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Abstract. In the paper, an extend of the type of Han-Banah for the 2-skew-
symmetric linear forms will be considered.

The study and work with functionals is present in many mathematical fields.
One of the main tasks, when working with functionals, is to extend them, i.e. for
a given functional A, defined on a set S, subset of a given vector space X and
very often its subspace, does there exists a functional A’, defined on a set S’ which
contains the set S, and often S’ is a vector subspace of X, such that A’/S = A and
—p(—z) < A'(z) < p(x), where p is a mapping, given in advance, and for which
the following conditions are true:

a) p(z +y) < p(e) +p(y), for z,y € X;
b) p(tx) =tp(x), for x € X and t € R, t>0.

Note. It is clear that if p is seminorm, then p satisfies a) and b).
In the paper, it will be considered the classical theorem of Han-Banah for some
special cases of 2-skew-symmetric linear forms and for some special cases of S.
Let S C X2 be a 2-subspace of the 2-space X2, where X is a vector space over
the field of the real numbers R. The mapping p : X2 — R is such that

a) p(z +y,2) < p(x,2) +ply, 2), for ,y,2 € X;
b) p(txz,z) = tp(x, 2), for x,z€ X andt € R, t > 0,

and A : S — R is 2-skew-symmetric linear form, so that A(z,y) < p(z,y), for
every (z,y) € S. The problem that will be considered is the following: does
there exists 2-skew-symmetric linear form A’ : X2 — R such that A’/S = A and
—p(~2,) < N(2,9) < pla,y) on X7

It is natural to start the research with minimal extension i.e. with extension
on the smallest subspace S” which contains the set S U {(u,v)}, where (u,v) ¢ S.
We mention that some extensions of 2-skew-symmetric linear form are already
considered in some special cases.

Let X denote the vector space over the field ® (P is the field of the real numbers
or the field of the complex numbers). Ms(®P) denotes the set of quadratic matrixes
of order 2. Ay denotes the set of all ordered pairs (z,y), elements of X2 such that
the vectors x,y are linearly dependent.
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Definition 1. Let X denote the vector space over the field ®. The set X2 with
the operations

(r,2) + (y,2) = (z +y,2);
(Z,Q?) + (Zvy) = (va + y);
A(I’y) = A(Qj,y)T}

where A € My(®), x,y,z € X is called 2-vector space or, simply, 2-space.

Note. In the definition 1, the first two operations are partial, and the third one
is a complete operation.

Definition 2. Let X denote the vector space over the field ® . The function A :
X2 — ® which satisfies the conditions:

a) ANz +y,2) = Az, 2) + Ay, 2) , for any z,y,2 € X;

b) Az, y) = —Ay,x) , for any x,y € X;

c) Maz,y) = al(z,y) , for any z,y € X and a € P,

is called 2-skew-symmetric linear form.

The conditions b) and ¢) are equivalent with the condition A(A(z,y)) =
(det A)A(z,y), for an arbitrary A € My (®).

Definition 3. The subset S, S C X2 which is closed under the operations of the
2-space X2 is called 2-subspace of X? .

Definition 4. The subset T of the 2-space X? is 2-invariant if AT C T for every
A € My(®) with det A = 1.

Theorem 1. ([2]) Every 2-subspace S of the 2-space X? is 2-invariant set.

Definition 5. Let X denote the vector space over the field ®. The function p :
X? — R which satisfies the conditions:

a) p(A(z,y)) = |det Alp(x,y), for any z,y € X and every A € My(®);
b) p(x +y,2) < p(x,2) +p(y, 2), for anyz,y,z € X,
is called 2-seminorm and (X2, p) is called 2-seminormed space.

In the subsequent part, the set {z1, %2, ...., Tp, ...} will be linearly independent
set.

We will consider two types of 2-subspaces and extensions on them. In each of
them, the vectors from the pair (z,y) will be linearly independent.

