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Geometry of orthogonality using a new angular distance function in
normed spaces
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*Thapar Institute of Engineering and Technology, Patiala-147004, Punjab, India

Abstract. This work introduces an angular function orthogonality based on the angular distance function
in normed spaces. We examine the geometrical features of the aforementioned orthogonality by discussing
its homogeneity, alpha-existence, and the conditions under which it may exhibit symmetry. Motivated by
the stated orthogonality, we introduce a well-defined angle using the angular distance function and discuss
its geometrical properties by defining acute, obtuse, and right angles in normed spaces. Some non-trivial

examples are also provided to support the results. Furthermore, we discuss the relationship of the angle
with the Euclidean, isosceles, and Thy angles.

1. Introduction and Preliminaries

The geometry of normed spaces helps in characterizing feasible regions, defining convex sets, and
understanding optimality conditions. It can also be used to determine how far apart or similar two data
points are. Normed space metrics are useful for regression, grouping, and classification. Within the realm
of graphics, normed spaces assist in the processes of transformation, rendering, and modeling geometric
shapes. For realistic depiction, it is essential to have a solid understanding of the distances and angles
present in these regions. There is a particular kind of normed space known as Hilbert space, and it is used
in quantum mechanics to represent the states of a system. It is essential to have a solid understanding of
the geometry of these spaces to comprehend quantum states and processes.

The influence of orthogonality and angular relations on normed vector spaces has been observed from
Euclidean geometry to contemporary functional analysis. Alternative definitions of angle functions and
angular measurements can be explored utilizing a basis in these spaces. This technique is especially fasci-
nating in actual Banach spaces, where geometric characteristics are crucial. Orthogonality is a fundamental
concept that enables the examination of these geometric relationships and denotes perpendicularity. By
investigating these diverse definitions, we can better understand the structural intricacies of normed vector
spaces.

Roberts [11] developed the concept of orthogonality relation in a normed space. In 1935, Birkhoff
proposed Birkhoff orthogonality, which is considered one of the fundamental types of orthogonality in a
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normed space [4]. James provided an extensive analysis of the characteristics of Birkhoff orthogonality [9].
Due to this, Birkhoff orthogonality is commonly known as Birkhoff-James orthogonality. Subsequently,
James [8] presented the concept of isosceles orthogonality. In addition, James [8] proposed the concept of
Pythagorean orthogonality in normed space. This concept extends the idea in Euclidean space that two
vectors are perpendicular if and only if a right triangle exists with the two vectors as its sides. Singer [13]
introduced the Singer orthogonality that is closely associated with isosceles orthogonality. Later, Dadipour
et al. [5] introduced a new orthogonality based on an angular distance inequality and discussed some
properties of this orthogonality in the setting of normed spaces.

In a real inner product space X, the orthogonality relation has the following well-known properties for
any @1, @z € X,

1. Homogeneity: If @1 L @,, then pyw; L A@, for any A, pin R.
2. Symmetry: If @1 L @,, then @, L @.

3. a-existence: there exists a € R such that ®; L a®1 + @.

However, these well-known properties of orthogonality in inner product space, such as symmetry, ho-
mogeneity, and a-existence, need not hold for other well-known orthogonalities in normed spaces. For
instance, Birkhoff-James orthogonality is homogeneous but fails to be symmetric, whereas both isosceles
and Pythagorean orthogonality are symmetric but lack homogeneity. These discrepancies highlight the fact
that generalized orthogonalities can demonstrate fundamentally divergent behaviors. Also, the isosceles
and Singer orthogonalities are symmetric and satisfy the a-existence property (see [1]]). The Singer orthog-
onality also has the a-uniqueness feature [15], but the isosceles orthogonality doesn’t usually have this
property. A classification of several types of orthogonality in normed linear spaces, together with their
fundamental features and interrelations, is available in the study [2)[14].

Gunawan et al. [6] introduced two angle functions, namely P-angle and I-angle, as a result of the
Pythagorean and isosceles orthogonalities concepts. The P-angle preserves Pythagorean orthogonality,
while the I-angle preserves isosceles orthogonality. The Cosine Law and Polarization Identity show that
the definitions of P-angle and I-angle correspond to the standard angles in inner product space. In a
normed space, both the P-angle and the I-angle have identical properties: partial homogeneity, continuity,
and symmetry. However, inner product spaces lack numerous parallelism and homogeneity qualities in
comparison to the standard angle. Subsequently, Thiirey [12] proposed the notion of the Thy-angle, which
preserves Singer orthogonality. The Thy-angle possesses the properties of continuity, symmetry, homo-
geneity, and non-degeneracy. Thy-angle clearly coincides with the standard angle function in Euclidean
space. Thy-angle obviously corresponds to the standard angle function in Euclidean space. Many writers
have examined the concept of angles in normed spaces (see [3] and [10]).

