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Abstract

In this paper, we define the notions of T-magnetic, Ni-magnetic, N2o-magnetic curves according
to Bishop frame and &1-magnetic, £2-magnetic, B-magnetic curves according to type-2 Bishop
frame in Euclidean 3-space. Also, we obtain the magnetic vector field V' when the curve
is T-magnetic, Ni-magnetic, Nz-magnetic trajectory of V according to Bishop frame and
&1-magnetic, £2-magnetic, B-magnetic trajectory of V' according to type-2 Bishop frame. Finally,
we give an example for magnetic curves according to Bishop frame and type-2 Bishop frame.
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1 Introduction

The magnetic curves on a Riemannian manifold (M, g) are trajectories of charged particles moving
on M under the action of a magnetic field F'. A magnetic field is a closed 2-form F on M and
the Lorentz force of the magnetic field F' on (M, g) is a (1,1)-tensor field ® given by g(®(X),Y) =
F(X,Y), for any vector fields X,Y € x(M). In dimension 3, the magnetic fields may be defined
using divergence-free vector fields. As Killing vector fields have zero divergence, one may define a
special class of magnetic fields called Killing magnetic fields.

Different approaches in the study of magnetic curves for a certain magnetic field and on the fixed
energy level have been rewieved by Munteanu in [1]. He has emphasized them in the case when
the magnetic trajectory corresponds to a Killing vector field associated to a screw motion in the
Euclidean 3-space. In [2], the authors have investigated the trajectories of charged particles moving
in a space modeled by the homogeneous 3-space S? x R under the action of the Killing magnetic
fields.

In [3], the authors have classified all magnetic curves in the 3-dimensional Minkowski space
corresponding to the Killing magnetic field V' = a0, 4+ b9y + 0., with a,b, ¢ € R. They have found
that, they are helices in E} and draw the most relevant of them. In 3D semi-Riemannian manifolds,
Ozdemir et al. have determined the notions of T-magnetic, N-magnetic and B-magnetic curves and
give some characterizations for them [4]. Also, in [5], the authors have studied on magnetic pseudo
null and magnetic null curves in Minkowski 3-space.

In any 3D Riemannian manifold (M, g), magnetic fields of nonzero constant length are one to one
correspondence to almost contact structure compatible to the metric g. From this fact, many
authors have motivated to study magnetic curves with closed fundamental 2-form in almost contact
metric 3-manifolds, Sasakian manifolds, quasi-para-Sasakian manifolds and etc (see [6], [7], [8], [9]).

On the other hand, the local theory of space curves has been studied by many mathematicians by
using Frenet-Serret theorem. The Frenet frame is constructed for the curve of 3-time continuously
differentiable non-degenerate curves. But, if the second derivative of the curve is zero, then the
curvature may vanish at some points on the curve. For this reason, we need an alternative frame in
E3. Hence, an alternative moving frame along a curve is defined by Bishop in 1975 and he called it
Bishop frame or parallel transport frame which is well defined as well the curve has vanishing second
curvature [10]. The Bishop frame have many applications in Biology and Computer Graphics. For
example it may be possible to compute information about the shape of sequences of DNA using
a curve defined by the Bishop frame. The Bishop frame may also provide a new way to control
virtual cameras in computer animations [11]. After defining this useful alternative frame, many
studies have been done by mathematicians using it and type-2 Bishop frame in E® Euclidean space
and Fj Minkowski space (see [11], [12], [13], [14], [15] and etc).

In this study, the third chapter is devoted to the notions of T-magnetic, Ni-magnetic and Na-
magnetic curves according to Bishop frame in Euclidean 3-space. In the third chapter, also we
obtain the magnetic vector field V' when the curve is a T-magnetic, Ni-magnetic and No-magnetic
trajectory of V' according to Bishop frame. In the fourth chapter, we investigate the &;-magnetic,
&>-magnetic and B-magnetic curves according to type-2 Bishop frame in Euclidean 3-space and we
obtain the magnetic vector field V' when the curve is a £1-magnetic, {2-magnetic and B-magnetic
trajectory of V' according to type-2 Bishop frame. Finally we give an example for magnetic curves
according to Bishop frame and type-2 Bishop frame.
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2 Preliminaries
Firstly, we will recall some fundamental notions about curves in Euclidean 3-space E°.

