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Abstract. We study f-rectifying curves in hyperbolic quaternionic space H. A curve is

called f-rectifying if its f-position vector field always lie in its rectifying space. In this paper,
we establish some characterizations of lightlike hyperbolic quaternionic f-rectifying curves.

1 Introduction

By a quaternion [1, 2], we mean an expression of the form

3
q= Z 4i€i,
=0
where qo, q1,¢2,q93 € R and ¢y = 1, ey, e2, e3 are unit quaternions that meet the following quater-

nionic product rules:

€ie; = —l, 1= 17273;
€i€j = € = —€;€4;

eejer = —1,

where (i j k) stands for an even permutation of (1 2 3).
In similar way, a hyperbolic quaternion introduced by A. Macfarlane in 1902 [3] is expressed

3
q= ae
=0

where qo, q1,¢2,93 € R and eg = 1, ey, ey, e3 are called unit hyperbolic quaternions that admit
the following conditions:

as

eie; =1, ejej =ep = —eje;, eejep =1,

where (i j k) is an even permutation of (1 2 3). The collection of all hyperbolic quaternions,
denoted by H, forms a Lorentzian vector space with a basis {1, e, ey, e3}. For a hyperbolic
quaternion g, its conjugate denoted by ¢* is defined by [4]

3
¢ =q - Z qiC;.
i=1

For all ¢ € H, the product
—qr= -G+ G+ B+ a
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defines the quadratic form on the semi-Euclidean space R} with signature (—, +, 4+, +). In this
sense, Hl is isomorphic to R‘l‘.

In 2003, B. Y. Chen [5] introduced rectifying curves as smooth space curves whose position
vectors lie in their rectifying planes (the planes spanned by the tangent and binormal vectors of
the concerned curve). After that, the study was expanded to multiple ambient spaces. In this
context, we mention that Gungor and Tosun [6] studied quaternionic rectifying curves in 2011.

In 2018, F. Hathout [7] introduced f-rectifying curves (a generalized version of rectifying
curves). The same topic has been studied in various spaces, including Minkowski spaces [8, 9,
10] and Euclidean spaces [11]. Our aim in this paper is to explore characterizations of lightlike
hyperbolic quaternionic f-rectifying curves.

The structure of this article is as follows: We start with a discussion on essential informations
in the preliminaries section. Following that, we introduce the concept of hyperbolic quaternionic
f-rectifying curves. Finally, we explore some of their characterizations.

2 Preliminaries

The scalar product o : H x H — R on H is defined by [4]
1 * *
(pq) = o(p,q) i= =5 (pg" +ap") = = podo + P11 + P26 + P33
for all p, g € H. The norm of a hyperbolic quaternion ¢ is denoted and defined by

lal = lo(a.0)l = /| — @ + ¢ + 3 + a2l

Since the scalar product o is non-degenerate everywhere on H, so we can consider a hyperbolic
quaternion q as spacelike (when o(q,q) > 0 or ¢ = 0) or lightlike (when o(q, q) = 0 but ¢ # 0)
or timelike (when o(q, ¢) < 0)[12, 13, 14].

As in [6], a hyperbolic quaternionic curve « : J — H can be expressed as

3
at) = Zai(t)ei Vted,
i=0
where J C R is an interval and ag, a1, a3, a3 : J — R are differentiable. Its derivative is
provided by

3
o (t) = Za;(t)ei Vteld
=0

A hyperbolic quaternionic curve « may be spacelike (when o (o/(t),/(t)) > 0 or «(t) = 0 for
all ¢ € J) or lightlike (when o (¢/(t),&/(t)) = 0 or &/(t) # 0 for all t € J) or timelike (when
o(d/(t),d/(t)) <Oforallt € J)[12, 13, 14].