So motivated by the geometry of angles in normed linear spaces, the main aim of this paper is to introduce
a new angular function orthogonality and to address the following crucial question for its existence:

e Does there exist a non-zero vector that is an angular function orthogonal to some given non-zero
vectors?

The article’s structure is as follows: After the introductory Section 1, we move on to Section 2, where
we present some fundamental definitions, notations, and results pertaining to the orthogonality problem.
Section 3 defines a well-defined notion of orthogonality termed angular function orthogonality using the
concept of the angular distance function. Additionally, we give some examples to discuss the existence of a
non-zero vector that is an angular function orthogonal to a given vector. To explore the geometrical prop-
erties of the aforementioned orthogonality, we discuss its homogeneity, alpha-existence, and the conditions
for which it is symmetric. In addition, we show that the orthogonality of the angular distance is equivalent
to the standard concept of orthogonality for inner product spaces. Inspired by the aforementioned orthog-
onality, we establish a well-defined angle through the angular distance function and examine its geometric
features by defining acute, obtuse, and right angles in normed spaces. Several significant examples are
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also presented to substantiate the findings. Additionally, we examine the relationship of the angle with the
Euclidean angle, the isosceles angle, and the Thy angle.

The following are some notations and definitions that will be utilized in the subsequent sections.

Definition 1.1. The vectors @1, @, in a normed space X are Singer-type orthogonal [7] (®1 Ly @3) if

H w1 + 2
1+ lo1l] 1+ |[l@zll

_ ” 1 2
T+ ll@rll 1+ |l@zll

Definition 1.2. Let X be an inner product space. The number

(@1, D2)
lo1llll@-l

is called the Euclidean-angle between two non-zero vectors @1 and @;.

LEucid(@1, @2) = arccos

Definition 1.3. The angle between two non-zero vectors @1, @ in a normed space X is called

@1 +@2|2—[l@1 — @2

o [-angle [l6], if Z;(®1, @2) = arccos ool

“531”2"'”“)2”2_“@1_lDZHZ)

o P-angle [6]], if Zp(@1,@2) = arccos( oo el

o Thy-angle [12], if

1
o1]|

2 H w1 ()]
lo1ll (|2l

Ly (@ cD)—arccos(l(H L > 2))
Ty 22 4\l -l ‘

2. Main Results

2.1. Orthogonality and angular distance

We introduce a new orthogonality in a normed space using the angular distance function and the
Singer-type orthogonality as inspiration in this section.
First, we define an angular distance function ¢ : X X X — R as

2

P(@1, @2)

_ (A [l@1lDA + lloall) H @ @
llo1lll@:| T+l 1+ lloll

for two non-zero vectors @1, @, € X.
Assume that @ is the collection of all angular distance functions.

Using the above angular distance function and Singer-type orthogonality, we introduce an orthogonality
between two vectors in a normed space.

Definition 2.1. Let X be a normed space. @1 is angular function orthogonal to @, (@1 L. @y) if either of the
following hold for all @1, @, € X:

(@) llonll llo2ll = 0;
or

(b) for all non-zero vectors @1, @y:
(1) {@1, @y} is linearly independent (L.L),
(@) |Y(t)| = |Y(0)|, where

Y(t) = Y(@1, @2, t) := P(@1 + tD2, —@2) — P(@1 + L2, D2),

forallt € Rand ¢ € .
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It is interesting to note that Y(@1, —@2; —t) = =Y(®1, @2, 1).
In the following result, we show that Y(#) is well-defined.
Proposition 2.2. The function
Y(t) := p(@1 + tdy, —@2) — (@1 + tdz, @2), 1)
is well-defined if ¢ € ®, the non-zero vectors @1 and @, are linearly independent in a normed space X, and t € R.

