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Abstract: We define the concept of A-valued norm parallelism in a Hilbert A-module, and then
we investigate some properties of this notion and present some characterizations of A-valued norm
parallelism in a Hilbert A-module. We also show that if X and Y are two inner product A-modules and
T : X — Y is a linear map such that |Tx| = |x|, then T preserves A-valued norm parallelism in both
directions.
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1. Introduction and preliminary

Let A be a C*-algebra. An inner product A-module is a linear space X, which is a right A-module
with a map (.,.) : X X X — A that satisfies the following properties:

(1) {x,x) > 0 and (x, x) = 0 if and only if x = 0;

(i1) (x, Ay + 2) = Ax, ) + (X, 2);

(iil) (x, ya) = (x, y)a;

(vi) (x, )" = (y, x), where x,y,z€ X, ae€ A,and 1 € C.
If X is complete with respect to the norm ||x|| = ||{x, x)II% for each x € X, then it is called a Hilbert
A-module or a Hilbert C*-module over A. Complex Hilbert spaces can be regarded as left Hilbert
C-modules. Any C*-algebra A can be regarded as a Hilbert C*-module over itself via {a, b) = a*b. For
more details in Hilbert C*-modules, we refer the reader to [1,2, 5, 6].
Let (X, || - ||) be a normed space and let x,y € X. We say that x is norm-parallel to y, denoted by x||y, if

l[x + Ayl = ||x|| +|ly]] for some A€T={aecC:|al =1} (1.1)

It is obvious that the norm-parallelism is symmetric and R-homogeneous, that is, x|y & ax||By
for all @, € R, but not transitive, that is, x||y and y||z do not imply x||z in general; see [8, Example
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2.7]. It is known that in the setting of inner product spaces, the norm parallelism is equivalent to the
linear dependence. In the case of normed linear spaces, two linearly dependent vectors are norm-
parallel, but the converse is false in general. For example, consider the space (R?,]|(-,-)||), where
eIl = max{"‘zﬂ'l,@} for x,y € R%. Let x = (1,2),y = (=1,0), and 2 = —1. Then |lx + Ay|| =
1(2,2)]| =2 = > + 5 = ||x|| + |[y]l, so that x||y but they are not linearly dependent. The interested reader

is referred to references [4, 7-9] for more details in norm-parallelism.

Theorem 1.1. Let X be an inner product space and let x,y € X. The following statements are
equivalent:

@) xlly;
(i) Kx, y)| = [Ix[lllyll.

Proof. (1) = (i1): Let x||y. Then ||x + Ay|| = ||x|| + ||y|]| for some A € T.

|IxI” + 2ReA(x, y) + Iyl

I + 21¢x, ) + [yl
[ + 21laelliyll + Iy

(1l + IylD*.

(Xl + yID* = [1x + AP = Cx + Ay, x + Ay)

IAIA

Thus [(x, y)I = [lxlllIyll-
(ii) = (i): Suppose [{x, y)| = ||x]|l[[yl|. There exists A € C such that |1| = 1 and

KX, I = Ax, y) = {Ax, y).
Then ||x]||[yl| = {4x,y). In fact, Re{Ax, y) = ||x||||yl|. Therefore
llxx + I = (12l + 2Re(Ax, y) + 7 = 11xl + 2[lxllliyll + 1y = ] + [IylD?.

Hence ||x + Ay|| = [|x]| + ||[y|| for some A € T. O

Let X be an inner product space and let x,y € X. We say that a map f : X — X preserves
parallelism if x|y implies f(x)|[f(y). It is known that parallelism preserving maps may be nonlinear
and discontinuous.

Remark 1.1. Suppose that X and Y are two inner product spaces and that f : X — Y is a
homogeneous map ( i.e., f(ax) = af(x) for each @ € C). Then f preserves parallelism. In fact, if
x,y € X with x]|y, then there is @ € C such that x = ay, so f(x) = f(ay) = af(y) (i.e., f(x) and f(y)
are linearly dependent). Thus f(x)||f(y). On the other hand, if f is an injective homogeneous map,
then f preserves parallelism in both directions. Therefor if f(x)||f(y), then f(x) = af(y) or
f(x) = f(ay) for some a € C. Then x = ay for some a € C, that is, x||y.

