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ABSTRACT. In this paper we give an explicit description of linear maps pre-
serving the Cullis determinant of rectangular matrices of the size (n+ 1) x n.
Unlike the result about the ordinary determinant, it appears that linear preservers
of Cullis determinant can be singular. We provide the corresponding examples
and characterize the case when these maps are non-singular.

1. INTRODUCTION

The determinant of a matrix is a classical object of investigations in Linear Al-
gebra and its applications. Usually only the determinant of square matrices is con-
sidered, but different attempts to generalize the notion of determinant to the set of
rectangular matrices have been done for a long time. Cullis introduced the con-
cept of determinant (he called it determinoid) of a rectangular matrix in his mono-
graph [2] and it is presumably the first published generalization of the determinant
to the rectangular case. Several properties known for the classical determinant are
studied and shown to be valid for the Cullis determinant in [2, §5, §27, §32], and
we recall some of them below. Algebraic characterization of the Cullis determinant
can be found in [1,7].

In 1966 Radi¢ [11] independently proposed a definition of the determinant of a
rectangular matrix, which is equivalent to the Cullis definition, and since that, in
some papers it is called Radic¢’s determinant [1] or Cullis-Radi¢ determinant [6].
After that there were several other generalizations of the determinant of a square
matrix to rectangular matrices given, for example, in [10, 12, 13].

The notion of determinant has been studied in many contexts and one of them is
the investigation of linear maps preserving the determinant. The first result in this
direction dates back to 1897 and is due to Frobenius [4].
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Theorem 1.1 (Frobenius, [4, §7, Theorem I]). Let S: M, (C) — M, (C) be a bijec-
tive linear map satisfying det(S(X)) = det(X) for all X € M,,(C). Then there exist
matrices M,N € M, (C) with det(MN) = 1 such that

S(X) = MXN forallX € M,(C) or S(X)=MX'N forall X € M,(C).

This result by Frobenius prompted the investigation of so-called linear preserver
problems concerning the characterization of linear operators on matrix spaces that
leave certain functions, subsets, relations, etc., invariant. The research started by
Frobenius was continued in the works by Schur, Dieudonné, Dynkin and others.
One may see [9] for an extensive survey.

In this paper we provide an analog of Frobenius theorem for the Cullis deter-
minant in the case of (n+ 1) x n matrices. We would like to draw the attention to
the following three important features of the Cullis determinant. Unlike the result
by Frobenius, it appears that linear preservers of the Cullis determinant can be sin-
gular (see Example 4.2). Moreover, our characterization theorem is valid both in
singular and non-singular cases, and we underline that the form of the maps in the
characterization result is the same in singular and non-singular cases. Moreover,
we obtain the complete characterization of non-singular linear preservers of the
Cullis determinant.

Our paper is organized as follows. Section 2 contains basic definitions and no-
tations used in the paper as well as the main properties of Cullis determinants. In
Section 3 we formulate and prove the main result, namely the complete character-
ization of all linear maps preserving the Cullis determinant over an arbitrary field
is provided. Section 4 contains various natural examples and counter-examples of
such maps including the examples of singular maps preserving the Cullis deter-
minant as well as the characterization of non-singular maps preserving the Cullis
determinant.

2. PRELIMINARIES

We denote by M, (F) the set of all n x k matrices with the entries from a certain
field F and write M, (F) = M,,,(F). Oux € My (F) denotes the matrix with all
entries equal zero. By X|; ;) we denote the element of a matrix X lying on the
intersection of its i-th row and j-th column. We omit the subscripts if this cannot
lead to a misunderstanding. Let us denote by E;; € M, (F) a matrix, whose entries
are all equal to zero besides the entry on the intersection of the i-th row and the j-th
column, which is equal to one.

We introduce the basic definitions and concepts following [5].

By I we denote the set {1,...,n} of indices, and by K we denote its subset
{1,...,k} C I (k < n). By Sk we denote the set of injections from K to / which has

the cardinality |SL| = (nf!k)!.