Proof. Clearly if {®1, @} is a linearly independent set, then @, + t@, # 0 for all f € R and so ¢(@1 + t@;, @7)
and ¢(@1 + tdy, —@;) are well defined. Therefore, the function Y(t) is well-defined where @; and @, are
linearly independent. [

Now, we are presenting some examples of non-zero independent vectors, which are angular functional
orthogonal.

Example 2.3. Consider a two-dimensional real sequence space X = €1 equipped with the Holder weights ||.||, defined
as |1 = (p,9)|l = Ip| + |q|. Consider the vectors @1 = (2,3) and @, = (—1,1) in X. Then, ||@1]| = 5 and |l@|| = 2.
Here @1 and @, are L.I. with ||@1]| ||@2|| # 0. Now, consider

Y(0)

= (P((Dl/ _(DZ) - (P(CDII (DZ)

_(1+||CD1||)(1+||£D2||)[' @1 @ 2_” @ @ 2]
- llolll- | T+ llodl -~ 1+ llaoll T+l 1+ ol
6x3[(5\2 (5)?

-5 |G- ()]

=0.

So, [Y(t)] = [Y(0)| holds clearly for all t € R. Hence @1 L. @,.

Example 2.4. Consider a two-dimensional real sequence space X = (o equipped with a norm ||o1 = (p,q)|l =
max{|pl, |gl}. Consider the vectors @1 = (2,—1) and @, = (1,2) in X. Then, ||o1|| = 2 and ||@,|| = 2. Here @1 and @,
are L.I. with ||@1||||@2]| # 0. Now, consider

Y(0)

= Pp(@1, —@2) — P(@1, @2)

_ (A ll@1ID( + lloall) [
llo1[[[l@2]|

-]

So, [Y(t)] = [Y(0)| holds clearly for all t € R. Hence @1 L. @.

2 H W1 (]
1+ l@1ll 1+ |l@2ll

|

' 1 ()]
T+l -~ 1+ ol

_3X3
T 2x2

=0.

Remark 2.5. (a) The two independent non-zero vectors @1 and @, are orthogonal if and only if [Y(@1, @2;t)| 2
[Y(@1,@2;0)|, for all t € R.

(b) 1t is clear that the above notion of orthogonality is not symmetry, in general.

Now, we give an example to show that the angular function orthogonality is not homogeneous.
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Example 2.6. Consider a two-dimensional real sequence space X = {1 . equipped with a norm

Ipl + lql, ifpg 20
w1 = (p, = ;
llor = (p, 9l {max{lpl,lql}, ifpq <0.

Consider the vectors @1 = (%,O) and @, = (4,-5) in X. Then, ||o1|| = % and ||@;|| = 5. Here @1 and @, are L.1. with
lo1]l l@zll # 0. Here it is easy to see that Y(0) = 0. So, |Y(t)| = |Y(0)| holds clearly for all t € R. Hence @1 L. @>.

Now, 501 = (1,0) and it is easy to see that [Y(5@1, @2;0)| = 2 = 1.6. Choosing t = —&, we have 5@1 + t@, =

501 — 75@2 = (1,0) — 75(4,-5) = (%, 3). So, 1 + ||5@ + t@,|| = %. Now, we have

1
Y51, w2t = _E) = (51 + tdy, —@2) — P(B@D1 + tdr, @2)

el ()
T 11 x5 (\21 14
~ —0.55.

2 2
Therefore, |Y(5@1, @;t = —15)| = '%g [(%) -(B) ” ~ 0.55. S0, 501 L. @2.
Hence @1 L. @y but 5@1 L. @. It implies that the angular function orthogonality is not homogeneous.

Now, in an inner product space to show that the angular function orthogonality is equivalent to the
standard orthogonality, we need the following result:

Lemma 2.7. For an inner product space X, Y(t) <‘Dl+mz’"72>| for all linearly independent vectors @1, @, € X.

