®y) [f(®y)]" = |G|Ls,. the theorem
holds. O

In order to prove Theorem 3.4, we need the next two lemmas. Lemma 3.13 is also needed
for the proof of Theorem 4.3 in Sect. 4.

Lemma 3.13 Let N be a normal subgroup of G. Then the following hold.
(i) Foranys € G,

G/N|, i N;
S nyels) = {'0 /N Z:”; Z v (3.5)
(i), yeNt ’ ’
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(ii) Foranya € N\{lg}andb € G,

G| —|G/N|. ifb=a;
Y nyefi@'b)y={-IG/NI.  ifbeN\la) (3.6)

W),y ¢NL 0, otherwise.

Proof (i) Forany v € Irr(G) such thatker ¥ 2 N, ®; is also an irreducible representation
of the quotient group G /N with @y, (sN) = @y (s),forany s € G,and ¥ is also an irreducible
character of G/N with ¥ (s N) = ¥ (s), forany s € G. Furthermore, Irr(G/N) ={y : ¢ €
Irr(G) and ker D N},i.e.Irr(G/N) = N+ Hence, D pent Zl<i<n¢ n¢¢;/l{ is the regular
character of G/N, and (i) holds.

(i1) Since
v, —1 v, -1 v, -1
Do myeli@ )= nygli@hy— Y nyeli@'h)
(i), Y ¢N-+ W.0) (i), peNt
=p@ ') — > nyef@'b),
(¥.i),yeNt
where p is the regular character of G, (ii) follows directly from (3.5). O

Lemma 3.14 Let f € CC. Then forany a € G,
3" ny(daf) @)D =1G1 Y (da f) @)

Wi, J) teG

Proof Foranya.s € G and ¢, € G, <a¢}§) (5) = ¢/(a”"s) by (2.3). Thus,

ny
Z (daf) @) = Zf(a¢;§)f<¢,“;) = Z > 1o (agl) ) FO 8 0)

j=1 j=1s,teG

y
= > Y ¢l e o) f)F D

s,teG j=1

> oY (@ 'st™") f(s) F@). (by Lemma 2.2(iii, iv))

s,teG

> ¢l @) f(br)f@). (whereb = st™")

b,teG

That is,
Il]/,

Y ([dal) @t =Y $l@ by f 1)@, 3.7

j=1 b,teG
Hence,
Y ny(da) @D =D D nyell@ by o0 F @)
V.1, )) (Y1) b,teG
= Z ,o(aflb)f(bt)f(t) (where p is the regular character of G)
b,teG

=G| Y_ flanf@®.

teG
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So the lemma holds. O
Now we are ready to prove Theorem 3.4.
Proof of Theorem 3.4 The equivalence of (i) and (ii) follows directly from Lemma 3.14. In

the following we prove that (ii) implies (iii) and that (iii) implies (i).
Assume (ii). Then for any a € N\{ls},

Yo ny(daf) 60

W.i,), W¢NL
= Y mpldal)dD— Y ny(daf) @)
i) Wi, j),yeN+

—0— Y nyel@ ' fOnT@ by (i) and 3.7))
(Yr,i),yeN+ b,1eG
=—|G/N| Y_ fnf() (by(3.5), becausea € N)
beN,teG

:% Z f@) f(z) (from the equivalence of (i) and (ii))

| teG
|G
IN|

This proves that (ii) implies (iii).
Now assume (iii). For any a € N\{15},

Yoo nydaf) @)
Wi, j),weNt
= > > nygl@'nrenf@ by 3.7)

W),y gNL bi1eG

= (G| = IG/N)Y_ flanf®) —I1G/N| Y > fb)f() (by (3.6))

teG beN\{a} teG
=G| Y fa)f®)—|G/NIY_ Y fbr)f6)
teG beN teG
_ __ 1G)?
— 161 f@)T0 ~16/N1 Y- 3 (b7 - -
teG bb;{\é teG

Thus, (iii) implies that

IGIY " flanf@) —IG/NI Y Y f(b)f(6) =0, foranya e N\{lg}.

teG beN teG
b#lg
That is,

INIY  fanfy =Y > fb)f@), foranyae N\{lg}.

teG beN teG
b#lg
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The above equality says that ), f(at) f(¢) are equal for alla € N\{l}, and hence

[N| Zf(at)m =(IN| -1 Zf(at)m, foralla € N\{l1g}.
teG teG

So we must have that Z,eG f(at) f(t) = 0,foralla € N\{1g}. This proves that (iii) implies
@). m]

4 Perfect nonlinear functions

In this section we always assume that G and H are arbitrary finite groups, and study charac-
terizations of perfect nonlinear functions from G to H. Our main results are Theorems 4.2,
4.3, and 4.7.