Definition 2.1. Given an injection 6 € Sk, we denote by sgn,; () the product



LINEAR MAPS PRESERVING THE CULLIS DETERMINANT OF (n+ 1) x n MATRICES 49

5+ (= D)Eae0)-D)

)

where s = sgn(T) is the sign of the permutation

N
”‘(qw “.0@0’
here 6(K) ={i1,...,ix}, and iy <ip < ... <.

Definition 2.2 ([5], Theorem 13). Let n >k, X € My (F). Then Cullis determinant
det,x(X) of X is defined to be the function:

dety(X) =Y 580, (0)X(6(1).1)X(0(2).2) - - - X(o(k) )
ces;
Recall properties of det,; which will be used in this paper (see [2, §5, §27, §32]
or [5] for detailed proofs):

Theorem 2.3 ( [5, Theorem 13, Theorem 16]).

(1) For X € M, (F), det,;,(X) = det(X).

(2) For X € My (F), det, 1 (X) is a linear function of columns of X.

(3) If a matrix X € M, (IF) has two identical columns or one of its columns is a
linear combination of other columns, then det,;(X) is equal to zero.

(4) For X € My(F), interchanging any two columns of X changes the sign of
detnk(X )

(5) Adding a linear combination of columns to another column does not change
det, k.

(6) For X € My (F), det,x(X) can be calculated using the Laplace expansion
along a column of X.

If X € My,+1,(FF), then we denote its Cullis determinant det,,+1,(X) by dc(X).

3. LINEAR MAPS PRESERVING d¢

In this section we obtain the explicit description of linear maps preserving the
Cullis determinant. We start with the formulation of the main result of our paper
for which we need the following definitions.

Definition 3.1. For every matrix X € M,(F) by R"(X) we denote the matrix
RY(X) = (9") € Myt14(F), obtained by adjoining to X the vector (0,...,0) as
a first row.

Definition 3.2. For every matrix X € My+1,(F) by R~ (X) € M, (FF) we denote the
matrix obtained from X by deleting of the first row.

Definition 3.3. For every vector x € F" we denote by F(x) = (5) ) €My 11(F) the
matrix obtained by adjoining the row vector X' to the square zero matrix as a first
row.
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10 -
11 -
Definition 3.4. By ® € M, (F) we denote the matrix ® = <: -
10 -

—_0 OO
SN—

Now we are ready to formulate our main result.
Theorem 3.5. Let IF be an arbitrary field. Then a linear map
T Mn+1n(F) — Mn+ln(F)

satisfies dc (T (X)) = dc(X) for all X € M,,11,(F) if and only if there exist matrices
M,N € M, (F) with det(MN) = 1 and a linear map o.: My 11,(F) — M1 ,(F) such
that

T(X) =@ F(a(® 'X))+® R (MR (@ 'X))N) VX € My 1,(F)  (3.1)
T(X)=® F(o(®'X))+®-R" (MR (P 'X))'N) VX € M., 1,(F). (3.2)

In order to prove this theorem we establish the following relation connecting the
usual determinant and the (n+ 1) x n Cullis determinant.

Definition 3.6. Let X € M,,1,(F). Then C*(X) := (RT(X"))", namely
C"(X) = (Ont11 X) € My (F).
Theorem 3.7. Suppose that X € M1 ,(F). Then

de(X) = (—1)" det (f Eq +C+(X)> : 3.3)

i=1

1
Proof. For any matrix of the form Y = <X : ) € M,+(FF) by Laplace expansion

1
along the last column we get

det(Y) = (—1)"det (f E; +C+(X)> .

i=1

For every ¢ € SEZ}H} consider & € §"*! defined as follows: &(i) = o(i) for

every 1 <i<nand&(n+ 1) = j, where j is the unique element of {1,...,n+1}\
o({1,...,n}). Then sgn(G) =sgn,,(0), because };(c(!) —I) =n+1— j, which
is equal to the difference between the number of inversions in < 6?1) - G’&%) from
the definition of sgn,, ,(c) and the number of inversions of the permutation G.