@1 +tasllllo:|

Proof. For all linearly independent vectors @1, @, € X we have,

Y(t) = (@1 + t@y, —@2) — (@1 + tdz, @2)

(1 +l@y + tap|)(1 + IIchII)[H (@1 + t@y) @ |
- llor + taa|lll@al| 1+l@1 +tao]l 1+ [l@:ll

” (@1 + t@y) @ 2]

1+l@1 +tao]l 1+ [l@:ll

(1 4+ lo1 + taol)( + llo2ll) < @1 + tay @ >
- llor + tan|ll|@al| 1+ [lo1 + taa|l” 1 + |||
(1 + [l@g + tao|)(1 + ll@2ll) K@ + t@r, @2)
- llo1 + t@s|lll-|| (1 + ll@1 + taall)(1 + ll@2l])

Koy + to,, @7)
llo1 + taa|l llo2

Hence the result. O
Theorem 2.8. Let @1 and @, be two vectors in an inner product space X. Then @1 L. @, if and only if (@1, @2) = 0.
Proof. Let @1 L. @ holds for @1, @, € X. So, [Y(t)| > [Y(0)| holds. Using the Lemma[2.7} we get

[p2(@1, —@2) — P2(@1, @2)| < |P2(@1 + tD2, —@2) — P2(@1 + tdD2, @2)]

K1, @2) A1 + two, @2)
llollll@all] ~ @1 + tasllll@:ll
= |lo1 + tas|l{@1, @2)| < llo1]l{@1 + tdz, @2)|. )

Putting = — {2122 in @), we get (@1, @2) = 0.

llo-ll?

Conversely, if (@1, @2) = 0, then (2) holds and so [Y(¢)| > 0 for all t € R and hence @ L. @. O
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Remark 2.9. If the norm comes from an inner product space, then angular function orthogonality is symmetry.

Now, to discuss the a-existence property of the angular function orthogonality, we need the following
results.

Lemma 2.10. Let @1, @, be two independent vectors in a normed space X. Then, for ¢ € @, tlim Y(t) = +4, that is,
thm P(@1 + tdy, —@2) — P(@1 + ty, @2) = +4.
—+00

Proof. Consider

thm Qb(@l + t@y, —CDz)
—+00

_ i @1+ ol 0l || @1 + tp @ P
= l1m +
t—+oo lo1 + taslll@2ll 1+||l@1 +twa]l 1+ |l@2ll
_ (lal)(1 + [l2]) H 2
llall|@> |l o2l 1+ IIcazII
_ (@ +llealh A+ 2l|@>l1)?
lloal (1 + llo2ll)?
1+ 2l@)?
ll2I(1 + [l@211)
Also,
thl;—n (f)((Dl + to, @3)
i (1 + lloy + taa|)(1 + [l@2l) @1 + t@ @ |
= 11m -
t=+oo lo1 + taa|lll@-|l 1+loy +tooll 1+l
_ (l2al)(1 + @2l H ?
IIcozIIIIchII loall 1+ IIcozII
B IIchII(l + [l@al)”
Therefore, tlir}l P(@1 + tDr, —@2) — P(@1 + two, @2) = 4
On calculating, we obtain
. (llo2lN) (1 + [l2ll) H o |
Iim ¢(o1 + tor, —@
A, ¢(@1 + b, =2 = oo ol ¥ T30
- IIchII(l + ll@al)”
and
. (llo2](1 + [l2]]) H @ P
lim ¢(@1 + tw,, @) =
Jim p(@1 + tn, @) = T e |~ T o
_ (4 2||@>l1)
llo2lI(1 + [l@21l)
Therefore,

thm (Z)(LDl + t@,, —LDz) - (P((Dl + ty, @2) = -

Hence the result. J



K. Pal, S. Chandok / Filomat 39:19 (2025), 6589-6602 6595

16(1 | DA +|@[1)

Lemma 2.11. Suppose that @1, @ are two independent vectors in a normed space X. Then |Y(t)| < I

Proof. For two independent vectors @1, @, € X, we have

(@1, @2; 1)l
= |p(@1 + t@2, —@2) — P(@1 + tD2, @2)|

‘(1 + [l (1 + [|@]) [H @ | H @ @ 2]
llo1 [l |l 1+ ||cD1|| 1+ ol 1+ loill 1+ [l@2ll
_ (A @1 DA + liall) [” @ | H @ @ 2]
llo1lllol 1+ I|cD1|| 1+ ol T+llanll 1+l ]
Taking A = 1+(|Tu17 0 with ||JA|| <1and B = 1+”® i with ||B|| < 1, we have

L+l 1+ lo:ll

| ]

T+l 1+ lloll

=1IA + BI* - 1A - BIP|
<|IA+BIl+ A - B

< [IIAIl + 1IBIl + IAIl + 1Bl
< 16.

16(1+{|o1 [(1+|@211)

Therefore, |[Y(®1, @7; )| < TorToal

, for two independent vectors @1, @, € X. O
In the following result, we show the a-existence property for the angular function orthogonality.
Theorem 2.12. The angular function orthogonality has an a-existence property.