If o is a spacelike or timelike curve in H and we modify the parameter ¢ using arc length
s:J — I based at t, € J provided by s(t) = ftz |l (v)||dv then we find o(a/(t), o/ (t)) = 1
for every possible s € I respectively, in this case « is called unit-speed in H. Again, if « is a
non-linear lightlike curve in H and we modify the parameter ¢ using pseudo-arc length s : J — [
based at ¢y € I provided by s(t) = fti Ve (v)||dv then we get o(a/(s),a”(s)) = 1 for every
possible s € I, in this case « is called unit-speed in H.

For a lightlike curve « in H, the tangent, normal, first binormal and second binormal vectors
are defined as follows:
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"1 ! " n ! " "/ nonr_’ n_n_r/
By(s) = (ajag oy’ — ajay' o — o asay’ + o) asay + af oy’ oy — af’ay a3) (s)eo

! n_rn ! "1 n ! " "/ non_r n_n_r/
+ (apay' o — apayay’ + agasdy’ — ag'abal — agay’ay + ag'ayay) (s)er

" rn ! /N n ! " "/ Vi non_ "/
+ ("o — apai oy’ + agaiey’ — ag’afaf — agai’a) + ag’afaf) (

" _ I NN "o 11 mn I "1l mn 1 r
+ (aoal Qy — QpQp Qp + Qpa 1y — Oy O 0y — Oy Qi + Qg O Oéz) s)es,

)
s)ez

)
respectively, where e v = o(N’, N'). Here B, = T'ALN AL By, where Ap, denotes the Lorentzian

cross product[12] on E}. Thus {7T'(s), N(s), Bi(s), B2(s)} provides the Frenet frame for the
curve « at «(s) and the Frenet equations are

T = V] N,
N =uT-vB
2] v by, 2.1)
B = -1nN+13bB;,
Bé = —Z/3T,
where v, 1, and v3 represents the first, second and third curvature respectively also
(T, T) =0, o(T,N) =0,
U(T,Bl) 7 O’(T Bz) —0,
o(N,N)=1, o(N,B;)=0, 2.2)
(T(N BQ)—O, O’(B],B]) ,
0(B1,B) =0, o(B,B;) =

In this situation, the only possibility for the first curvature is v; = 1.

3 Null hyperbolic quaternionic f-rectifying curves in H

A unit speed lightlike curve o« : I — H is called a rectifying curve[5] in H if the position vector
field of « lies in its rectifying space, i.e., if the following equation is satisfied by its position
vector field:

a(s) = G (s)T(s) + C(s)Bi(s) + ¢3(s) Ba(s)

for every s € I, where (i, (, (3 : I — R are smooth functions with parameter s, and {T, N, By,
By, vy = 1,15, 13} is the Frenet apparatus for a.
The f-position vector field «y of the curve « is now defined by

)i [ 5 =§:</f (s ) e

for every s € I, where f : I — R is an everywhere non-zero integrable function. A unit speed
lightlike curve o : I — H is said to be an f-rectifying curve in H if the f-position vector af(s)
of « is of the form

ay(s) = G (s)T(s) + G(s)Bi(s) + G(s)Ba(s)
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or equivalently,

_ ! s ! " rn "/ " "/ 1 no Nl n o’
ap(s) = {C3 (djaray’ —ajah'ay — afahay’ + o) dhay + ofay’ay — o' af af)

+ (6= 5¢) ah— Gap'}(s) eo

" _ 1 n_r I "1

+{<3(a6a/2//ag/_a6a2a3 +060a20[3 _ao "l "1 /)

ayaly — agay’ ol + af' b o

+ (Cl - %Cz) o) — Cza/f/}(s) el

"1 n_r "1

+{C3 (aéall//ag/ _a6a1a3 +040061a3 _ao "1l "1 /)

"
Qo — gy oz + o oo

2
+ <Cl + W@) o) — Czaé"}(S) €

A " n A 1 "7 " "l 1 non_! " !
+{C3 (apay’ay —agafay’ + agajay’ — ap'ajay — agal’a) + ap af aj)

+(a-Fe)ab -y fm e G

for every s € I, where (1, (», (3 : I — R are smooth functions.