Let f : G — H be a function. Forany h € H,let f~'(h) := {s € G : f(s) = h} be
the inverse image of & under f. If | H| divides |G|, and forany h € H, | f~Y(h)| = |G|/|H]|,
then we say that f is evenly-balanced (cf [26]). An evenly-balanced function is also called
a balanced function in the literature (cf. [4,19]).

The (left) derivative of a function f : G — H in direction a € G is defined by (cf. [19])

D,f: G— H, x> f(ax)f(x)"!

Definition 4.1 (Cf. [19, Definition 1.1]) Let G, H be finite groups. Then a function f :
G — H is said to be perfect nonlinear if for any a € G\{1}, D, f is evenly-balanced.

For any two functions o, T € CY, the convolution of o and 7, o * 7, is defined by (3.3).
Itis clear that forany a € G, (0 * 7)(a) = ZseG o(as)t(s~). For any o € COC, we define
a function ) e CC by

. G—>C, aro@h).

Since {1; : s € G} is a basis of CY, where 1; is the characteristic function (i.e. 1,(¢) = 0if
t # s and 15(s) = 1), for any function f : G — H, we can define the dual function f of f
as follows:

]?C —> (CH Zayl = Zaylf(s)
seG seG

In particular, fis also a function on G.
The next theorem characterizes a perfect nonlinear function in terms of its dual function
and the dual basis G.

Theorem 4.2 Let G, H be finite groups, and f : G — H a function. Then the following are
equivalent.

(i) f is a perfect nonlinear function.
(ii) Foranya € G\{1g},

~ o T g ) G2
> ny (f(a«p;’,)*[fw;’;)] ) ]
Wi, ))

where {1 is the principal irreducible character of H.
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Let f : G — H be a function. In the case that f is not perfect nonlinear, the set
{a € GID,f : G — H is evenly-balanced} describes how close f is to being perfect
nonlinear. Let N be a normal subgroup of G. The next theorem discusses the sufficient and
necessary conditions under which D, f : G — H is evenly-balanced for any a € N\{lg}.
Recall that N* := {¢ : ¢ € Irr(G) and ker D N} (see (3.1)).

Theorem 4.3 Let G, H be finite groups, f : G — H a function, and N (# {1G}) a normal
subgroup of G. Let pyg and {1 be the regular character and principal irreducible character
of H, respectively. Then the following are equivalent.

(i) Foranya € N\{lg}, D,f : G — H is evenly-balanced.
(ii) Foranya € N\{lg},

~ — ) 2
> ny <f<a¢;§>*[f<¢;§)] ) e
Wi, ))
(iii) For any a € N\{lg},
~ ﬁ(_) |G |2
3 nw(.f(a¢,3,-)*[.f(¢,-j)] ) € e

CANIR'LI

Note that Theorem 4.2 is a special case of Theorem 4.3 with N = G. So we only need to
prove Theorem 4.3. We need the next two lemmas first.

Lemma 4.4 Let G, H be finite groups, and f : G — H a function. Then f is evenly-
balanced if and only if

Z fis) = L1, where ¢y is the principal irreducible character of H.
seG

Proof 1f f is evenly-balanced, then in the group algebra CH,
1G]
2O = b @.1)
seG heH

On the other hand, if (4.1) holds, then for any &7 € H, by comparing the coefficients of &
in both sides of (4.1), we see that |H| divides |G|, and | f~'(h)| = |G|/|H|. Thus, f is
evenly-balanced if and only if (4.1) holds. Since {1;, : & € H} is a basis of CH , it follows
that (4.1) holds if and only if

|G| |G|
1)y = — 1, =—10.
SEZG 7O T H| ;, |H]
So the lemma holds. ]