Proof. Let @1, ®; be two independent vectors in a normed space X. We’ll show that there exists ty € R such
that @1 + tp@2 L. @;. Since Y(@1, @2;t) = Y(@1,@2;0), it is sufficient to prove that there exists ¢y € R such
that the function Y(@; + ty@2, @7; t) takes a minimum at ¢y. Also, we know that

Y(ch + to@o, @7; i’) ZY(CDl + to@r, @2; 0) if and only if Y(@l,mz} t+ t()) > T(@l, @7, to). (3)

. 1y — 16(1+l@q ) (1 +I@ll) . 16(L+ o1l (1+l@ll)
Also, tl_l)irloT((Dl,caz, t) = +4 (by Lemma 2.10) and —W < Y(@1,@25t) < W (by

Lemma [2.11). Thus by using the continuity of Y, Y(@1,@2;t) takes a minimum at some ¢, € IR, that is,
Y(@1,@7;t) = Y(®1,@2; ty). Hence, the result follows from . OdJ

2.2. S.-type angle

Angles between vectors in normed spaces have been defined in several ways, all of them are equivalent
to the Euclidean angle in inner product spaces. Inspired by this, we provide a new perspective utilizing the
angular distance function and derive several of its geometric features in this subsection. Also, we define
the acute, obtuse, and right angles using it.

Suppose that X is a real inner product space with an inner product (., .), and induced norm |[|.||. Then for
any @1, ®; € X, we have

@1 + @2l* = llo1 — @2l = K1, @2). (4)

For any two non-zero vectors @1, @; € X, replacing @; with ;77— and @, with 75 +“ chII in @), we get

1+|ItD I

2

H 1 ()]

+ 2 H 1 2
1+ 01 1+ ||CDz||

L+l 1+ loll
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=4 o o)
O\ + @l 1+ [l
_ K1, @2)

(1 + el + llaal)|

Taking modulus on both sides, we have

2

=3

1+ logll 1+ [l@all

B 4{@1, D2

C @+ oD@ + ll@2l))
4|1 |||l

= (1 + oD + llaal))

2 ” 1 2
1+ ll@1ll 1+ |l@zll

Therefore,

(L + ]l + |IchII)[H @2
4l@1lllo2l 1+ IIfD1I| 1+ lo2ll

T H o1 ©2 <1. (5)

T+l@idl 1+l

2 ]
Inspired by this, we introduce the following notion of angle using the angular distance function in a
real normed space X.

Definition 2.13. Let (X, ||.|[) be a real normed space. We define S.-type angle function £g, : X X X + [0, 7] as

0, for llanllllozll = 0,
{1,-1}, for @1, @, are L.D.,

/s. (@1, @) = arccos < {1,
L (¢p(@1,~@2) ~ $(@1,@2)),  for l@illl@zll # 0,and @1, @, are L.L

where ¢ € ® and 01, @, € X.

Remark 2.14. (i) When ||@1|| ||@2]| # 0 and @1, @, are L.1., we can also write /s (®1,®;) = i (@1, @2;0).

(ii) From (B), it is easy to see that in an inner product space, Ls, is less than or equal to unity.

(iii) Suppose that @1,@; € X are L.I. with ||@1|||@2l # 0. If £s.(@1,@2) = 5, then @1 L. @ because |p(@1 +
t@y, —@2) — P(@1 + L2, @2)| > |Pp(@1, —D2) — P(@1, @2)| = 0 that is, [Y ()| > [Y(0)| for all t € R.

We discuss the geometrical properties of the S.-type angle (£s,).
Proposition 2.15. The angle function /g, satisfies the following properties for all non-zero @1, ®; € X:
(i) Parallelism Property: For o € R, we have

0, ifa>0
n, ifa<0.

Ls.(@1,am1) = {

(ii) Symmetry Property: /s (@1, @2) = Ls,(®2, @1),
(iii) Part of Homogeneity Property: For a,b € {—1,1} we have,

Ls. (@1, @2), ifab>0

/s (a1, boy) = .
5.(a01,b2) {71—13*(@1,@2), ifab < 0.
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(iv) Continuity Property: If @1, = @1 and @,, — @, (in norm) then £s (@1, @24) = £s.(@1, @2).