Theorem 1.2. Suppose that X and Y are two normed spaces and that T : X — Y is a linear isometry
map. Then T preserves parallelism in both directions,

Ay & THTy (xy € X).
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Proof. Let x||y. Then ||x + Ay|| = ||x]| + ||y|| for some A € T. On the other hand,
lIxll + Iyl = [l + Al = 1T (x + AN < Wl + 1Tyl = [l + [yl

Hence ||Tx + ATy|| = ||T x|| + ||Ty|| for some A € T, that is, T x||Ty. The converse is trivial. O

In the following theorem, we reach a relation between two unknown functions that preserve
parallelism.

Theorem 1.3. Let X and Y be two inner product spaces and let f,g : X — Y be two homogeneous
maps such that

Ay = fligky) (1.2)

for x,y € X. Then
ICF(x), g = [PV IO eI
Proof. Take u = —— and v = =—. Then [lul| = IVl = 1 and [{u,v)] = 1 = |lu|lllv]l, that is, ul]v. Thus,

(|| lIvll’
there exists @ € C such that u = v and

I = [lulllvll = Ku, v)| = Kav, v)| = |allv]].

Hence a € T and v = au.
Therefore [(f(u), g(au)| = || f(av)|lllg(v)I| and then |(f(u), g(u))| = | f(WIlllgW)Il. In other words,

KF(-2), g = I ()lllg ()]l
T TR

We get
KA, G = IRV ILEOgO)IL

Moreover, fix yy € X. For each x € X, if x||y,, then
[(f(x), g = KllxI?,
where k = [lyolI Il f o)llllgo)ll- o

2. A-valued norm parallelism in Hilbert ‘A-modules

Let X be an inner product A-module. For x € X, the unique square root of positive element {x, x) is
denoted by |x| and is called the A-valued norm, where |x|> = (x, x).

In fact, the A-valued norm is not a norm, for example, the triangle inequality |x + y| < |x| + |y| does
not hold in general; see [5].

In this section, we define a new definition of parallelism via A-valued norm. The set of all positive
elements of A is denoted by A*. If a € A, then the absolute value of a is defined by |a| = (a*a)%.
Let A be a unital C*-algebra. Then a € A is unitary if aa® = a*a = 1. The center of A is defined by
Z(A) = {a € A ab = ba for each b € A}. The set of all positive elements of A that contained in
Z(A) is denoted by Z(A)*.
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Definition 2.1. Let X be a Hilbert A-module and let x,y € X. We say that x is A-parallel to y, denoted
by x Ty, if
|x + Ay = |x| +[y| for some A€T.

Let X be a Hilbert A-module and let x,y € X be linearly dependent.
Then there exists @ € C \ {0} such that y = ax. By letting 1 = 2 we have

m’
lx + ] = |x + lalx| = (1 + laDlx| = |x| + |yl.

Hence x T y.

The converse is not true in general. For example, if R = [3 8 and I = [(1) (1)] are considered as

two elements of Hilbert C-module M,(C), then for A = 1, we reach |R + I| = |R| + ||, that is, R T 1.
However, R and [ are linearly independent.

Theorem 2.2. [2, Theorem 2.3 | Let X be a Hilbert A-module and let x,y € X. Then the following
statements are equivalent:

1) xTy;
(i) (x, y) = |xllyl for some Ae€T.

Recall that, in an inner product space, two elements x and y are orthogonal, if (x,y) = 0.

Theorem 2.3. Let X be a Hilbert A-module and let x,y € X such that x T y. Then the following
properties hold:

(1) xa T yb for a,b € Z(A)*.

(i1) x T (x + Ay) for some A € T.

(i) If x| € Z(A), then x L (x|y| — Ay|x|) for some A € T.

Proof. (i) Suppose a,b € Z(A)*. Then
lxal* = (xa, xa) = a*(x, x)a = alx, x)a = alx]*a = (|x]a)*.

So |xa| = |x|la = a|x| and similarly |yb| = |y|b = b|y|. Now (xa, Ayb) = a*{x, Ay)b = a|x||y|b = |xal||yb| for
some A € T. Thus xa T yb.

(i) Let (x, Ay) = |x|ly| for some A € T. Then (x, x+Ay) = {x, x)+{x, Ay) = |x|* +|x|ly| = |x|(|x]+[y)| =
|x||x + Ay|. Hence x T (x + Ay).

(iii) Since x T y, we have (x, 1y) = |x||y| for some A € T.
Thus

o xlyl = ylxl) = (x, x0yl = (x, Ay«
Xyl = |xI*lyl = 0,

where |x| € Z(A)". O

Remark 2.1. Let A be a unital C*-algebra and let a € A be unitary. If X is a Hilbert A-module and
x,y € X, then x 7 y if and only if xa T ya, where a € Z(A)*. If x,y € X, then Theorem 2.3 implies that
xa T ya.