Lemma 4.5 Let G, H be finite groups, a € G\{lg}, and f : G — H a function. Then D, f
is evenly-balanced if and only if

v T ) L IGP
> ny ( f@el) «[F4i)] =T
((/AN))

where {1 is the principal irreducible character of H.
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(=)
Proof Since ¢;/; =Y G qb;/; ()1, and (lf(s)) = 17(,-1, we see that
Faip =3 0oy and [f(‘ﬁfg ] =2 @Oy, foranygff € G.
seG seG

Furthermore, it follows from a¢;/j/. = ZZi | ¢;/;c (a’l)qb;é. that

f(a¢,‘§>—2¢ (_l)f(¢>k,)—22¢ (@ gl (150,

k=11eG

Since 17y * 1 -1 = 17 p(s)-1, Lemma 2.2(iii, iv) yields that

Ty
Z(f(mp:ﬁ)* [F!) ] >= > Z o @ o D] (5) (L % 1y1)

s,teG jk=1

> Bl@ s o

s,teG
= Z ¢;€(a_1b)1f(bs)f(s)’l . (where b= lS_])
b,seG
That is,
y
> ( Flagl) « [Foh] ) DRG] PRy 42)
j=1 b,seG
Therefore,
~ — ()
2 (f(a‘p;/;) «[Fo}p)] ) = D0 D i@ D)
Wi, ) b,seG (V,i)
= 1612w -
seG
Hence, the lemma holds by Lemma 4.4. O

Now we are ready to prove Theorem 4.3.

Proof of Theorem 4.3 The equivalence of (i) and (ii) follows directly from Lemma 4.5. In
the following we prove that (ii) implies (iii) and that (iii) implies (i).
Assume (ii). Then

~ — =)
> n¢<f<a¢;ﬁ>*[f<¢;§)] )

Wi, j) Yy éN+
~ — () ~ )
=Y ny (f(a¢;§>*[f(¢;’;)] )— ooy (f(a¢,-‘§>*[f(¢;§)] )
Wi, ) (W.i.j).peNt

G2 - .

=T S > nyel @ B g -1 (by (i) and (4.2))
b,s€G (y,i),yeN+t

G2

= IG/NIY Y 15012 (by B.5)

beN seG
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Since (i) and (ii) are equivalent, i.e. Dy f : G — H is evenly-balanced for any b € N\{ls},
by Lemma 4.4 we see that

Z Zlf(bs)f(s)*l = E/OH + (IN| — 1)@;“1-
[H| [H|

beN seG

Thus, (iii) holds.
Now assume (iii). Note that

~ — =)
ooy (f(a¢;§>*[f<¢;_’;>] )
(W.i,j). WEN+

=D Y Mol @ Bl by @2)
b.s€G (yi),y ¢N+

= (G =1G/N)) Z L) -1 = IG/NI Z Z Lrs)pn-1s (by 3.6))

seG beN\{a} seG

=1GI D gt = IG/NIY Y Loy iyt

seG beN seG

So (iii) implies that for any a € N\{15},

IGI*
IG12 ansot =1G/N1 D D Lrwmror =y ot (4.3)
seG bb;{\/ se€G
G

The above equality implies that ) ;1 f(as) f(s)-1 are equal for alla € N\{1g}, and hence

GI?
(IGI = IG/NIINI = D) D 1 f(u5) ()1 = m{h forany a € N\{1g}.
seG
Hence,
1 _ 1G] " N

Z fas)f)=1 = HCI, orany a € N\{lg}.

seG
Thus, D, f is evenly-balanced for any a € N\{ls} by Lemma 4.4, and (i) holds. o

For each ¢ € Irr(H), let us fix a unitary irreducible representation A; := (kfj)i ; of H.