Proof. (i) From the definition of angle, the parallelogram property is obvious.
(i1) When @7 and @, are L.I., we have

Ls,(@2, @1)

= arccos [411 (qb(cDg, -@1) — P(@2, @1))]

— arccos (1+||®2||)(1+||@1||)[H @1 2_ H @ @ 2}
4| [l ] 1+ ||ch|| 1 llo1]] 1+ l@afl 1+ [lanll

— arccos (1 + [l + ||<Dz||)[H @ P B H @ @ 2]
4|1 |lllco]] 1+ ||ch|| 1+ [l T+logll 1+ [l@all

= /g, (@1, @2).

(iii) For the homogeneity property, we take only the non-zero L.I. vectors; otherwise, it is obvious.
(@) Ifa,b € {-1,1} and ab > 0 then we get two cases.
Case-I: Fora=1and b =1, /g (a®1,bdy) = £s,(D1, @) is obvious.
Case-II: Fora = —1 and b = -1, we get
Ls.(a@1, b)) = Lg (-@1, —@2)

= arccos[ (gi)( @1, @) — P(—@1, —602))]

o <1+||ca1||><1+||o2||>[” (-o1) @ Z_H (-@o1)  (-@) 2]
4@ [l T+ll-oll T+l-aalll  IT+l-@ll 1+l
=arccos(1*”‘Dl”x“”‘””)[” @ 2‘” @ @ 2]
4@ [l 1+||ca1|| Tl T ITH ol T T+ Tl
= /5. (@1, @2).

(b) If a,b € {-1,1} and ab < 0 then we get two cases.
Case-I: Fora = 1and b = -1, we get

Ls.(ad1, b)) = Ls, (@1, —@2)

= arccos le (qb((m, @2) — P(@1, —(Dz))]

— arccos (1 + llo1 1D + llo2]l) [H @ | H @ (-@) 2]

4|1 ll|2]] 1+ Ilcazll 1+ ||l T+ loill 1+ - a@all
B 1+ llo1l(1 + Ilmzll)[H @ @ | ’ ol @ 2]
= arccos - - - +

4l lll2l| T+ll@ll 1+l T+l@ll 1+ ol
_ (1 + [l + ll@2ll) @1 02 2 @1 @2 2
= arccos(—1) -

4|1 |l|o|l T+logll 1+ [l@all T+ floll 1+ |l@all

= arccos [_411 (qb(cD1, -@7) — P(@1, @2))]
= 71 — arccos [1 (qb(col, —@2) — P(@1, @2))]
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=1~ s (@1, @2).

Case-II: Fora = —1 and b = 1, in a similar manner, we have /s (a®1, b@;) = 1 — £s.(®1, @2)-

(iv) We know that the norm and cosine inverse functions are continuous. This continuity implies that
the angle function /s, has a continuity property, that is if @1, — @ and @, — @; (in norm) then
£8.(®14, @2y) = Ls.(@1,@2). [

Remark 2.16. Using Proposition (iii), it is easy to see that the angle function /g, satisfies the supplementary
angle property, that is, s (@1, @2) + Ls, (@2, —@1) = T

In the following example, we show that the angle function /s, does not satisfy the additivity property
in general, that is, £(@1, a®1 + p@2) + L(a®1 + B@2, @2) # L(®1, @2) for every @1, @, € X\{0} and a, § > 0.

Example 2.17. Consider a two-dimensional real sequence space X = €y equipped with the Holder weights ||.||, where
llo1 = (p, 9l = Ipl + |gl. Consider the vectors @1 = (2,3) and @, = (=1,1) in a normed space X. Then, ||o1]| = 5 and
llo2ll = 2. Here @1 and @, are L.1. with ||o1||ll@2l| # 0. From the definition of the angle function, we have

£s.(@1,@2) = arccos [}L (@1, @) - ¢(@1,®2))]

= arccos(0)
e

5
Also, we have

ZS»((Dl/ @1 + (DZ) = ZS» ((2/ 3)/ (1/ 4))

= arccos 4—8
B 50
_om
1007

and

zs, ((Dl + @2, (DZ) =Ls, ((1/ 4)/ (2/ 3))
= arccos 1
=0.
Therefore ZS*(LDl,ch + (Dz) + ZS*(CDl + @», CDz) * ZS*(LDl,CDz).