I. Let L be a vector subspace of the vector space X , such that dim L > 1. The
subset M = L x L is 2-subspace of X? which is a kernel 2-subspace.

If (x,y) € X? then, for the vectors z and y, we have the following possibilities:
a) x,y € L
b)zxeL, y¢ L orex¢ L, yeL
c) z,y ¢ L.

We will consider each of these cases.
Case 1. z,y € L.

We have that (z,y) € L x L and the 2-subspace generated with the pair (z,y) is
2-subspace of L x L. Therefore, in this case we do not have an extension of L x L.
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Case 2. z,y ¢ L.

The 2-subspace N generated with the pair (z,y) is

N = {(a112 + a12y, a212 + a2y) |a11,a12,a21,a22 € P} Since x,y ¢ L we get
that a112 4+ a12y, a21¢ + agey ¢ L, therefore M NN = {(0,0)}. The 2-subspace
generated with (L x L) and the pair (x,y) is (L x L) UN.
Case 3.z €L,y¢ Lorx¢ L, ye L.

It is enough to consider only one of the two possible sub cases. So, let « ¢ L,
y € L. For an arbitrary z € L, such that {z,y, z} is linearly independent set, the
2-subspace generated with the elements of the set B = {(y,z), (y,2)} is

Pg= U L(axz+ Bzy) x L(ax + Bz,y).

a,BEP
In this case we will use the denotation Pg = P,. We will consider the set
r=UPr=U U Laz+pz,y) x L(az + Bz,y). (1)
z€L zeL a,BEP

Since z € L and «, € ® are arbitrary chosen, we get that {az+ Bz |a, € O} is
a vector subspace of X which is an extension of L with the vector x. Therefore,

if Y is a vector subspace of X generated with L and z, (1) can be written in the

fomT= | P.= U L(v,y) x L(v,y).
z€L veY
Using the form of the elements of Y, it is not hard to prove that X is 2-subspace

of X?.
Finally, in this case we get that the generated 2-subspace is

MUT=(LxL)U | P.=(LxL)U U L(v,y) x L(v,y) =

z€L veY
=(LxL)U U L(az+ Bz,y) x L(az + pz,y),

a,ﬁi@

ze

where M and T are not disjunctive.

II. Let L and L’ be vector subspaces of the vector space X such that LN L' =
{0}. With M will be denoted the kernel 2-subspace L x L, and with N will be
denoted the kernel 2-subspace L’ x L’. From the construction, it is clear that
M NN = {(0,0)}. On the other hand, M U N is 2-subspace of X2 . In this
case, we will consider extension of M U N with an element (u,v) € X2, where
we L, vel.

The extension of the kernel 2-subspace M with (u,v) is considered in the case
3, and the same is done with the extension of N with the same ordered pair. Let
us denote these extensions with M’ and N’, respectively. According to the case

3, they have the forms: M’ = M U |J L(y,u) x L(y,u), where Y is a vector
yey
subspace of X generated with the vector subspace L and the element v, and N’ =

NU U L(z,v) x L(z,v), where Z is the subspace of X generated with L’ and the
z€Z
element .

We notice that, for the elements for which adding is possible, the sum of two
elements of M is an element of M and the sum of two elements of N is an element
of N. There is no element of M which can be added to any element of NV and vice
versa.
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Let (a,b) € M and (c,d) € U L(z,v) x L(z,v) be elements for which adding

is possible. The element (c, d) has the form A(ay + Bu,v), i.e.