Let H := {Af. : ¢ elr(H),1 <1i,j < n¢} be a dual basis of H, and let Irr(H)? =
Irr(H)\{¢1}, where ¢ is the principal irreducible character of H. For any function f : G —
H and any )ij € H, we define a function fli on G as follows:

fli :G—>C, am Z()‘i{j o Dy f)(s).
seG
fli is called an autocorrelation function of f in [19].
Lemma 4.6 Let G, H be finite groups, and f : G — H afunction. Then forany ¢ € Irr(H),

s

fi = 2[00 N®GS 0 .

k=1
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Proof For any a € G, Lemma 2.2(iii, iv) implies that

fiay =" 3 (fas)f)™! ZZA (f (@s)ij(F(s)

seG k=1seG
ng
=Y [0i 0 H®GS, 0 H]@).
J

So the lemma holds. ]

The next theorem characterizes a perfect nonlinear function f : G — H in terms of fli
Let §;; be the Kronecker delta.

Theorem 4.7 Let G, H be finite groups, and f : G — H a function. Then the following are
equivalent.

(i) f is a perfect nonlinear function.
(ii) Forany ¢ € Irr(H)¥, fli = 8;jp, where p is the regular character of G.
(iii) For any ¢ € Irr(H)F,
n

n{ %
S M3 o f)w[M(,\jk o f)w] - a,-_,-ﬁlw, for any ¥ € Irr(G).
k=1

Proof Let g : G — H be a function. Then by (4.1), g is evenly-balanced if and only if
Y sec 86) = (IG|/|H|) Y_,cp h- Hence by Corollary 2.12(ii), g is evenly-balanced if and

only if for any ¢ € Irr(H)F, the function kfj o g : G — C s balanced. Therefore,
f is perfect nonlinear < )ij o D, f is balanced, for any a € G\{lg}and ¢ € Irr(H),
& f5(a) =0, foranya e G\{lg}and ¢ € Ir(H)*.
But forany ¢ € Irr(H)*,

£506) =Y 25 (F@ F©7) =1GIA (1) = 851G

seG

So f is perfect nonlinear if and only if fli = ;jp, forany ¢ € Irr(H )¥, and the equivalence
of (i) and (ii) holds.

For any ¢ € Irr(H), fli = Z;l [(Afk o f)@(ki.k o f)] by Lemma 4.6. Therefore, for
any ¥ € Irr(G), Lemma 3.7(i) implies that

ne %
M)y = vf| S Mo f)y [MGS 00, ]
k=1

Note that fli = §;jp if and only if M(fé)w = Sijny Iy, , for any ¢ € Irr(G). So the
equivalence of (ii) and (iii) holds. ]

Since f = §;jp if and only if f = 8;jp, as a direct consequence of Theorem 4.7 and
(3.2), we have the following corollary Our approach also provides a conceptual proof of
Corollary 4.8.
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Corollary 4.8 (Cf.[19, Theorem 4]) Let G, H be finite groups, and f : G — H a function.
Then f is perfect nonlinear if and only if for any ¥ € Irr(G),

Z(Agkof)(cb,/,) [( kof)(d>¢):| = 85j|Gll,,, forany¢ € Irr(H)".

5 Constructions of bent functions

Let N, H be finite groups, and let © : H — Aut(N), h — uj be a group homomorphism,
where Aut(N) is the automorphism group of N. Let N x,, H be the semidirect product of
N and H with respect to p. That is, as a set, N x,, H is the Cartesian product N x H, and
the multiplication of elements in N X, H is defined by

(ar, hy) * (az, hy) = (a1pn, (a2), h1hy), forany (ai, hy), (a2, hy) € N %, H
Note that the identity element of N 1, H is (1y, 1 ). Recall that T is the unit circle in the

complex numbers.

Proposition 5.1 With the notation in the above paragraph, let f : N — Tandg: H — T
be bent functions. Then the following hold.

(i) fxg:Nx,H—T,(a,h)— f(a)g(h) is a bent function.

(ii) fxug:Nxy,H—T,(a,h)— f(,u,rl (a))g(h) is a bent function.