In the following example, we show that the angle function /s, does not satisfy the homogeneity property
in general, that is, 2s (a@1, f@2) # Ls,(®1, ®2) for every linearly independent vector @1, @, € X\{0}.

Example 2.18. Consider a two-dimensional real sequence space X = {1 equipped with a Holder weight ||.||, where
(e, Il = Ipl + Iql. Consider the vectors @1 = (2,3) and @, = (=1,1) in a normed space X. From Example[2.17} we
have

/s, (@1, @) = arccos 0.
Choosing a = 2 and = 3, we have
/5. (21, 3@,) = arccos le (¢, 302) - p(20n, 3@2))]
= arccos (g) .
308
Therefore £s.(201,3@2) # Ls,(@1, D2).
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In the following example, we discuss the geometry of acute, obtuse, and right angles.

Definition 2.19. Let @1, @ be two non-zero independent vectors in a normed space X. The angle between two vectors
@1 and @, is called an obtuse (respectively, acute) angle if there exists a unique number ty € (0, 00) (respectively,
to € (—00,0)) such that

[Y(to)| =

where Y function is same as in Proposition
Moreover, the angle between @1 and @, is right if [Y(0)] = 0

Theorem 2.20. Let @1, @2 be two non-zero independent vectors in an inner product space X. Then the angle between
@1 and @, is

(@1,02)

(i) acute angle if and only if 0 < arccos 4=y

<g;

(ii) obtuse angle if and only if 3 < arccos |<“’1"DZ>

Ty < 70,
@1 [lll2|] ’

{@1,@) _ 71
llosllll@all —

(ii) right angle if and only if arccos 25
Proof. In an inner product space X, using Lemma 2.7/ we have

Ky + tdy, @3)

llo1 + taolll|@all
(@1, @) + tl@|l?
@1 + tas|lll@all *

Y(t) =

(6)

where @1 and @, are non-zero L.I. vector.

(i) Let the angle between @; and @; be an acute angle. Then there exists t; € (—o0,0) such that [Y(fy)| = 0

. . . {@1,@02) s
From (6) we have (@1, @) > 0 wh1Ch<1mpl>1es that 0 < arccos Tordlad < 2
@1,0 . . e .
Conversely, assume that 0 < arccos 0 (Df”” (;2” < 7 thatis, (@1, @2) > 0. Using @, Y(f) = 0 implies that

t <0, that is, the angle between ®; and @, is an acute angle.

(ii) Let the angle between @1 and @, be obtuse. Then there exists ¢y € (0, o) such that [Y(fy)| = 0. From

(6), we have (@1, @,) < 0 which implies that J < arccos % < 7.

{@1,@2) . _ . .
Conversely, assume that 7 < arccos o ]IIH @2 I <, that is, (@1, ®2) < 0. Using @, Y(t) = 0 implies that

t > 0 that is, the angle between @1 and @; 1s an obtuse angle.

(iii) Let the angle between @; and @, be a right angle. Then there exists ty = 0 such that [Y(tp)| = 0. From
(6) we have (@1, @,) =0
Conversely, assume that arccos % = thatis (@1, @;) = 0. Using (6) we have Y(t) = 0 implies
t = 0. Therefore, the angle between @, and @ is a right angle.

|
In the following example, we discuss the geometry of acute, obtuse, and right angles.
Example 2.21. Consider a two-dimensional real sequence space with a £, norm.

(a) Taking @1 = (5,2) and @, = (3,2) we have the angle between @1 and @ is an acute angle. In Figure a), we see
that Y(t) = 0 when t = —=1.4 < 0 for @1 = (5,2) and @, = (3,2). This indicates that the angle between @1 and
@, is an acute angle, and the value of the angle is approximately 10°.

(b) Taking @1 = (5,—2) and @, = (=3, 3) we have the angle between @ and @, is obtuse angle. In Figure[I|b), we
see that Y(t) = 0 when t = 0.5 > 0 for @1 = (5,-2) and @, = (=3,3). This indicates that the angle between @1
and @, is an obtuse angle, and the value of the angle is approximately 162°.
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(c) Taking @1 = (3,0) and @, = (0, 2) we have the angle between @1 and @, is a right angle. In Figure c), we see
that Y(t) = 0 when t = 0 for @1 = (3,0) and @, = (0,2). This indicates that the angle between @1 and @, is a

right angle.