4 Some characterizations of lightlike hyperbolic quaternionic f-rectifying
curves in [H

Now, we establish some characterizations of lightlike hyperbolic quaternionic f-rectifying curves
in H. In this regard, we state and prove the following theorems:

Theorem 4.1. Let o : I — H be a unit-speed lightlike hyperbolic quaternionic curve and f :
I — R be an everywhere non-zero integrable function. Then, up to isometries of H, the relation

avh(s) + <a / vr(s)ds — b) v(s) = £(s) @.1)

is valid for each s € I if and only if o is congruent to an f-rectifying curve in H, where a and b
are two constants with b # Q.

Proof. At first, we assume that o : I — H is a lightlike hyperbolic quaternionic curve with and
f I — Ris an everywhere non-zero integrable function such that the relation (4.1) is satisfied.
We define V as a vector field along « by

V(s) = a(s) — an(s) T(s) — aBi(s) - (—a [ rtsras+ b) Ba(s)

for every s € I. By using (2.1) and (4.1) after differentiating the last equation, we get V'(s) = 0
for every s € I. This shows that V is a constant vector field along «. Therefore, up to isometries
on H, the curve « is congruent to an f-rectifying curve in H.

Conversely, let us assume that o : I — H be a unit-speed lightlike hyperbolic quaternionic
f-rectifying curve, where f : I — R be an everywhere non-zero integrable function. Then, for
some smooth functions
Ci,¢2, ¢t I — R, its f-position vector field af satisfies the relation (3.1).
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Applying (2.1) after differentiating (3.1), we get
3

(61(8) = ms(9)a(s) - £(5)) S al(s)ei+ (61(8) = m(9)a()) 3 af (s)e
i=0

i=0

) (2ol - at'9) e+ (60 + ra(9)a(o)

im0 NV
(s)
(s)

/ " / /N n ! 12 1/ 1 "ol "/
+ (g’ — ey’ + agajay’ — ay'ajay — agal’ay + ap'of o) (s)es} = 0.

A " ! " rn n ! " "/ 1 "o ! nn !
{ (djaray’ —ajay'ay — afagaf’ + af'dhay + afay’a3 — af'aj o

n_ 1 "1 1 "1

/ n_rn ! 1
+(apay’of — agasaf’ + agasas’ — ap'ayas — agasy’as + ag oy o)

n_1n "1 "1 " ! "1/

no_n_’ n_n /)
A " n / 1
+ (apai’ oy — apaias” + agajay’ — o’ ajaf — agal’a; + af’afa3)

€0
€1
€2

By applying (2.2) on the above equation, we get

Ci(s) = va(s)G(s) = f(s) =0,
Ci(s) —12(s)Ga(s) =0,
G(s) =0,
GG(s) +v3(s)Ca(s) =0
for every s € I. The final three equations of (4.2) give

Ci(s) = an(s),
G(s) = a, 4.3)
G(s) = —a [v3(s)ds +b
for every s € I, where a and b are two constants. Now our desired equation (4.1) is obtained by
replacing the first and third relations of (4.3) with the first one of (4.2). O

4.2)

Remark. Since o (T, B;) = 1, by using (3.1) and (4.3), the tangential part o (as, T') of a is
given by
o(ap,T)=G=a,

where a is a constant. This shows that o (o, T') is globally vanishing if a = 0 and o (ay, T) is
globally non-vanishing if a # 0.

As aresult, we obtain several characterizations of unit speed lightlike hyperbolic quaternionic
f-rectifying curves in H with a globally vanishing tangential component in the subsequent theo-
rem.

Theorem 4.2. Let o : I — H be a unit-speed lightlike hyperbolic quaternionic curve and f :
I — R be an everywhere non-zero integrable function. Then, « is an f-rectifying curve in H
with a globally vanishing tangential part o (o, T') if and only if the norm function ||a || reduces
to a positive constant.