(a11(ay + Bu) + a12v,a21(ay + fu) + azav), where y € L. Without loss of
generality, we may assume that a1 (ay + Su) + agev = b. Since LN L' = {0}, the
last equality is possible if and only if ass = 0 and as;x = 0. If az; =0, then b =0
and the required sum is an element of Ay. If ag; # 0, = 0, then b = az;fu, the
required sum is

(a+ a1 fu+ aiov,a01pu) € |J L(y,u) x Ly, u).

yey
The case (e, f) € N and (g,h) € |J L(y,u) x L(y,u) can be consider analo-
yey
gously.
The sum of an element of |J L(z,v) x L(z,v) and an element of |J L(y,u)x L(y,u)
TE€EZ yey

is the same as adding of elements of the branch 2-subspace generated with three

elements. The sum belongs to |J L(z,v) x L(x,v) or to |J L(y,u) x L(y,u).
x€EZ yey
Therefore, the extension in this case is

MUNU ULy, x L(y,u) U<UL(JE,’U)XL(SE,’U)>

yey re€Z

III. Let M C X? be aloop 2-subspace generated with the set J = {(z;,21)|i =

3,...}. The form of this 2-subspace is M = U L(u,x1) x L(u,x1)

uw€L(z2,x3,...)

We will consider some extensions of this 2-subspace with the an element (u,v) €
X2
Case 1. u,v ¢ L(x1,x2,..).

The 2-subspace generated with the set B = {(u,v)} is Pp = {C(u,v)|C €
My(®)} = {(c11u + c12v, ca1u + ¢220) | €11, €12, €21, C22 € P}, Therefore, for an
arbitrary ci1,c12, c21, 22 € @, c11u + €120, co1u + €220 & L(x1, T2, .0y Ty, -.0).

If (a,b) € M, then it has the form A(xy1,z), where x = oy, ©;, + @iy Tip + ... +

aq ai12
o, T;, , for some x;,, Ti,, ..., z;, and for some «;, , vy, ..., @, , and A = a; a; ] .
But, then
a1121 + G122, 02171 + A22° € L(Jil, X9,y ey Ty )

S0, @110, +a122 # C11UFC12V, G210 +A22T F Ca1U+C200 for any 11, ¢12, €21, 22 €
®, and therefore, adding of elements of M with elements of Pg is not possible.

From the above discussion, we get that the extension in this case is M U Pg.
Case 2. u € L(x1,22,...), v ¢ L(z1,22,...)

In this case we have two sub cases.
Sub case 1. u € L(za,23,...,Tpn,...).

There are z;,, zi,, ..., T;, , such that v = o, ©;, + a4, 24, +...+;, 4, and, because
of the assumption, z;; # x1, j = 1,2,..k. From here, we get that (u,z,) € M.
The 2-subspace generated with this element is {A(u,z1)| A € M2(®)}. On the
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other hand, the 2-subspace Pp for B = {(u,v)} is Pp = {C(u,v)|C € M3(®)}.
An arbitrary element from the first 2-subspace is of the form

(a11u + @121, az1u + azxy) (1)
and an arbitrary element of the second 2-subspace is of the form
(011u —+ C120,C21U —+ CQQU) (2)

Without loss of generality, their adding is possible if and only if asiu + asex1 =
Co1u + co2v. Since the vectors of the pair (u,v) are linearly independent and
v & L(z1,22,..), the last equality is possible if and only if coo = age = 0 and
az1 = ¢21 = t. Then the elements get the forms (ajju+ai2x1, tu), (cr1u+c120, tu),
and their sum is ((a11+c11)utciv+aaxy, tu). But, because of the 2-invariance of
the 2-subspaces, this element belongs to the 2-subspace generated with the element
(c12v+aq2x1,u). So, the sum of two elements belongs to the 2-subspace generated

with the set {(u,21), (u,v)} and its formis |J L(av+ Bz1,u) x L(av + Bzy,u).
a,Bed

For an arbitrary element of this 2-subspace and an arbitrary element of M
that does not belong to this 2-subspace, such that their adding is possible, their
sum reduces to adding of elements of the branch 2-subspace generated with the
set {(v,u), (u,21), (r1,w)}. Their sum belongs either to the 2-subspace gener-
ated with {(v,u), (u,21)} or to the 2-subspace generated with {(u,x1), (z1,w)}
and it is an element of M. In this case the extension of M has the form M U

