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RESTRICTED SKEW-MORPHISMS ON MATRIX
ALGEBRAS

G. DOLINAR, B. KUZMA, G. NAGY, AND P. SZOKOL

ABSTRACT. In this paper, skew-morphisms, which are extensively stud-
ied in graph theory, are considered in the setting of matrix algebras.
Different properties of skew-morphisms are obtained and their classifi-
cation in some specific cases is given.

1. INTRODUCTION

Let n > 2 be an integer and let M,, be the algebra of n-by-n matrices over
a field F. We will consider maps ¢: M,, — M, with the following property:
there exists a power function k: M, — {0,1,2,...} such that

(1) $(AB) = p(A)¢" N (B); VA Be M,,

where as usual ¢ = id, the identity mapping, and ¢F(z) = ¢(¢* 1 (z)).
Maps satisfying (1) will be called restricted skew-morphisms to distinguish
them from skew-morphisms. Skew-morphisms were recently introduced by
Jajcay and Sirdi [6] as bijective unital maps on groups with property (1)
but where k(A) takes the values in Z, the set of all integers. It needs to be
said that in [6] they considered only unital bijections on finite groups, which
are consequently of finite order and allow one to replace negative powers of ¢
by nonnegative powers, modulo the order of ¢. Jajcay and Sirdii used skew-
morphisms in an attempt to give a unified treatment of regular Cayley maps,
which by definition are 2-cell embeddings of Cayley graphs into orientable
surfaces which preserve a given orientation at each vertex.

Skew-morphisms also arise naturally in studying cyclic extensions of
groups. In fact, if a group G = AC is a product of a subgroup A and a
finite cyclic subgroup C' = (¢) with AN C = {1} then each element g € G
can be written uniquely as g = ac’ for some a € A and some integer i. For
g = ca it follows that ca = ¢(a)c’ for a unique element ¢(a) € A and a
unique integer i € {0,...,|c| — 1}, where |c| is the order of ¢. Given a,b € A
we have

c(ab) = (ca)b = $(a)c’d = p(a)¢ (B)c*
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for appropriate integer k. This gives ¢(ab) = ¢(a)¢'(b) for some integer i
that depends only on a, i.e., ¢ is a (restricted) skew-morphism. We were
informed by R. Jajcay that this connection between cyclic extensions of
groups and skew-morphisms was observed already in 1938 by Ore [8, p.
805]; see also Conder, Jajcay, and Tucker [1, p. 262-263].

Clearly, skew-morphisms are generalizations of automorphisms. Clas-
sification of automorphisms can be quite involved, see for example
Dieudonné [3, 4] for a general linear group, so it is not surprising that until
now characterizations of skew-morphisms were obtained only for some spe-
cial cases. For example, Kovacs and Nedela [7] studied skew-morphisms on
Z,, the cyclic group of order n, and obtained classification for some specific
n. In particular, they showed that every skew-morphism on Z, is an auto-
morphism if and only if n = 4 or n is relatively prime with ¢(n), the Euler
totient function. Another example of investigation is the result of Zhang [9],
who studied skew-morphisms which are automorphisms on a subgroup of
index three, and whose power function assume three values, one of which
is 1.

It is the aim of this paper to study restricted skew-morphisms on the
semigroup M,, n > 2. We give a complete classification of linear restricted
skew-morphisms, see Theorem 4. In the case of general restricted surjective
skew-morphisms we prove that they preserve the rank, see Theorem 8, and
describe them when their power functions are constantly equal to one on
GL,,, see Theorem 17. We also prove that a surjective restricted skew-
morphism has a finite order if its power function takes a value which is
greater than one on GL,,, see Theorem 18. The case when the power function
takes the value zero on GL,, was treated in [6], see also Lemma 1 below.

Note that the power function x from (1) can take negative values only in
the case when ¢ is a bijective function. Since we will not assume bijectivity
of ¢ we have to restrict the codomain of the power function s to the set of
non-negative integers. To simplify the notation we will skip the adjective
“restricted” throughout the paper and refer to maps satisfying (1) simply
as skew-morphisms.

2. RESULTS

Let us denote by GL,, the general linear group with identity Id, and by
SL,, the special linear group. For every matrix M, including the case when
M is a zero matrix, we define M? = Id. Let E;; be the standard matrix unit
which has 1 in its (4, 7) entry and 0 elsewhere.