Proof. Let us consider that « : I — H be a unit-speed lightlike hyperbolic quaternionic f-
rectifying curve with globally vanishing tangential part o(os,T), where f : I — R is an ev-
erywhere non-zero integrable function. Then, for some smooth functions ¢;,(,( : I — R,
a satisfies the equation (3.1). Additionally, we get sets of equations (4.2) and (4.3), when we
proved the theorem 4.1. Now o(as,T) = 0 gives us a = 0 and so the equations (4.3) reduce to

Gi(s) =0, 2(s) =0and G3(s) = b (4.4)

for every s € I, where b # 0 is a constant. Then equation (3.1) becomes

_ / i / n_n "7 " n 1 1 no Nl n_n__/
ar(s) =b(ajasay’ —ajay'af — afopay’ + af’ayad + of oy’ — af’ g af) (s)

/ n_n / s "/ " "/
+b (apay o — agag o’ + agasal’ — of

(
n_mn_/ n_ /)(8)

s — agay’ o + ap oy g

€0

b €1
/ n_n / "o /BN " "/ 12 "o ! "o !

+b (apa’ o — apaf o’ + agaiay’ — o’ ajay — agai’ay + ap’af o) (s) ez
! n_rn ! "I n ! " "/ 1 no_nr_r n_rn_r/

+b (apay’ 0y — apat ey’ + agajay’ — ag’ajey — agay’ ey + ag afa)) (s) es,



894 Soriful Islam

for every s € I. By using the last equation, we find
olap,ap) =b* > 0.

This shows that, ||« || is a positive constant.

Conversely, let o : I — H be a unit-speed lightlike hyperbolic quaternionic curve and f :
I — R be an everywhere non-zero integrable function such that the norm function ||| be a
positive constant. Then a constant b > 0 exists in a way that

o(ay,ap) =b.

Differentiating and using the everywhere non-zero property of f, we get
o(ap,T)=0.

Again, differentiating the last equation and applying (2.1) and (2.2), we get
o(ap,N)=0.

This shows that oy is an f-rectifying curve in L.
|

In the next theorem, we establish a characterization of a lightlike hyperbolic quaternionic
f-rectifying curve « with respect to first binormal part and second binormal part of a¢.

Theorem 4.3. Let o : I — H be a unit-speed lightlike hyperbolic quaternionic curve and f :
I — R be an everywhere non-zero integrable function. Then, « is an f-rectifying curve in H with
a globally vanishing tangential part o (s, T') if and only if the first binormal part o (o, By) of
ay vanishes everywhere and the second binormal part o (o, By) of o is provided by

o (af(s), Ba(s)) = b
for every s € I, with b # 0 is a constant.

Proof. Let us consider that « : I — H be a unit-speed lightlike hyperbolic quaternionic f-
rectifying curve with globally vanishing tangential part o(ay,T’), where f : I — R is an ev-
erywhere non-zero integrable function. Then, for some smooth functions (i, (, (3 : I = R, ay
satisfies the equation (3.1).Then we get equation (4.4) when we proved theorem (4.2). By using
the equations (2.2), (3.1) and (4.4), we obtain the first binormal part as

o(ay(s), Bi(s)) = Ci(s) = 0
for every s € I, and the second binormal part as
o(ay(s), Ba(s)) = G3(s) = b

for every s € I, where b # 0 is a constant.

Conversely, let o : I — H be a unit-speed lightlike hyperbolic quaternionic curve and f :
I — R be an everywhere non-zero integrable function. Also let the first binormal part and the
second binormal part of ¢ are respectively given by

o(as(s), Bis)) = 0
and
o(ag(s), Ba(s)) = b (4.5)

for every s € I, where b # 0 is a constant.
Differentiating (4.5) and by using (2.1) and (2.2), we get

o(ap,T)=0.
Again differentiating the last equation and applying (2.1) and (2.2) we get
(T(Oéf, N) =0.

This shows that o is an f-rectifying curve in H with globally vanishing tangential part. O
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The following theorem provides multiple characterizations of a unit speed lightlike hyper-
bolic quaternionic f-rectifying curves in H with everywhere non-vanishing tangential part.