Therefore by the definitions of the Cullis determinant of X and the determinant
of Y we get
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deX)= Y sgn, 1, (0)X601).1)X(6(2)2) - - X(o(n)m)

{1,...n+1}
(seS{1 )

= Z sgn(&)Y(s(1),1) - - - Y(&(n).m) Y6 (n41) 41

= Z sgn(T)Y(e(1),1) - - - Ya(n) ) Yie(ns- 1) 1)

1:ES)H»I
n+1
=det(Y) = (—1)"det| Y Ex+C"(X) |. O
i=1

Observe that for the matrix ® introduced in Definition 3.4

1 1 10 -

0 1 ; 11 -
det(®) =1, ¢<:>:<:),and¢ =1 ...

6 i oY

LetY = (yij) € Mpy1 (F) satisfy y;; = 1 forall i=1,...,n+1. Then the first column
of the matrix ®~'Y is equal to the vector (1,0, ...,0)".

(=R

Theorem 3.8. Let T: My 1,(F) — My11,(IF) be a linear map. Then T preserves
the Cullis determinant if and only if
det(Ej; +CT(U(X))) = det(E;; +CT(X)). (3.4)
forall X € My1,(F), where U: My y1,(F) — My11,(F) is the linear map defined
b
’ UX)=a ' T(®X). (3.5
Proof. 1t is straightforward to see that U is linear.

To prove necessity, suppose that 7 preserves dc. Then consider the following
sequence of equalities: det(E;; +CT(U(X))) =

= det(Ey +C+(<I>“T(<I>X)))

= det(®) -det(E;; +CT (@' - T(PX))) (since det(®) = 1)
= det(®(E); +CT (@7 - T(@X))))
_det(qJEn-l-CD C+( 1'T((I)X)))
= det(®E; +C" (T (PX))) (since
CH@ ' T(®X)) = !.CT(T(PX)))
n+1 n+1
= det( i Ey +CT(T(®X))) (since ®-E;| = i Ei)
i=1 i=1
= (—1)"dc(T (X)) (by the equality (3.3))

(—1)"dc(PX) (since T preserves dc)
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n+1
= (—1)"-(=1)"det()_ Ei +C*(®X)) (by the equality (3.3))

i=1
n+1

= det(® ") det(( Z Ej +CT(®X)))  (since det(® ') =1)

i=1
n+1

= det(CD*l(Z Ej +C7(®X)))

i=1
n+1

=det(E; + @ 'CT (X)) (since @' Y Ey- =En)
i=1
= det(E + @ 'dCT (X)) (since CT(®-X) =@ -C" (X))

= det(E +C+(X)).

To prove sufficiency, suppose that condition (3.4) holds for the map U. Then
consider the following sequence of equalities, which is similar to the previous one

de(T (X)) = (=1)"det(} En +C*(@-U(@7'X)))

(—1)"det(®~") -det(} En +C* (@ U(®™'X)))

(—1)"det(@™" (Y En +C*(@-U(®7'X))))

(=1)"det(E; +CT(U(P'X))) = (—1)"det(Ey; + @ 'X)
(—1)"det(®P) - det(Ey; + @' X) = (—1)"det(P(Ey; + D 'X))
(=1)"det(} En+X) = (=1)"- (~1)"dc(X) = de(X). 0

Now we describe all linear maps acting on M, ,(F) and satisfying the condi-
tion (3.4). For this, we need again Definitions 3.1 and 3.2.

Lemma 3.9. Suppose that S: M,(F) — M,(F) is a linear map such that
det(S(X)) = det(X) for all X € M, (F) and o.: My11,(F) — My, (F) is the linear
map. Then the linear map T : My 1,(F) — M, 11,(F) defined by

T(X) = F(a(X)) +R"(S(R™(X))),
satisfies the condition (3.4).