Before proving the first result observe that each homomorphism of M,
is also a skew-morphism with its power function x constantly equal to 1.
Observe also that if ¢ is a unital skew-morphism and its power function & is
a constant, then ¢ is multiplicative. Namely, from ¢(AB) = ¢(A)¢"(B), by
inserting A = Id = ¢(Id), we get ¢(B) = ¢"(B), so ¢(AB) = ¢p(A)¢"(B) =
6(4)6(B).
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2.1. Preliminary results and characterization of linear skew-
morphisms. Let us start by proving two lemmas which are valid also for
possibly non-linear maps. We remark that the first one was already proved
in [6, p. 171] for skew-morphisms on groups.

Lemma 1. Let ¢: M,, — M, be a skew-morphism. If k(Go) =0 for some
Go € GL,, then there exists M € M, such that $(X) = M X for all X € M,.
In addition, if ¢ is surjective, then M € GLy,.

Proof. Since k(Gy) = 0 for some invertible matrix Gg, then for an arbitrary
matrix X € M, we obtain

B(X) = ¢(GoGy ' X) = ¢(Go)¢"(Gy ' X) = ¢(Go)Gy ' X.

If ¢ is surjective, then clearly M € GL,, since otherwise the image of ¢
would be contained in the set of singular matrices. ([

Remark 2. Observe that the skew-morphism ¢ from Lemma 1 is linear.
Actually, ¢(X) = MX is a special case of p(A) = MAN, which is the
general form of linear skew-morphisms, see Theorem 4 below with s = 0,
A=1, and N =1d.

Lemma 3. Let ¢: M,, — M, be a surjective skew-morphism. Then ¢ maps
0 to 0, singular matrices surjectively onto singular ones, and GL,, surjec-
tively onto GL,,.

Proof. Observe that, if K(Gp) = 0 for some Gy € GL,,, then the conclusion
of Lemma 3 holds by Lemma 1. So in the rest of the proof we will assume
that x(S) > 1 for every S € GL,.

First we show that ¢ maps GL, into GL,. By surjectivity there exists
B € M, such that ¢(B) = Id. Since ¢ is a skew-morphism, it follows from
(1) that

1d = ¢(B) = ¢(Id B) = ¢(1d)¢"V(B),
which shows that ¢(Id) is right-invertible, thus invertible. Let A € GL,, be
arbitrary. Then

¢(1d) = H(AA™") = (A)g" D (A
and since ¢(Id) is invertible, it follows that ¢(A) is also invertible. So
H(GLy) C GL,.
Next we show that ¢ annihilates 0. Observe that ¢(0) = ¢(0X) =
$(0)¢*O)(X) for every X € M,. By surjectivity of ¢, hence also of ¢*(0)
we can find X such that ¢*(©)(X,) = 0, whence

¢(0) = ¢(0)0 = 0.

Now, let A € M, be singular and suppose ¢(A) € GL,. Let S,T € GL,
be arbitrary. Then ¢(SAT) = ¢(S)¢"5)(AT) = ¢(S)p"S) 1 ((AT)) =
B(8)p" )= (p(A)p™A(T)). Since ¢p(A) € GL, and GL,, is invariant for
¢, we see that every matrix with the same rank as A is mapped into an

invertible one. In particular, the nilpotent matrix N = Zfif E; (i+1) with
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rank equal to rk A, is mapped into an invertible one. Let us show that
k(N) = 0 is not possible. Otherwise we would have ¢(NX) = ¢(N)X
and so X = ¢(N) 1¢(NX) for each X € M,. Since N is singular we
can choose a nonzero matrix X with NX = 0. It follows that for this X
we have 0 # X = ¢(N) '¢(0) = ¢(N)~!-0 = 0, a contradiction. Hence
#(N) > 1. But then ¢(N?) = ¢(N)¢* V) (N) is the product of two invertible
matrices and therefore invertible. Proceeding in the same way we obtain that
#(N?) is invertible for every positive integer i. Hence ¢(0) is invertible, a
contradiction.

The conclusions of Lemma 3 now follow by surjectivity of ¢. O

Theorem 4. A linear map ¢: My, — M, is a skew-morphism, i.e., satisfies
equation (1), if and only if there exist a nonnegative integer s, a nonzero
scalar X\, and matrices M, N € M, with N invertible and N'=5 = NM* =
Ad, such that ¢ is of the form

2) 6(A) = MAN (A € M,).

Remark 5. Observe that M does not need to be invertible. In this case,
s =0 and we can take N = Id.

Proof of Theorem 4. If ¢ is of the form (2), then ¢ clearly satisfies equation
(1) with the choice k(A) = s for all A € M,, and hence ¢ is a skew-morphism.