U L(av+ Bz1,u) x L(av + Bxy,u).
a,Bed
Sub case 2. u & L(x2,23, ..., Tn,---)-

Let uw = an @1+, ziy + iy @iy + ...+, T, , where a; # 0. With the denotation,
T = 04, Tiy + QiyTiy + ... + o, x, we have u = ajz1 + x. The pair (u,z1) =
(121 +x, 1) belongs to M, and because of the 2-invariance of the 2-subspaces, we
get that it, also, belongs to the 2-subspace of M generated with (z,z1) ((u,z1) =

[ ;o } (2,21)).

The form of the elements of the 2-subspace generated with (u,v) is

Blu,v) = [ p e

The general form of the elements of the 2-subspace generated with (x,z1) is

bos :| (u, ’U) = (b11u + b1ov, bo1u + bggv).

Az, x1) = [ @ a2 } (z1,2) = (a1121 + @122, 2171 + a227).
a1 ag2

Without loss of generality, adding of elements of the last two forms, is possible if

and only if bglalxl + b21$ + b22v = a9121 + a92x.

From the last equality, we have boja; = as1, ass = bay, bas = 0, and therefore
the elements get the form (a1121 + a127, assu) and (byiu + bi1av, assu), and their
sum is ((a11 + b11a1)z1 + bigv + (b11 + a12)x, assu). So, the sum belongs to the
loop 2-subspace N generated with the elements {(u,z1), (u,v), (u,x)}.

It is not hard to prove that the sum of two elements, one from N, and the other
element of M which does not belong to NN, either belong to M or to V.

In this case, the extension of M is
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MUN=MU U L(azx+ pz+~yv,u)x Loz + Bz + yv,u).
a,B,yed
Case 3. u ¢ L(x1,22,..), v € L(x1, 22, ..)
This case is analogue to the case 2.
Case 4. u € L(z1,22,..), v € L(x1, 22, ..).

The elements u and v are of the forms u = a1 + o4, T, + @i, ziy + ... + @4, T,
and v = B12x1+ B, 5, + B Tj, + ...+ 5j.xj,, Where Ty, Tiys ooy Tiyy Tjy s Tjgs oons Tjy €
{.’132, ceey Ly }

In this case, we have several sub cases.

Sub case 1. u € L(z3,23,..), v € L(xa, 3, ..)

In this sub case u = ay, i, + i, T4, + ... + oy, 24, and v = B, 5, + Bz, + ...+
Bj,xj,. We notice that the elements (u,x1) and (v,z1) define 2-subspaces of M.
The elements of the set B = {(u, 1), (v, 1), (u,v)} are elements of the extended
2-subspace, and therefore the kernel 2-subspace generated with them, Pg, is 2-
subspace of the extended 2-subspace. Its elements are of the form (ay121 + ajou+
a13v, A2121 + a2 + a23v).

We will consider the possibilities for adding an element (a,b) of M such that
(a,b) ¢ Pp with an element of Pg.

Without loss of generality, we will assume that the second coordinates are the
same.

a) a1 # 0and b= a21Z1 + ag2U + A23v

Since agou + agzv € L(wo,zs, ..., Tp,...), and according to the forms of the
elements of M, we have a = c1121 + c12(a22u + az3v). Then

(a,b) = (c1121 + c12(a22u + az3v), a1 21 + ageu + az3v) € Pp, which contradicts
the assumption.

b) ag1 = 0and b= a20U + a23v

Since agou + agzv € L(wo,xs, ..., Tp,...), and according to the forms of the
elements of M, we have a = c1121 + c12(a22u + azsv). Then

(a,b) = (c1121 + c12(a22u + a23v), azu + az3v) € Pp, which contradicts the
assumption.

So, the extension in this sub case is M U Pg.