Proof. Forany Y € M, (IF) by applying the Laplace expansion of det(Ej; +C* (X))
along the first column we obtain

det(E;; +CT(Y)) = det(R™(Y)) (3.6)

and hence it does not depend on the first row of Y. Then by applying the equality
(3.6)toY =T(X) and X we get
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det(Ey; +C7(T(X))) =det(R™(T(X))) =detR™ ((F(a(X)) +R"(S(R(X)))))
=det(R™(R"(S(R™(X))))) =det(S(R™ (X))) =det(R"™ (X))
=det(Ej; +C(X)).
Here the 3-rd equality follows from the definition of R~ and o. Therefore, T'(X)
satisfies the condition (3.4). O
We can also immediately obtain a similar result concerning linear maps preserv-

ing dc.

Lemma 3.10. Suppose that S: M,(F) — M,(F) is a linear map such that
det(S(X)) = det(X) for all X € M, (F) and o.: My 11,(F) — My, (F) is the linear
map. Then the linear map T : My 1,(F) — My 11,(F) defined by

T(X)=® F(a(® 'X))+@-RT (R (S(®'X))))
preserves dc.
Proof. Define U(X) by
UX)=a . T(®X).
Then we get
U(X) =F(a(X))+R"(S(R™(X)))-

Hence U(X) satisfies the condition (3.4) by Theorem 3.9. Therefore 7' (X) pre-
serves dc by Theorem 3.8. O

Lemma 3.11. Suppose that M € My(F) and det(M) = 0. Then there exists a nonzero
matrix N € My (IF) with det(N) = 0 such that det(M + N) # 0.

Proof. Denote rk(M) =r. Since det(M) =0, we have r < n. Then there exists N
with rk(N) =n—r such that M+N is invertible. Following that, det(M+N) 0 and
det(N) =0 because rk(N) < n. Therefore N satisfies the required conditions. [

Lemma 3.12. Suppose that A € My,1,(F) and
det(E;1 +CT(A+X)) = det(Ey; +CH (X)) (3.7
forall X € Myy1,(IF). Then R~ (A) is the zero matrix.

Proof. We prove by contradiction. Suppose that there exists A € M, ,(F) which
satisfies the conditions of the lemma and R™(A) # 0. By substitution of the zero
matrix instead of X to (3.7) we get that det(E;; +C*(A)) =det(Ej;) = 0 and there-
fore det(R™(A)) = 0 by the equality (3.6). By Lemma 3.11 applied to R~ (A), we
can find a matrix N with det(N) = 0 such that det(N + R~ (A)) # 0 and therefore

det(E;; +CT(A+RT(N)) =det(N+R (A)) #0.
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On other hand, due to the conditions of the lemma and Laplace expansion of the
matrix (Ej; +C*(RT(N))) along the first column,

det(E1; +CT(A+R"(N))) = det(E;; +CT (R (N))) = det(N) =0,
which is a contradiction. O

Lemma 3.13. Suppose that T : My1,(F) — My1,(FF) is the map satisfying condi-
tion (3.4). Then for every X € My 11,(F) with nonzero R~ (X) the matrix R~ (T (X))
is also nonzero.

Proof. Suppose that T: M,,.1,(IF) — M1 ,(F) is a map satisfying condition (3.4)
and A € M,,11,(F) is a matrix such that R~ (7'(A)) = 0. Then the following se-
quence of equalities holds:

det(Ej1 +CT(A+X)) =det(E); +CH(T(A+X)))
=det(E;; +CT(0+T(X))) = det(Ey; +CT (X))
for every X € M,,;1,(F). Hence by Lemma 3.12 we get that R~ (A) = 0. O

Lemma 3.14. Suppose that T : My 1,(F) — My1,(F) is the map satisfying con-
dition (3.4). Then for every Y € M, (F) there exists X € M, (IF) such that

R (T(RY(X))) = Y.
Proof. By Lemma 3.13 the linear map S: M,(IF) — M,(FF) defined by
S(X) =R (T(R"(X)))

is injective. Hence it is a bijection, and for every Y € M,(F) there exists a matrix
Z € M, (F) such that R~ (T(R"(Z))) =Y. Hence we can set X = R (Z). O

Definition 3.15. By Z C M, 1,(IF) we denote the set of the matrices of the form

<0xtnn) , where x € ",

Lemma 3.16. Suppose that T : My 1,(F) — My1,(F) is a linear map satisfying
condition (3.4). Then T (2) C Z.