As for the converse, assume first that ¢ is not bijective, i.e., ¢p(A) = 0 for
some nonzero matrix A € M,,. We distinguish two subcases.

(i) Suppose k(G) > 1 for every invertible matrix G € M,,. Let R € M, be
an arbitrary rank-one matrix. Then there exist an invertible matrix S and a
rank-one matrix 7', such that R = SAT. Recall that ¢(A) = 0 and that by
linearity ¢(0) = 0. It follows that ¢(R) = ¢(SAT) = ¢(S)¢" )1 (p(AT)) =
B(8) "= (H(A) ™ (T)) = ¢(S)¢*5)~1(0) = 0 for every rank-one matrix
R, hence by linearity ¢ is a zero map, i.e., ¢ is of the form (2) with s = 0,
A=1, M =0,and N =1d.

(ii) Suppose k(Gp) = 0 for some invertible matrix Go. Then by Lemma 1,
¢ is of the form (2) with s =0, A =1, and N = Id.

Second, assume that ¢ is bijective. Then by Lemma 3, ¢ maps invertible
matrices surjectively onto invertible matrices. Hence, ¢~ maps singular ma-
trices into singular ones. The structure of such linear maps was determined
by Dieudonné [2], they are of the form

(3) ¢(A) = MAN (A€ My,)
or of the form
(4) 6(A) = MA'N (A€ M,)

for some invertible matrices M and N.

Let us show that map (4) is not a skew-morphism. In fact, for rank-
one matrices A = F1; and B = E15 we see that M~ '¢(AB)N~! = Ey #
EnN - ¢" N (E)N~1 = M~1¢(A)¢" ) (B)N~L. So ¢ is of the form (3).
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Set s = k(Id). Let x be an arbitrary column vector. If we insert A = Id
and B = zz! into (1), then the equation B = Id B transforms into
Mza'N = MNM°zz'N°*
which yields that
zxt = (NMSz)(N*1)tz)t.

In particular, every vector  is an eigenvector of NM?® and of (N*~ 1) It
follows that there exists a nonzero scalar X, such that

NM® =)XId and AN*"!=1d,
which completes the proof. O
Recall that ¢ is unital if ¢(Id) = Id.
Corollary 6. A unital linear skew-morphism ¢ is of the form
p(A) = SAS™! (A e M,)
for some invertible matriz S € M,.

As the following example shows, in general skew-morphisms are not linear
and therefore are not of the form (2).

Example 7. By a straightforward computation we see that the map
¢ Ma(Zo) — Ma(Za) defined below is a nonlinear bijective unital skew-
morphism.

o((P0)=(F 1) =((F6))=2,  ((P1)=(10) =((?1))=3,
o((10)=(01) =((16))=2,  ((g1)=(20) =((51))=1,
o((69)=(6 1) =((GN=1, e((19)=(1 1) =((: 1))=3,
o((70)=(26): =((§8))=2, ((§I)=(29). =((§9))=1,
o((19)=(08) =((§ )=, ((§5)=(81): =((§5))=0,
o((01)=(0) =((G1)=1, ((g0)=(1 1) =((55))=0,
o((11)=(00) =((11))=3, ((19)=(50) =((18))=2,
o((50)=(16): =((56))=0, ((§8)=(86) =((§5))=

2.2. Every surjective skew-morphism is a rank preserver. Note that
the skew-morphism ¢ defined in Example 7 maps rank-one matrices onto
rank-one matrices. In the sequel we will show that this is true also in the
general case. Even more, we will prove that every surjective skew-morphism
on M, (F) maps the set of rank k matrices onto itself for every k& € {0,...,n}.

Observe that by Lemma 1 every surjective skew-morphism ¢ preserves
the rank if kK(A) = 0 for some invertible matrix A. Therefore we will assume
from now on that ¢: M, — M, is a surjective skew-morphism with

(5) k(A)>1 for every A € GL, .

The main result in this subsection is the following.
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Theorem 8. Let ¢: M, — M, be a surjective skew-morphism. Then
rk ¢p(A) =1k A for every A € M,,.

The proof will be given at the end of this section after a series of prelim-
inary lemmas.

Lemma 9. If ¢(A) = 0 for some A, then ¢(X) = 0 for every X with
rtk X <rk A.

Proof. Let T be invertible. Then x(T') > 1 by the assumption (5), and
therefore, with every matrix S

P(TAS) = (T)¢" T (AS) = ¢(T)¢" 1 (p(A) "N (S)) =0

by Lemma 3. Every matrix with rank at most rk A can be written as T AS
for appropriate matrices T, S with T invertible. Thus, ¢ annihilates each
matrix with rank at most rk A. O

Lemma 10. ¢(X) = 0 if and only if X = 0.