Theorem 4.4. Let o : I — H be a unit-speed lightlike hyperbolic quaternionic curve and f :
I — R be an everywhere non-zero integrable function. Then, « is an f-rectifying curve in H
with a globally non-vanishing tangential part o(«y,T) if and only if the norm function |ay||

satisfies
lag ()l = /12aF (s)] (4.6)

for every s € I, where a # 0 is a constant and F is a primitive of f.

Proof. Let us consider that @ : I — H be a unit-speed lightlike hyperbolic quaternionic f-
rectifying curve with globally vanishing tangential part o(ay,T'), where f : I — R is an ev-
erywhere non-zero integrable function. Then, for some smooth functions (i,(,(3 : I = R, ay
satisfies equation (3.1). Additionally, we get sets of equations (4.2) and (4.3), when we proved
the theorem 4.1. Now o (ay,T) # 0 gives us a # 0. Also by applying (4.3) in the first and last
equations of (4.2) we get

aci(s) + G3(s)¢3(s) = af(s)
for every s € I. Taking integration on both sides with respect to s, we get

2a(1(s) + (3(s) = 2aF(s) 4.7
for every s € I. By using (2.2), (3.1), (4.3) and (4.7), we get

lg ()]l = /1201 (s) + G(s)| = 1/12aF (s)

for every s € I, where a # 0 is a constant.
Conversely, let o : I — H be a unit-speed lightlike hyperbolic quaternionic curve and f :
I — R be an everywhere non-zero integrable function. Also let the norm function ||a || satisfies

lay (s)ll =/ [2aF (s)] (4.8)

o (ay(s), ar(s)) = 2aF(s)
for every s € I, where a # 0 is a constant and F is the primitive function of f. By using
everywhere non-zero property of f, we get after differentiation

o (as(s), T(s) = a # 0

for every s € I, where a # 0 is a constant. Differentiating the final equation and then using (2.1)
we get

or equivalently,

o (ay(s),N(s)) =0

for every s € I. Hence oy is an f-rectifying curve in H with globally non-vanishing tangential
part. ]

In the next theorem we establish a characterization of a lightlike hyperbolic quaternionic f-
rectifying curve v with globally non-vanishing tangential part o (o s, T') with respect to the first
and second binormal part of ;.

Theorem 4.5. Let o : I — H be a unit-speed lightlike hyperbolic quaternionic curve and f :
I — R be an everywhere non-zero integrable function. Then, « is an f-rectifying curve in H with
a globally non-vanishing tangential part o (o s, T') if and only if the first binormal part o (o s, By)
and the second binormal part o(a g, B,) satisfies

{a (as(s), Bi(s)) = awa(s),
o (ag(s), Bx(s)) = — (a [ v3(s)ds +b)

for every s € I respectively, where a and b are two non-zero constants.

4.9)
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Proof. Let us consider that o : I — H be a unit-speed lightlike hyperbolic quaternionic f-
rectifying curve with globally vanishing tangential part o (o s, T), where f : I — R is an ev-
erywhere non-zero integrable function. Then, for some smooth functions ¢1,(,(3 : I = R, ay
satisfies equation (3.1). Additionally, we get sets of equations (4.2) and (4.3).

By using (2.2), (3.1) and (4.3), we get the first binormal part as

o (ay(s), Bi(s)) = ava(s)

for every s € I, where a # 0 is a constant.
Now, from the first equation of (4.2) by replacing the first two relations of (4.3), we get

avy(s) — f(s)

v3(s)

G(s) =

for every s € I, where a # 0 is a constant. Applying (4.1) in the last equation, we get

G(s) = — <a/u3(s)ds + b) (4.10)

for every s € I, where a and b are two non-zero constants.
By using (2.2), (3.1) and (4.10), we get the second binormal part is

7 (ar(s).Balo)) = - (a [ n(s)as +1)

for every s € I, where a and b are two non-zero constants.