-5 0 5 -5 0 5

1% t—¥

(a) Acute Angle (b) Obtuse Angle

) 0
t—

(c) Right Angle

Figure 1: Plot of Y(t) vs t of Example (@), (b), (c)

Now, we discuss the relationship between the angle function /s, and other renowned angles present in

the literature.
First, we obtain that in an inner product space, the angle function /s, corresponds to the Euclidean

angle.

Theorem 2.22. Assume that (X,<.,.)) is an inner product space with {.,.) and ||.|| is the generated norm. Then
Ls.(@1,@2) = Leucia(@1, @2), for all non-zero linearly independent vectors @1, @, € X.

Proof. For all non-zero linearly independent vectors @1, @, € X, we have

(1+ ol + II@zII)[H @ @ |* H @ @ 2]
4l lll-l| T+l 1+ ol 1+ loill 1+ [l@all
_ @+ o)A + [l@2ll) < @1 @ >
- 4|0 [l |l 1+ flogll” 1+ ||l
_ (A [l@1 DA + lioall) y o1, @)
4l lll-l| (I + lo1l)(1 + ll2ll)
_ {1, @7)
Ml llll@all”

Therefore, /s, (@1, @2) = Zeucia(@1, @2) for all linearly independent vectors @1, @, # 0. [

Now, we discuss the relationship between angle (Zs,), isosceles angle (/1) and Thy angle (/).
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It is interesting to note that for the L.I. unit vectors @1, @, € X, Zs,(@1, @2) = Z1(®1, @2) = L1y (@1, D2).

Now, we give an example of non-zero linearly independent vectors @1, @, such that /s (@1, @2) #
L1(@1, @2) # L1hy(@1, @2).

Example 2.23. We consider X = R? equipped with a max norm. Choose @1 = (1,2) € X and @, = (3,-1) € X such
that ||@1]| = 2 and ||@,|| = 3. Consider

Ls, (@1, @7)
N € 3 1) (1+||<a2||>[H @, 2_” @ @ 2]
4|1 [l 1+||ca1|| 1+||CD2|| T+l 1+l
(1+2)(1+3) H Hl 1 2
= - = —z(1,2)->@3,-1
arccos 152 %3 3( ,2) 4(3, )
_ 1 2 2
= arccos 5 X == [(13, 5)IF = (-5, 11)|P]
—arccosﬂ
h 2% 144
1
—arccos(g)
_ 471t
.
llor + @al* — ll@1 — @2l
/1(@1, @y) = arccos
(@1, 2) Horloal
 arecos M1:2) + 3, =DIP ~ I(1,2) - (3, ~1)IP
= arcco.
4x2x%3
 arecos 1@ DIP ~1I=2,3)1P
4x2x%x3
= arccos 16-9
- 24
—arccos(z)
- 24
73n
180
Lrpy(@1, @2) = arccos — [H H ©2 2]
h ’
Thy el 52 N ||®2|| ||cal|| ol

2
1
5(3/ _1)

arccos 1 [”5(1,2) + 5(3, -1)

]

1 2 2
arccos === [0, I ~ -3, 8)IF]
81 -64

4 x 36

3 ( 17 )
= arccos 1536
_ 83m

_@.

arccos
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llo1 ]2 + ll@all — llo1 — @l
/p(@1, @) = arccos (
’ 2||@1]|l|@2l|

_ (Il(l 2P +1G, -DIP - 111,2) - (3,1)||2)
= arcc

2[|(L, )M, =D

—aI'CCOS(4+9 4)
2%x2x%3
= arccos )
_4n

©180°

Therefore, /s (@1, @2) # L1(@1,@2) # LThy(@1, ®2) # Lp(®1, @2) non-zero linearly independent vectors @1, @,.

3. Conclusion

In conclusion, the paper presents a novel concept of angular function orthogonality in normed spaces,
exploring its properties and geometrical implications. It establishes a connection between this new orthog-
onality and standard orthogonality in inner product spaces. We present a well-defined angle using the
angular distance function and analyze its geometric features, classifying angles as acute, obtuse, or right
in normed spaces. We demonstrate our conclusions with several non-trivial cases and describe how this
angle relates to other angles.

We have the following open question from our observation:

“Is it possible to connect two non-zero angular function orthogonal vectors through a third non-zero vector,
which is an angular function orthogonal to both?”

Acknowledgements. The authors are thankful to the learned referee for the valuable suggestions.
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