Proof. By Lemma 3, ¢(0) = 0, and ¢ maps the set of singular matrices
surjectively onto itself and GL,, surjectively onto GL,,. Assume ¢(A) = 0
for some A with rk A > 1. Lemma 9 implies that ¢(X) = 0 for every X with
rk X = 1. This is the starting point of induction to prove that ¢*(X) = 0
for each X with rk X < k, k= 1,...,n — 1, which is in contradiction with
the fact that ¢”~! maps singular matrices surjectively onto themselves.

Set A1 = A and assume Aj, ..., Ay are such that rk A; > i and ¢(A4;) =
A;_1,1=2,...,k. Since ¢ is surjective on singular matrices, there exists a
singular matrix Agyq1 with ¢(Axy1) = Ag. By the inductive step, rk Ap1q >
k, for otherwise, A = A} = ¢*(Ay,1) = 0, a contradiction. However, note
that

(6) " (Ags1) = 6(A) = 0.

Let T' be invertible and let S be an arbitrary matrix. Then by Jajcay and
Sirdn [6, Lemma 2]

(7)

k
ST AR 1S) = D) T (Ap1S),  mea(T) =D w(&(T)).
=0

Since ¢*(T) € GL,, for i = 0,...,k, and as x(G) > 1 for every invertible
matrix G by the assumption (5), we see that ki11(T) > k+ 1. Hence by (6)

¢k+1(TAk+1S) _ ¢k+1(T)¢f€k+1(T)—k—l(¢k+l(Ak+1)¢f’~k+1(z4k+1)(5)) —0.

Thus, as in the final step in the proof of Lemma 9, ¢**! annihilates all
matrices X with rk X <rk Ag;. O

Lemma 11. Let k € {0,1}. Ify € F" is a nonzero vector, then there exists
a rank-one matriz R such that ¢*(R) = yg' for some nonzero vector g € F™.
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Proof. Observe that for £k = 0 we can take R = yy*. If & = 1, then by
surjectivity of ¢ there exists a matrix A such that ¢(A) = yy'. Also, there
exists a matrix B with rk(AB) = 1. By Lemma 10 and by definition of
skew-morphisms it follows that

0 < rkp(AB) = tk(p(A)¢" Y (B)) < rkp(A) = 1.

Hence R = AB is a rank-one matrix and 0 # ¢(R) = ¢p(AB) = ¢p(A)M =
yy' M where M = ¢*4)(B). Defining ¢* = y*M finishes the proof of the
claim for k = 1. O

Let us define sets L, x # 0, of rank-one matrices as
Ly ={zf": f e F"\{0}}.

Lemma 12. Let k > 0 be an integer. If y € F" is a nonzero vector, then
there exists a nonzero vector x € F", such that

¢k(£m) = Ey'

Proof. The case k = 0 is trivial so let K = 1. By Lemma 11 there exists
a rank-one matrix zf!, where z, f € F", such that ¢(zf!) = yg' for some
nonzero vector g € F”. By Lemma 3 the set of invertible matrices is mapped
surjectively onto itself, therefore

¢(£a¢) - ¢(wft GLn) - Qb(xft)(bn(xft) (GLn) = ygt GL, = Ey-
The case k > 2 now follows trivially. ([

Lemma 13. The set of rank-one matrices is mapped surjectively onto itself
by ¢.

Proof. Let A = xzf' € M, be a rank-one matrix. By Lemma 10, ¢(A) # 0.
So there exists a rank-one matrix B € M, such that rk(¢(4)B) = 1. By
Lemma 12 there exists a rank-one matrix R € M, with ¢*()(R) = B. So

rk §(AR) = rk(¢(A)¢" ) (R)) = rk(¢(A)B) = 1

and therefore by Lemma 10 we have AR # 0. Since AR = x(R'f)! it
is easy to see that there exists an invertible matrix S € M, such that
ARS = 2(S'R! f)t = 2 f* = A. Hence by Lemma 3 we obtain

rk ¢(A) = rk (ARS) = rk(¢p(AR)¢" AP (S)) = rk p(AR) = 1.

We proved that ¢ maps the set of rank-one matrices into the set of rank-one
matrices. The surjectivity of the restriction of ¢ to rank-one matrices follows
by Lemma 12. O

Lemma 14. Ifrk A € {0,1,n — 1,n}, then rk¢p(A) = rk A.