Proof. We prove by contradiction. Suppose there exists a nonzero matrix Z € 2
such that R (T (Z)) is nonzero. Hence by Lemma 3.14 there exists B € M,,(IF) such
that R~ (T(R"(B))) = —R (T (Z)). Observe that B # 0 since R~ (T(Z)) # 0. Let
us consider

C=R"(B)+Z € Myi1,(F).
Then R~ (C) # 0, but R~ (T (C)) = 0, which contradicts Lemma 3.13. O
Theorem 3.17. Suppose that T is a linear map satisfying condition (3.4). Then

there exists a linear map S: M,(F) — M, (F) preserving the determinant and a
linear map o.: My 1,(F) — My, (F) such that

T(X)=F(uX))+R"(S(R™(X)))
forallX € M1, (F).
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Proof. From the condition (3.4) by expanding det(E1; +C* (X)) along the first
column we have that det(R™ (T( ))) =det(R™ (X)) for all X € M,,+1,. Therefore,
the linear map S: M, (F) — M, (F) defined by

)
S(X) =R (T(R*(X)))
preserves the determinant.
Suppose that X € M,,1,(IF). Consider the following equality:

Oin
X — (Xm) by X(Ln)) + ( Xon 5 X ) )
" X1,y - Xt
This equality is equivalent to the following equality using R™ and R~
X0 - X
X = (o0 X0 ) R (R (X)), (3.8)
Apply T to both sides of the equality (3.8):
X1 o X _
r(x) =7 ("0 5 ¥ )) + TR (R (X)),
Then use the equality (3.8) for T(RT(R™(X)))
_ X - Xaa T(RTR™(X)) 1) - TRT(R™(X))) (1
= (P15 ) (O
+RT(R™(T(R(R™(X)))))-
Then substitute S(X) instead of R~ (T (R*(X)))

T(X)=T (<X<1,1) by X“‘n))) + (T(RJ’(R_(X)))(]J) -

n

T(RT(R™(X)))(1.0) )
+RY(S(R™(X))). (3.9
If we define B: M, 11,(F) — M,11,(F) by

- X - X T(RT(R=(X))1) - TR R (X)) (1
BO) =7 (M0 50 )) + ( o - ),
then from the equality (3.9) we get
T(X) =B(X)+R"(S(R(X))).
B is a linear map, because it is represented as a sum of a projection and a linear

map. By Lemma 3.16, T (( e X“””)) € Z and therefore B(X) € Z. Hence
there exists a linear map o: M,,11,(F) — M;,(F) such that

B(X) = F(a(X))
for all X € M,,1,(FF), which finishes the proof. O
Now, we are ready to prove the main result.

Proof of Theorem 3.5. From Lemma 3.10 it follows that every linear map of the
form (3.1) or (3.2) preserves dc .



56 ALEXANDER GUTERMAN AND ANDREY YURKOV

Consider the map T': M,,11,(F) — M, +1,(IF) which is linear and satisfies
de(T(X)) = dc(X) for all X € My41,(F). By Theorem 3.17 there exists a linear
map S: M,(F) — M, (F) preserving the determinant and there exists a linear map
o: My i1,(F) — My, (F) such that

T(X) =F(a(X))+R"(S(R(X)))

forall X € M1 ,(F). Now apply Frobenius theorem (Theorem 1.1) to the map S to
obtain the required result. Note that although Theorem 1.1 was originally proved
only for the field C of complex numbers, its statement is true for any field. Indeed,
if the map preserves the determinant, then it is bijective by [8, Lemma 7] and it
preserves the set of matrices with the zero determinant, i.e., the set of singular
matrices. Then one can apply the Dieudonné theorem, see [3, Theorem 3], and
observe that only multiplication X +— AXB with square matrices A,B such that
det(AB) = 1 preserves the determinant. O

4. EXAMPLES OF LINEAR MAPS PRESERVING d¢

Example 4.1. Suppose N € M,(IF), det(N) = 1. Then T : My+1,(F) — My11,(F)
defined by T(X) = XN preserves dc .