Proof (i) Let (a,h) € N x, H\{(1y, 15)}. Then

Do x (@ h)x b, 0)(f x ) (b, k)

(b,k)eN X, H

= > flapa®)ghk) Fb)gK)

(b k)N X1, H

=" fau®)NT®) Y ghk)g®).
beN keH
Ifh # 1y, then ),y g(hk)g(k) = O (because g is bent). If 1 = 1y, then py, is the identity

map on N, and a # 1. Thus, ZbeN flapn(b) f(b) = ZbeN fab)f(b) = 0. So (i)
holds.
(ii) Let (a,h) € N x, H\{(1y, 1g)}. Then

Y (F xu @)@ h) % b 0)(f xu 8)((b.K))

(b,k)eN x, H
= > f(row-1 (@ ®))g (k) f (ug-1 (5)) g (k)
(b,k)eNx1, H
=3 Fe 1 @1 (0)) f (11 (0)) g (K)g (K). - (because pe -1 in = fhy-1)
keH beN

Ifa # 1y, then py—1;,-1(a) # 1y, and hence f a bent function implies that

Y Flr-r @1 B)) f (-1 ) = Y f(mg-1-1 @) F &) = 0,

beN b'eN
forall k € H, where b’ = p;1(b).
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Ifa =1y, thenh # 1y, and f(pp—1)-1(@) -1 (D)) f (y—1 (b)) = 1 for all b € N. Hence,

SN e rner @1 () £ (i1 () g (k) g k) = IN| D g(hk)g(k) = 0.

keH beN keH
So (ii) holds. m]

If the homomorphism p : H — Aut(N) is trivial, i.e. uj, is the identity map on N for
any h € H, then the semidirect product N x, H is the direct product of N and H. So
Proposition 5.1(i) is also true for direct products of finite groups.

Note that many nonabelian finite groups are (isomorphic to) semidirect products of finite
abelian groups. So we can obtain bent functions on many nonabelian finite groups by applying
Proposition 5.1. Also the same nonabelian finite group can be the semidirect products of
different (non-isomorphic) finite (abelian) groups. So by Proposition 5.1, we can construct
different bent functions on the same group.

Similarly for perfect nonlinear functions, we have the following result.

Proposition 5.2 With the notation in the paragraph before Proposition 5.1, let Q be a finite
group, and let f : N — Q and g : H — Q be perfect nonlinear functions. Then the
following hold.

(i) fxg:Nx,H— Q,(a,h)— f(a)g(h) is a perfect nonlinear function.
(ii) fxu,g:Nx,H— Q,(a,h)— f(uhfl(a))g(h) is a perfect nonlinear function.

Proof (i) Let (a,h) € N x, H\{(1y, 15)}. Then

S x (@ xm.0)[(f x 9)(b.0)]"

(b.k)eN X, H
= Z |:f(aMh(b))< Z g(hk)g(k)l)f(b)l:| .
beN keH
Ifh # 1y, then) ;g g(hk)g(k)~' = % erQ x (because g is perfect nonlinear). Hence,
H
Fan®( Y gz ) fo) " = LSk forany b e .
ot 10]
Therefore,
_ N|-|H
> Uxolame) [ x @) = w6
(b.k)eN X1, H Q xe0

If h = 1y, then py, is the identity map on N, and a # 1. Thus, ZbeN f(a,uh(b))f(b)_1 =
Y pen flab) f(b)~! = ¥ > veg X» and (5.1) is also true. So (i) holds.

—. 10|
The proof of (ii) is similar. O

With the assumption in Proposition 5.2, it follows from [21, Theorem 1] that the set
Ry :={(a, f(a)) : a € N} C N x Q is a semiregular (|N|,|Q|, [N|, IN|/|Q]) relative
difference setin N x Q relative to {1y} x Q,and Ry := {(h, g(h)) : h€e H} C H x Qisa
semiregular (|H|, |Q|, |H|, |H|/|Q]) relative difference setin H x Q relative to {1} x Q.
From Proposition 5.2(i),

Riwg :=1{((a.h), (f x g)(a,h)) : (a,h) € N x, H} C (N x, H) x Q
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is a semiregular (|N x, H|, |Q|, [N %, H|, |N %, H|/|Q|) relative difference setin (N %,
H)x Qrelativeto{(1y, 1)} xQ.LetG| := NxQ,G2 := HxQ,and G := (Nx,H)x Q.
Then we canregard G as G1 G2, and Ry as Ry R,. So Proposition 5.2(i) also follows from
[10, Theorem 4].