Proof. We already know this if tk A € {0,1,n}. So let tkA =n —1. By
Lemma 3, tk¢(A) < n — 1. Assume that tk¢(A) < rk A. Then there
exist at least 2 linearly independent vectors y1, y2 in the kernel of ¢(A). By
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Lemma 13 there exist rank-one matrices Ry, Ry such that ¢"(4)(R;) = yiy!.
Observe that

O(AR;) = ¢(A)s" M (R;) = ¢(A)yiy!t = 0,

so by Lemma 10 also AR; = 0. If R;,Ry € L, for some z,
then Ry = R;S for some invertible matrix S, hence qb"‘(A)(Rg) =
A (Ry) A +r(@(A)+-+r(6" D1 A) (6)  and so ¢~ (Ry) € Ly, which
contradicts the linear independence of y1,ys. Thus, R; = x; flt and 1, x2
are linearly independent vectors in the kernel of A. This impliesrk A < n—2,
a contradiction. ([l

Proof of Theorem 8. Recall that by the assumption (5), x(GLy) > 1. Next,
Sylvester’s rank inequality states that for A, B € M,, rk(AB) > rk A +
rk B — n, so by induction, for Ay,..., Ax € M,,

(8) I‘k(Ak/h)ZI‘kAk—l-—I—rkAl—(k—l)n

Now, let B € M, and let r = rk B, i.e., B = S(0,—, ® Id,)T for some
S,T € GL,. Then B = [[|" B; is the product of n — r matrices with rank
equal to n — 1, where By = S(Id —Fn), By—r = (Id —=E(,—y) (n—p))T, and
B;=(Id—-Ey),i=2,...,n—r—1. By (1) it follows that

¢(B) = ¢*(B1) -+ ¢* " (Bn—r)

for some nonnegative integers s1, ..., S,—» with s; = 1. Hence by Lemma 14
and inequality (8),
9) tk¢p(B) > (n—r)(n—1)—(n—r—1)n=r =1k B.

Suppose there exists B € M,, with rk ¢(B) > rk B. Among all such matrices
we choose By with the smallest possible rank and set ro = rk By. Then, (9)
implies that

(10) rtk¢(B) =rk B for every matrix B with rk B < ry.

Moreover, for arbitrary matrices S,T € GL, we obtain (see (7) for the
definition of ,g))

(11) $(SBoT) = ¢(S)¢" %) (By) g Bo)(T),

By (5), k(S) > 1 for every invertible matrix S, so inequality (9) im-
plies 1k ¢*%)(By) > rkBp. In addition, by Lemma 3, rk¢(SByT) =
rk qﬁ”(s)(Bo) > rk By. Since every matrix with rank equal to ro = rk By
can be written as SByT, S,T € GL,,, we see that

rtk¢(B) >rg whenever rkB =ry.

By (9) the same inequality holds also if rk B > 9. However, we already
showed that rk ¢(B) = rk B if rk B < r¢. This contradicts the surjectivity
of ¢. O
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In the rest of the paper we describe surjective skew-morphisms ¢ with
respect to the values that the power function k takes on GL,. The case
when x(Gp) = 0 for some Gy € GL,, was treated in Lemma 1. We continue
with the case when k(G) = 1 for every G € GL,, i.e., ¢|qL, is multiplicative.
Note that in this case ¢ maps GL,, surjectively onto itself, see Lemma 3.

2.3. Surjective skew-morphisms that are multiplicative on GL,,. Let
us start with the following remark.

Remark 15. Observe that each surjective group homomorphism ¢: GL, —
GL,, is nontrivial on SL,,, since otherwise ¢ would induce a surjective group
homomorphism from the abelian quotient group GL,, / SL,, onto GL,, a con-
tradiction. Therefore by Guralnick, Li, and Rodman [5, Theorem 2.7] sur-
jective group homomorphisms are of the following two forms

(12) (i) A p(det A)ST1A,S  or (ii) A~ p(det A)S™1(AY)ES,

g

where p is a multiplicative function of the underlying field, A, denotes the
matriz obtained from A by applying the field automorphism o entry-wise,
and S € GL,.

When n = 2 only the case (i) appears because for 2-by-2 matrices, (A,

1)t:
KAK™' for K = ((1) _01).

Lemma 16. Let n > 2. Assume a surjective skew-morphism ¢: My, — M,
satisfies klgL, = 1. Then ¢lgL,: A — S71A,S for some S € GL, and
some field automorphism o. Moreover, for every vectors x and f we have

(13) p(xfl) e {S tu,gt . g e FY.