Proof. 1t is possible to represent the right multiplication by N according to the
formula (3.1). Indeed, let us consider

oaX) = (XN)ayy - XN)an)
and M is equal to the unit matrix. We get

T(X)=®(F(a(®~'X)) +R" (R (®7'X))N))

0 0
XN)2,y=(XN) 11y -+ (XN) @y —XN)(10)
_ XN)11y - XN)(1n
—® ( an <1>)+ : E E
(XN)ns1,1) oo (XN) (g 1,m) = (XN) (1)
(XN) 1,1 (XN) (1)
EN)2y=XN) 1,1y - XN) @)= XN)(10)
~o . . . —XN.
(XN>;/1+1‘1) - (XN)(nJan)'—(XN)(l,n)

O
In contrast, the left multiplication does not necessary preserve dc . For example,
if we take the matrix

110 .. 0
T

M= (0010 e, (),
000 .. 1

then for the matrix
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-10 .. 0
R

X=| 000 € My,(F)
00 . i

we have that dc(X) = (—1)"-2 and dc(MX) = (—1)".

Although linear preserver T in the statement of the Frobenius theorem (Theo-
rem 1.1) is required to be non-singular, this requirement can be omitted. As it was
shown in [8, Lemma 7], every linear map preserving the determinant function is
automatically non-singular.

On the contrary, a linear map preserving dc can be singular, which could be
shown using our description (Theorem 3.5).

Example 4.2. Suppose that in the setting of Theorem 3.5 o(X) = —X(y 1), and
M = N are identity matrices. Then the map T defined by the formula (3.1) is
singular. Indeed,
T(X) = ®(F((®'X))) + R (R (@ 'X))))
X
=P(F(a(@'X))+X=| +X,

On+lnfl
—X(1,1)

is singular, because T (M) = 0, where M = ((1,...,1)’ Onﬂn,l)).
We can also characterize all non-singular preservers (Theorem 4.7).
Recall that by Z C M,11,(F) we denote the set of the matrices of the form

(Ojin) , where x € F".
By f|» we denote a restriction of a map f on a set M.

Lemma 4.3. Suppose that U: M,11,(F) — M,11,(F) is linear map satisfying
Equation 3.4. Then U is non-singular if and only if U| z is non-singular.

Proof. The necessity is clear. To prove sufficiency, suppose that U satisfies con-
ditions of the theorem and U(X) = 0 for some 0 # X € M, ,(FF). Therefore
R (U(X)) =0 and by Lemma 3.13, R~ ((X)) = 0. Hence X € Z. Finally, since
U|z is non-singular and U(X) = 0, we get that X = 0 and therefore U is non-
singular. (I

By correspondence defined in Equation 3.5 we can transfer results of Lemma 3.16
and Lemma 4.3 to linear maps preserving dc .

Definition 4.4. By E C M,,11,(IF) we denote the set of the matrices such that all
their rows are equal.

Lemma 4.5. Consider the matrix ®, defined in Definition 3.4. Then ®Z € E for
allZ € ‘E and ®'E € Zforall E € ‘E.

Proof. Direct computation. (]



58 ALEXANDER GUTERMAN AND ANDREY YURKOV

Theorem 4.6. Suppose that T preserves dc. Then T(E) € ‘E forall E € ‘E.
Proof. By Theorem 3.8 the map U, defined by
U(X) =@ {(T(®X)),

satisfies the equation (3.4). Hence, by Lemma 4.3, U preserves Z. Observe that T
can be obtained from U by equality

T(X) =®U (P 'X)).