Sub case 2. u ¢ L(zg,23,..), v € L(xa, x5, ..)
Sub case 3. u € L(z2,z3,..), v ¢ L(xo,x3,..)
Sub case 4. u ¢ L(xs,23,..), v ¢ L(za,x3,..)

The sub cases 2, 3 and 4 are analogue to the consideration in the sub case 1.

In the subsequent part, we will give the procedure for extension of 2-skew-
symmetric linear form in the sub case 2 of the case 2. In order to get the required
extensions in all cases and sub cases in I, I] and in 111, when the field of scalars
is the set of the real numbers R, we have to proceed in the same way as we will
show below for this particular sub case 2 of case 2.

Let p: X2 — R be a function which satisfies the following conditions:

a) p(x+y,2) <p(x,2) +p(y, 2), for z,y,z € X;

b) p(z,y) = p(y,z), for 2,y € X;
c) p(te,y) =tp(z,y), for z,y € X and t€R, t >0,
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where X is a vector space over the field of the real numbers R. (It is clear that if
p is 2-seminorm, then p satisfies a),b) and ¢))

Theorem 2. Let A : M — R be a 2-skew-symmetric linear form such that
Alz,y) < pla,y), for every (x,y) € M, where M is a loop 2-subspace of the
2-space X2 . Let M’ be the extension of M as in the sub case 2 of the case 2.
Then there exists 2- skew-symmetric linear form A : M’ — R such that
N/M=A
—p(=z,y) < Az, y) < p(z,y). (%)

Proof. Let (axq + Px,u) and (a1z1 + fiz,u) are two elements of M. For the
2-skew-symmetric linear form A we have

Aoz, + Bz, u) + Az + Br1z,u) = AMaxy + Bz + cqxy + frx,u) <
<plazi + Bz + oarx1 + iz, u) = plazs + Bz — v+ oz + frz +v,u) <
<plar; + fr —v,u) + plarzs + Sz +v,u)
So,
Alaxy + Bz, u) — plax; + Bz —v,u) < plarzy + frz +v,u) — Aoz, + Sra, u).
Since «, 8 € R and a4, f1 € R are arbitrary, we have

sup [Alazy + Bz, u) — plaxy + Bz — v, u)]
a,BED
=d < plarry + frz +v,u) — AMayzy + fra, u).
Therefore, for an arbitrary «, 8, a;, 81 € R, it is true that
Aoz, + Bz,u) — plaxy + Bz —v,u) < d, d < plajzy + B1x + v, u) — Alagxy +

ﬂlxau)7

ie.
Alaxy + fz,u) —d < plaxy + fz —v,u), o, B €R (3)
Aaqzy + Brz,u) + d < p(ayxy + frz +v,u), aq,81 €R (4)

Let A’ : M’ — R be defined by
N[A(axy + Bz + yv,u)] = (det A)[A(axy + Bx,u) +vd], v € R,

N(z,y) = Az, y), (z,y) € M
We have A'/M = A.

On the other hand, if in (3), instead of o and 8, we choose ¢ and %, t>0
respectively, using the properties of A and p, we get

Alaxy + Bz,u) —td < plax; + Bz — tv,u). (5)
If in (4) instead of oy and f;, we choose % and %7 t > 0 respectively, we get
Mgz + frx,u) + td < plagzy + Bra + to, u). (6)

From (3) and (4), we have

N(arzy + Brx + v, u) < plagxy + Brx + v, u), and it is clear that A’ < p on
M’ and (x) is satisfied.

For the extensions of 2-skew-symmetric linear forms defined on 2-subspace
S # X2 to 2-skew-symmetric linear forms defined on X2 , if it is possible, it
is needed to consider the extension of branch 2-subspace, the extension of cycle
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2-subspace and the extension of an arbitray 2-subspace, S. Having many possibil-
ities of combining the main types of 2-subspaces of X2, such as the kernel, loop,
branch and cycle 2-subspaces, this problem in the general case is not that easy. [
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