Proof. By the assumptions and Lemma 3, ¢|gr,, is a surjective group homo-
morphism on GL,. By Remark 15, if n = 2, then the restriction ¢|qr,, takes
the form (7) in equation (12). Let us show that for n > 3 the restriction
¢|cL, cannot take the form (i7) in (12).

Assume otherwise and consider the n-by-n invertible matrices (n > 3)

A=1d+J, B=1acC

where J = Z?:_ll FE; (i41) is an upper-triangular Jordan cell and where C' is
a companion matrix of a polynomial \»~! + (—=1)" A+ (—1)""!. Clearly, 1 is
not an eigenvalue of C. Thus, it easily follows that det A = det B = 1, and
that Ker(A — Id) = Ker(B — Id) = Fey, where eq, €9, ..., e, is the standard
basis of column vectors for F"™. Clearly, £11 = AE{1 = BE11, and so

P(A)p(Enr) = p(A)¢g" N (Er1) = (AE)
(14) = ¢(En) = ¢(BEn) = ¢(B)¢" P (Ery)
= ¢(B)p(En).

Yet, one sees that A, = A, B, = B, and p(det A) = p(det B) = p(1) = 1,
and so ¢(A) = p(det A)S™H(A;1)IS = S~HAHIS and likewise ¢(B) =
S=Y(B~1)!S. Tt further follows that 1 is an eigenvalue for both ¢(A) and
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¢(B) and that the corresponding eigenvectors for ¢(A) are all spanned by
S~le,, while for ¢(B) all the corresponding eigenvectors are spanned by
S~le;. However by Lemma 13, ¢(E11) = uv' is of rank-one, so by (14), u is
a common fixed point for both ¢(A), ¢(B), a contradiction. Thus,

(15) dlar, : A p(det A)ST1A,LS.
Let x, f be fixed nonzero vectors and let A be an invertible unipotent matrix

(i.e., its spectrum equals {1}) such that Ker(A — Id) = Fx. It then follows
from zft = A(zf?) that

o(xf) = o(Axf') = p(A)" D (2 f") = p(det A)S™ A ("),
and thus (p(det A)S™1A,S — Id)¢(xf!) = 0. By Lemma 13, ¢(xf!) = yg*
is also of rank-one. Note that map X — S~'X,S is multiplicative, and
from its Jordan structure we see that S~'A4,S5 is also unipotent, and the
geometric multiplicity of its eigenvalue is one. Thus, y is an eigenvector
of p(det A)S~1A,S, corresponding to eigenvalue 1, which is possible only if
p(det A) =1 and y € FS~!z,. This proves (13).

To finish the proof we only need to show that in (15), p(det X) = 1 for
every invertible X. To this end, pick a scalar A € F\{0} and consider the
invertible matrix Ay = Id,,—1 ®A. Then, E;; = A\Eq1, and as (e1), = €3
we have, by (13), that there is a vector g such that S~le;g’ = ¢(F11) =
B(ANEn) = B(ANG" M (En) = (Ar)d(erel) = p(det 4)S71(4)),S -
S~leigt = p(A\)S~lergt. Comparing both sides yields p(\) = 1, wherefrom
p(det X) =1 for invertible X. O
Theorem 17. Let n > 2. Assume a surjective skew-morphism ¢: M, —

M,, satisfies k|gL, = 1. Then there exist S € GLy,, a field automorphism o,
and an integer s > 0 such that

S—1X,S, X eGL,
¢(X) = 1
")/S XO—G, X e Mn\ GLna

where v € F\{0}, G = Sys-1---5,5 for s > 0 and G = 1d for s = 0.
Moreover, 0° = o.

Proof. By Lemma 16, ¢|gr, : A+~ S71A4,S. So it remains to consider ¢ on
singular matrices.
Step 1. We start by proving the Theorem for rank-one matrices.

Fix an arbitrary rank-one matrix R =3z ft and define s = k(Z ft)

0. Let {z1,...,z,—1} be a basis for fl and let R, = iL'lft for some
nonzero vector f € F". Then 0 = ]%Ri, i = 1,...,n — 1, so by
(13) and Lemma 16, 0 = 6(0) = 6(RF:) = ¢(R)6*(Ry) = S~ (F0)§' -
5*1(5*1)(50_1) ( o ) ((zi)e ) for suitable nonzero vectors g,g; (if

g
s =0 we get 0 = )&t x;f1). Setting

(16) G Sgs—1) -+ (S52)8,5; s>1
d7 s=0

O
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we see that ¢' is annihilated by n — 1 linearly independent vectors
G '((xi)gs),i=1,...,n — 1, and hence

§'=7-(f5:)G
for some nonzero scalar . Therefore,
$(R) = 7S~ (%5)(f5:)G.