Conversely, if xa T ya, then (xa, lya) = |xal|ya| for some A € T.

Hence (x, Ay) = a*(x, Ay)a = (xa, Aya) = |xallya| = a*|x|lyla = a*alx||y| = |x|lyl, so x T y.
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In the following result, we state the relation between the A-parallelism and (A-linear dependence in
the setting of Hilbert A-module.

Corollary 2.4. Let X be a Hilbert A-module and let x,y € X. If A is unital and |y| = 1, then x T y if
and only if x = Ay|x| for some A € T.

Proof. 1If x Ty, then (x, 1y) = |x| for some A € T. We get
(x = Ay, x = ylxly = (o x) — (A — [x Ay, x) + |x]?

el — el — ef? + e = 0.

Hence x = Ay|x].
Conversely, if x = Ay|x|, then {x, Ay) = (Ay|x|, Ay) = |A]*|x|ly]* = |x| forsome 1 € T,andsox Ty. O

We state some facts about the A-valued norm from [9, Lemma 4.1].

Remark 2.2. Let x L y. Then x T y if and only if (x, dy) = |x|[y| for some A € T, and this holds if
and only if |x||y| = 0 and this occurs if and only if [x + Ay| = |x — Ay| and finally the last equality holds
if and only if [x + Aya| = |x — Ayal for all a € Z(A)"*.

Proposition 2.5. Let X and Y be two Hilbert A-modules and let T : X — Y be a linear map such that

|Tx| = |x|. Then T preserves T in both directions.

Proof. Suppose x T y. Then |x + Ay| = |x| + [y| for some A € T. Therefor |T(x) + AT(y)| = |T(x + Ay)| =
|x + Ay| = |x| + [yl = |T(x)| + |T(y)|. So T preserves T in both directions . O

Definition 2.6. Let A be a C*-algebra and let a, b € A. We say thata T b if
la + Ab| = |a| + |b| for some AeT.

Theorem 2.7. [2, Theorem 2.1 ] Let Abe a C*-algebra and let a,b € A. Then the following statements
are equivalent:

() aftb;

(i1) Aa*b = |allb| for some A€ T.

Moreover if (A is unital and a + Ab is invertible in A, then a T b if and only if there is a unitary
u € A such that a = ula| and Ab = ulb|. In fact, u = (a + Ab)|a + Ab|™".

Recall that, if @ and b are two positive elements of A such that a € Z(A), then |a + b| = |a| + |b|.

Theorem 2.8. Let X be a Hilbert A-module and let x,y € X such that \x| € Z(A). If x Ty, then
6, x) T{x,y) in A

Proof. Suppose x T y. Then (x, Ay) = |x|ly| for some A € T. Thus

(x, ) + A0 )| = [(x, x + )] |lxllx + Ayl|  (since x T (x + Ay))

|Ixl(1x] + [yD|  (since x 1 y)

|1 + Lxlly|

12| + |1y

|Cx, 2] + [, )| = Kax, 01+ Kx, ).

Hence (x, x) T (x, y).
O

AIMS Mathematics Volume 4, Issue 3, 527-533.



532

Example 2.9. Let X = A = M,(R). Then A is a Hilbert A-module. Let S = [ 1o

0 0]andl:

[ (1) (1) ] For A =1,wehave(S,I) =S*I=S1=|S|||, thatis, S T I. On the other hand, {(S,S) T (I, )

in A, since for A = 1, we have (S, S ), I) = SS*I = |{S, SH|[{L, I)|.
Now, we borrow the following definition from [3].
Definition 2.10. Suppose that X and Y are two Hilbert C*-modules over C*-algebras A and B,

respectively. Let ¢ : A — B be a morphism of C*-algebras. A map ¢ : X — Y is a g-morphism of
Hilbert C*-modules if ((x), ¥ (y)) = ¢({x,y)) for all x,y € X.

It is also easy to see that each ¢-morphism is a linear map and ¥(xa) = y¥(x)p(a) for each x € X,
and a € A.

Remark 2.3. Suppose that X and Y are two Hilbert C*-modules over C*-algebras ‘A and B,
respectively. If A is a C*-subalgebra of B and ¢ : A — B is the inclusion map, then ¥ preserves T in
both directions.

Since [W(x)> = W(x),¥(x)) = ¢(x,x)) = ¢(Ix*) = |x|>, Theorem 2.5 implies that i preserves T in
both directions.
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