Suppose that E € ‘E. Then @ 'E € Z, by Lemma 4.5 and hence U(®'E) € Z
by Lemma 3.16. Therefore, by applying Lemma 4.5 we obtain

T(E)=®U(® 'E)) € £. O

Theorem 4.7. Suppose that T : My11,(F) — My11,(F) is a linear map satisfying
Equation 3.4. Then T is non-singular if and only if T is non-singular.

Proof. Sufficiency follows from Theorem 4.6. Now suppose that T'|¢ is non-
singular. By Theorem 3.8, the map U defined by

UX) =@ (T(®X))

satisfies Equation 3.4 and is non-singular on 2. Hence, by Lemma 4.3, the map U
is non-singular and therefore 7" is non-singular. U

ACKNOWLEDGEMENT

The research of the second author was supported by ISF Grant No. 1994/20 and
the scholarship of the Center for Absorption in Science, the Ministry for Absorp-
tion of Aliyah, the State of Israel.

REFERENCES

[1] A. AMIRI, M. FATHY, M. BAYAT. Generalization of some determinantal identities for non-
square matrices based on Radic’s definition. TWMS Journal of Pure and Applied Mathematics,
1(2):163-175, 2010.

[2] C. E. CULLIS. Matrices and Determinoids: Volume 1. Number v. 1 in Calcutta University
Readership Lectures. Cambridge University Press, 1913.

[3] J. DIEUDONNE. Sur une généralisation du groupe orthogonal a quatre variables. Archiv der
Mathematik, 1(4):282-287, 1948.

[4] G. FROBENIUS. Uber die Darstellung der endlichen Gruppen durch lineare Substitutionen.
Konigliche Gesellschaft der Wissenschaften, 2022.

[5] Y. NAKAGAMI and H. YANAL On Cullis’ determinant for rectangular matrices. Linear Algebra
and its Applications, 422(2):422-441, 2007.

[6] A. MAKAREWICZ, P. PIKUTA. Determinant of a rectangular matrix which has a number of
identical columns. Ann. Univ. Mariae Curie-Sktodowska Sect. A. 74:41-60, 2020.

[7]1 A. MAKAREWICZ, P. PIKUTA, D. SZALKOWSKI. Properties of the determinant of a rectangu-
lar matrix. Ann. Univ. Mariae Curie-Sktodowska Sect. A, 68(1):31-41, 2014.

[8] M. MARCUS, B. MOYLS. Linear transformations on algebras of matrices. Canadian J. Math.,
11:61-66, 1959,



LINEAR MAPS PRESERVING THE CULLIS DETERMINANT OF (n+ 1) x n MATRICES

[9] S. PIERCE et. al. A survey of linear preserver problems. Linear and Multilinear Algebra, 33(1-

2), 1992.

[10] H. R. PYLE. Non-square determinants and multilinear vectors. Math. Mag, 35(2):65-69, 1962.
[11] M. RADIC. A definition of the determinant of a rectangular matrix. Glasnik Mat. Ser. IlI,

1(21):17-22, 1966.

[12] A.P. SUDHIR. On the determinant-like function and the vector determinant. Adv. Appl. Clifford
Algebr, 24(3):805-807, 2014.
[13] H. YANAL Y. TAKANE, H. IsHII. Nonnegative determinant of a rectangular matrix: Its defini-

tion and applications to multivariate analysis. Linear Algebra Appl, 417(1):259-274, 2006.

(Received: February 05, 2024)
(Revised: April 24, 2024)

Alexander Guterman

Bar-Ilan University

Department of Mathematics
Ramat-Gan, 5290002

Israel

e-mail: alexander.guterman@biu.ac.il
and

Andrey Yurkov

Bar-Ilan University

Department of Mathematics
Ramat-Gan, 5290002

Israel

e-mail: andrey.yurkov@biu.ac.il