Choose nonzero vectors z, f and invertible matrices A, B with x = A% and
ft=f'B. Then R=xzf' = ARB, so

O(R) = 6(ARB) = 9(A)¢" "V (RB) = 4(A)$(RB) = 51 A5 - (R)&* (B)
= S A8 S E) (VL G) - G By G = 4 ST (AR) o (f'B) g G
=~ySta, fL.G.

It remains to show that 0® = o. Pick any nonzero scalar A\. Then
Y0 (N) ST a6 (fo0)G = 7 ST (A2)o (f50)G
= o((A2)f") = o(z(\f)") =7 S 2o (A f1)0 G
=70 (\)S™ e (f7:)G,
and since vy # 0 we obtain 0°(\) = o(\). Therefore
(17) #(R) =vS™'R,G, tkR=1.

Step 2. Next, we consider the action of ¢ on idempotent matrices. Let
P be an idempotent with tk P =k € {2,...,n — 1} and let {g1,...,9,} be
a basis of F" such that Pg; = ¢;, i = 1,...,k, and {gk+1,...,9n} C ker P.
For each matrix X € GL, and nonzero scalar 8 € F set

X(P) = (XUK(P)—l) te (Xg2)XoX7
B = (Bonirr1) -+ (Bo2)Ba 3
(if kK(P) = 0, then X) =1d and ¥) = 1). Then for an arbitrary nonzero

vector f € F" and an arbitrary nonzero scalar A € F we have fori =1,...,k,
c(MNVSHgif")oG = vS T (Agif)oG = d(Agif') = d(APgi f*)
= ¢(P)¢" P (Agif*
a8) (P) (Agif")

=7 o(P) ST g f i) G

= O ) G(P)(ST) (91 )G
Observe that o,0"") are field isomorphisms and so o(0) = o®F)(0) =
0 and (1) = ¢*F)(1) = 1. Inserting A\ = 1 into (18), the latter gives

YB (PY(SENTH(gif ") grim )G = 7S Hgif*)oG # 0. Hence, it follows
from (18) that

(19) o ="
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and therefore since f € F” was arbitrary we further obtain that G = apG
for some nonzero scalar ap € F. So for i = 1,...,k we have

(20) V8 Hgif)oG = apy™) ¢(P)(SP) (g ") G
In addition, for i = k+ 1,...,n we have

0 ¢<Pgift> = ¢(P)¢" P (gi )

6(0)
=17 o(P)(5! ) H((gif ) g )G

(21) (
apy P o(P)(ST) " (gif")o G

Comparing (20) and (21) we deduce that P, and O"%W(P) - Sp(P)(SF))~1
coincide on the basis {(g1)s, ..., (9n)s}, therefore

(b(P) = ’YS_lPU 5@

apy )

Step 3. Lastly, we consider the action of ¢ on arbitrary singular matrices.
First recall that each matrix M of rank k£ can be written as M = APB for
some A, B € GL,, and thus

$(M) = ¢(APB) = ¢(A)p(PB) = ¢(A)p(P)¢" ") (B)
= S'4,5-4S71P, S% A(SINTIB ) ST

(22) 1 S(P)
=~vS A, Py B, o)
=S, as(;?},), rk M =k > 2.

Hence, if P, = E11 + -+ + Ei is the standard idempotent of rank k& and
if we set v = ~(Fe) §(k) = G(Pk) and oy, = ap,, then vS™ LM, -

ap- ’Y(P) B

vS *IMU% for every matrix M of rank k. After simplification, this gives

S(P) s(k) .
U(aPJy(P) B aku\/(k)) =0

for every matrix M of rank k and hence

ap7 P apy @

We finish the proof of the assertion that ¢(M) = yS™*M,G, tk M = k <
n — 1, by using induction on k = 1,...,n — 1. Take any idempotent K of
rank (k —1),2 <k <n—1. We can find two idempotents P, P’ of rank k
such that PP’ = K. Then by the inductive step and using (19), (22) and
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(23) we obtain
VS~ K,G = ¢(PP') = ¢(P)¢"")(P)

(P)
:WS_lPﬂ V(P)(S(P))_lpéﬁ(m (ﬂ)

UOéP"Y(P) ’ OfP"Y(P)

1 (P)
— 57 PPy — (25
ap

ap~P)