Conversely, Let « : I — H be a unit-speed lightlike hyperbolic quaternionic curve and
f + I — R be an everywhere non-zero integrable function. Also let the first binormal part
o(ay, By) and the second binormal part o (a s, B,) satisfies

o (ayf(s), Bi(s)) = a(s), 4.11)

o (as(s), Ba(s)) = — <a/1/3(s)ds+b>

for every s € I respectively, where a and b are two non-zero constants.
Now differentiating the last equation and applying (2.1) we get

o (as(s),T(s)) = a

for every s € I, where a # 0 is a constant. Differentiating the final equation and then using (2.1)
we get
o (ay(s),N(s)) =0

for every s € I. Hence ay is an f-rectifying curve in H with non-vanishing tangential part
everywhere. O

In the next theorem, we find an explicit form of oy of an f-rectifying curve o in H with
globally non-vanishing tangential part o(a s, T).

Theorem 4.6. Let o : I — H be a unit-speed lightlike hyperbolic quaternionic curve. Also, let
f I — R be an everywhere non-zero integrable function. Then « is an f-rectifying curve in
H with o (ay, ) # 0 and globally non-vanishing tangential part o (o, T) if and only if oy

satisfies the equation
af(z) =1/2aF(s0) e"a(z) (4.12)

for every x € J, where a is a non-zero constant, F is the primitive of f and sy € I for which
aF(so) > 0and o : J — H is a timelike unit-speed curve with |«|| = 1 and x : I — J is an
arc-length function.
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Proof. Let us assume that « : I — H be a unit-speed lightlike hyperbolic quaternionic f-
rectifying curve such that o (af(s), ar(s)) > 0and o (ay(s),T(s)) # 0 for every s € I, where
f : I — Ris an everywhere non-zero integrable function. Then by using theorem (4.4), we get

o (af(s),ar(s)) =2aF(s) >0

for every s € I, where a is a non-zero constant. Next, we construct a curve « as

a(s) = !

V2aF(s) os(s)
as(s) = y/2aF(s)a(s) (4.13)

for every s € I. Now, from the equation (4.13) we get
o(a(s),a(s)) =1 4.14)

for every s € I. This shows that « is a curve in H with ||| = 1. Differentiating the last equation,
we get

for every s € I. Then we get

o(a(s),d'(s)) =0 (4.15)
for every s € I. By applying (4.14) and (4.15) after differentiating (4.13), we get
f2(s)
o (O/(s)v a/(s)) = 74.7:2(8)

for every s € I. This shows that « is a timelike curve in H and

(o) = 2o

for every s € I. Now the arc length function = : I — J of « starting at sy € I is given by

= / e (v) o
S0

This gives us
F(s) = e** F(s0). (4.16)
Therefore, o : J — H is a timelike unit speed curve with arc length function = and also it is clear
that aF(sp) > 0. By applying (4.16) in the equation (4.13), we get (4.12). Similar argument can
be derived for o (a(s),ar(s)) <O0.
Conversely, let us assume that o : I — H be a unit-speed lightlike hyperbolic quaternionic

curve and f : I — R be an everywhere non-zero integrable function and « satisfies the equation
(4.12) with aF(sg) > 0, where sy € I and a is a non-zero constant. We also get

o(a(z),a(r)) =1, o(a(z),d(z)) =0 and o (d'(z),a (z)) = —1
for all x € J. Hence by using (4.12), we get
o (ap(x),ap(z)) = 2aF (so)e*” (4.17)

for all # € J. This shows that o (af(z),ar(z)) > 0 for every z € J. Now « can be
reparametrized by

2 F(s)

e X

F(s0)°

Then s represents pseudo-arc length function of «. Hence, (4.17) reduces to
o (ay(s),az(s)) = 2aF(s)

for every s € I and therefore we get

g ()l = y/lo (s (s). ap(s) | = /1207 (s)]

for every s € I, where a # 0 is a constant. So, by using theorem (4.4), we can conclude that «
is an f-rectifying curve in H with everywhere non-vanishing tangential part.

O
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