Let G be a finite group. Let N be a normal subgroup of G, {b; : 1 <i < m} a complete
set of representatives of (left) cosets of N in G,and e : {b; : 1 <i <m} - T a
function. Furthermore, let 6 = (64, ...,6,,) and &* = (7y, ..., Ty), Where 6;, 1 <i < m,

are automorphisms (not necessarily all distinct) of N,and n; : N — T,1 <i < m, are
group homomorphisms (not necessarily all distinct). The existence of 6; and ; is clear. For
example, 6; can be the map

6 N— N, x> b 'xb,
and 7; can be any linear irreducible character of N.

Proposition 5.3 With the notation in the above paragraph, let f : N — T be a bent function
on N. Let

fero: G—=T, bix+— ebmi(x)f(6;(x)), foranyxe N,1<i<m.
Then for any a € N\{1g}, da(fe.x.9) is balanced on G.

Proof Leta € N\{lg}. Thenforany x € N,ab;x = b; (b;labix) € b; N for all b;. Hence,

D dalfem@)0) =D D fen0(@bix) feno(bix)

yeG i=1 xeN

D> ebiymi(b;  abix) £ 0 (b abix))e (b (x) £ (6 (x))

1 xeN

i

s |

I

D i aby) £ (0: (b abi)6; (x)) f (6 (x)).

i=1 xeN

Since f isabent functionon N, 6; € Aut(N),anda # 15, we see that6; (b;labi) e N\{1g},
and hence

D f O b)) f B () = 0.1 <i <m.

xeN

So the proposition holds. O
For perfect nonlinear functions, we have the following result.

Proposition 5.4 With the notation in the paragraph before Proposition 5.3, let H be a finite
group, and f : N — H a perfect nonlinear function. Let

fo: G— H, bixw— f(;(x)), foranyxe N,1<i<m.

Then for any a € N\{1¢}, Ds(fo) : G — H is evenly-balanced.
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Proof Leta € N\{lg}. Thenforany x € N, ab;x = b; (bi_labl-x) € b; N for all b;. Hence,

D Dalf)y) =Y Y falabix) fy(bix)™"

yeG i=1 xeN

D FO:ib; abix) £(6; ()7

m
i=1 xeN
m

D £ @by abi)6i (x) £ 0 (x)) "

1 xeN

Since f is perfect nonlinear on N, 6; € Aut(N), and a # 1g, we see that 6; (bl._]ab,-) IS
N\{1¢}, and hence

3" £ abb; (0) £ O @) = Z Ll<i<m
XEN zEH
So the proposition holds. O

Davis and Poinset [7] studied perfect nonlinear functions and difference sets on group
actions (called G-perfect nonlinear functions and G-difference sets, respectively). Similar to
[7, Theorem 3.3] (also see [9, Corollary 2.11]), we have the next result.

Proposition 5.5 Let G be an arbitrary finite group, and H := {0, 1} an additive group of
order 2. Let f : G — H be a function, and S; := f~'(i), i = 0, 1. Then f is perfect
nonlinear if and only if 4 divides |G| and Sy is a (|G|, |Sol, |So| — |G|/4) difference setin G.

The above proposition can be obtained as a consequence of [7, Theorem 3.3] (or [9,
Corollary 2.11]). Here we include a proof for the convenience of the reader. For a nonempty
subset C of G, let C* := Y _~sand C7) := 3 _~s~!. Forany 3 _; vss in the group

algebra CG, let (ZSEG J/SS)(i) =) eG VsS T

Proof of Proposition 5.5 By [26, Theorem 1.3], f is perfect nonlinear if and only if {So, S} is
a (G, H)-related difference family, i.e. S S|~ + 518§ = 11 (G\{16}) " Since Son Sy =
fand Sp U Si = G, we see that S7 S\ = 5§ (G — S§7) = [SIGT — 5SS, and
SHSS = (555 = 87507, Thus,

|G|

T(G+ —1g)

Ie]
& S8y =150l - lc+<|so|—— (G = 15).

f is perfect nonlinear < |So|Gt — S S((f) =

Hence, the proposition holds. O
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