= fys—lKaalp (ﬂ)uj)

apyP)
_ 1 ) \P)
_ 1 S
=~S Ka'@ (ak-’y(k)) .
If r is the order of the automorphism o, then by (19), r|(k(P) — 1) and
r|(k(Py) — 1). Hence, if for each X € GL,, we define X(*) in the same way
as S*) we easily deduce that

K(Pp)—1

(XN = (X utr1) -+ (X2) Xo X)) = (X (Kgra - X X)— 7))
X (X X, X) T (x (P
which by (23) and some simplifications gives
_ _(ap)® sk (k)
K,G = ap.(l;k)m .K(,(W(w) )
Hence for each idempotent K of rank k — 1 we obtain that
ap)®) Sk (k)
(24) Ko (G B azg-(};kw ' (amw)( )) =0

Recall that o is a bijective homomorphism. So by multiplying the last
equation from the left with a rank-one matrix we obtain that

UG = By (55) ™) = 0

-y k)

for every vector f € F" and some 3; € F which depends on f. It follows that

S(k)
agy ()
pendent matrices and since both are invertible, they are linearly dependent.
So also

the transpose of G and the transpose of ( )*) are locally linearly de-

(k)
(25) (af.,y(k) >(k) = &xG,
where €, € F. By (24) and since G is invertible, it follows that alg(_"(‘; )k()k ()P) =

i for every rank k idempotent P.
Let P be any idempotent of rank k. Then simplifying ¢(P) = ¢(P?) =

d(P)¢" ) (P) using (22), (23), and (25) we obtain
P, S%_ _p,. ten® (SO0 _p g

gy ) ap-(ax) ) Lagy®)

It follows that % = G, hence ¢(M) = vS~'M,G for every matrix M of

rank k. This finishes the inductive step. O
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2.4. On general surjective skew-morphisms.

Theorem 18. Assume a surjective skew-morphism ¢: M, — M, satisfies
klan, > 1 and K(B) > 2 for some B € GL,,. Then there exists an integer
s > 1 such that ¢° is the identity map on M, and hence ¢ is bijective.

Proof. First, let us assume that k(Id) = 1. Then ¢(Id) = ¢(Id-1d) =
#(1d)- "1 (Id) = ¢(Id)¢(Id) and since ¢ maps GL,, onto GL,, by Lemma 3,
it follows that ¢(Id) = Id. Using the identity X = (BB~1)X = B(B™'X),
X € M,, and since x(B) > 2 it further follows that

¢(B)¢" B (B —1>¢<X> = ¢<BB—1)¢<X> = ¢<Id>¢>< ) = $(X)
= ¢(BB™'X) = ¢(B(B™'X)) = ¢(B)¢" P (B~ X)
= $(B)¢"B)(B~1)grBT RGBT+ r(@= BB (x).

After canceling out the invertible matrix ¢(B)¢*(B)(B~1) we obtain
H(X) = (B Y+r(6(B ))+~--+n(¢”(3)*1(3*1))(X)_

By our hypothesis, k(A) > 1 for each A € GL,, and k(B) > 2, so r =
R(B) + K(O(BV) + - + w(0" BB Y) > w(BY) + s(6(B 1)) > 2.
Hence ¢(X) = ¢"(X) for each X € M,,. Let Y € M, be arbitrary. By
surjectivity there exists X € M, with ¢(X) =Y, and hence Y = ¢(X) =
#"(X) =" Hp(X)) = ¢"1(Y). So ¢° is the identity for s =7 — 1 > 1.
Second, let us assume that x(Id) > 2. Then ¢(Id) = ¢(Id-1d) =
p(1d)¢ 1) (1d), so ¢*ID(Id) = Id. Let p > 1 be the smallest integer
such that ¢P(Id) = Id. Consider an arbitrary matrix A € GL,. Then
H(A) = p(A-1d) = p(A)p" D (1d), so ¢*(Id) = Id which implies that
k(A) is a multiple of p. In particular x(¢(Id)) > p. Then for each X € M,,

PP(X) = ¢P(Id-X) = ¢P(Id)¢ﬁ(ld)+fﬂ(¢(ld))+~~~+F~(¢P*1(Id))(X)
_ ()R (e (1) (.

Since k(Id) > max{p,2} and therefore s = k(Id) + k(¢(Id)) + --- +
k(¢P~1(Id)) — p > 1, and since ¢P is surjective, we obtain as before that
¢*(Y) =Y for every Y € M,. O

Remark 19. If G is an arbitrary group, ¢: G — G is a restricted skew-
morphism, and k(go) > 2 for some gy € G, then we can apply the same
arguments as in the proof of Theorem 18 to show that ¢ is bijective and has
finite order.
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