If T, N and B are unit tangent vector field, unit principal normal vector field and unit binormal
vector field of a space curve a, respectively, then {T, N, B} is called the moving Frenet frame of «
and the Frenet-Serret formulae is given by

T’ 0 k 0 T
N |=| - 0 7 N |, (2.1)
B’ 0 -7 0 B
where
g(T,T) = g(N,N) =g(B,B) =1, g(T,N) = g(N, B) = g(B,T) = 0. (2.2)

Here k and 7 are curvature functions of the curve « [16].

An alternative moving frame along a curve is defined by Bishop in 1975 [10]. For defining an
alternative moving frame which is called Bishop frame or parallel transport frame in E3, one can
parallel transport each component of an orthonormal frame along the curve. Moreover, this frame
is well defined as well the curve has vanishing second curvature. The Bishop frame is written as

T’ 0 ki ke T
N |=| =kx 0 0 M |, (2.3)
N} —ks 0 0 Na

where T is the tangent vector of the curve and {NN1, N2} are any convenient arbitrary basis for the
remainder of the frame. Here, {T), N1, N2} is called Bishop trihedra and k;, and k2 are called Bishop
curvatures of the curve a. The relation between Frenet frame and Bishop frame is given by

T 1 0 0 T
N | =] 0 cosf(t) sinf(t) Ny |, (2.4)
B 0 —sinf(t) cosb(t) No

where 0(t) = arctan ’;—f, 7(t) = 0'(t) and k(t) = \/(k1)® + (k2)®. The Bishop curvatures are defined
by k1 = kcos0(t), ka = ksin(t).

Another relatively parallel adapted frame is called type-2 Bishop frame and it is defined by

fi 0 0 —=a1 &
& = 0 0 —eo &2 (2.5)
B/ E1 E2 0 B

and the relation between Frenet frame and type-2 Bishop frame is given by

T sinf(t) —cosf(t) 0O &
N | = | cosf(t) sinf(t) 0 &, (2.6)
B 0 0 1 B

where 0(t) = arctan 22, k(t) = 0'(t) and 7 = /(1) + (£2)°. Here, {€1,0, B,e1,e2} is called the

type-2 Bishop apparatus of the curve o = «(t) and the type-2 Bishop curvatures are defined by
e1(t) = —7cosO(t), e2(t) = —7sinf(t) (for detail see [10], [12], [15] and etc.).

Now, we will give some informations about the magnetic curves in 3-dimensional semi-Riemannian
manifolds.
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A divergence-free vector field defines a magnetic field in a three-dimensional semi-Riemannian
manifold M. It is known that, V € x(M") is a Killing vector field if and only if Lyvg = 0 or,
equivalently, VV (p) is a skew-symmetric operator in T,(M"), at each point p € M™. It is clear
that, any Killing vector field on (M™, g) is divergence-free. In particular, if n = 3, then every Killing
vector field defines a magnetic field that will be called a Killing magnetic field [17].

Let (M, g) be an n-dimensional semi-Riemannian manifold. A magnetic field is a closed 2-form F’
on M and the Lorentz force ® of the magnetic field F on (M, g) is defined to be a skew-symmetric
operator given by
9((X),Y) = F(X,Y), VX,Y € x(M). (2.7)
The magnetic trajectories of F are curves o on M that satisfy the Lorentz equation (sometimes
called the Newton equation)
Vo =d(a). (2.8)

The Lorentz equation generalizes the equation satisfied by the geodesics of M, namely Vo' = 0.
Note that, one can define on M the cross product of two vectors X,Y € x(M) as follows
9g(X xY,Z)=dvy(X,Y,Z), VZ € x(M).

If V is a Killing vector field on M, let Fyv = 1y dvy be the corresponding Killing magnetic field. By
1 we denote the inner product. Then, the Lorentz force of Fy is

P(X)=V x X.
Consequently, the Lorentz force equation (2.8) can be written as

Vod =V xad (2.9)
(for detail see [1], [4]).

Let a(t) be a non-null immersed curve in a 3-dimensional Lorentzian space form M with sectional
curvature c and let v(t) = |o/(t)| be the speed of a. Let us consider a variation of o, I' = T'(¢, 2) :
I x (—e,e) — M with I'(¢,0) = «(t). In particular, one can choose € > 0 in such way that
t-curves of the variation have the same causal character as that of a. Associated with I' there are
two vector fields along T', V/(t,2) = 2L (¢, 2) and W (¢, z) = 2 (¢, 2). In particular, V(t) = V(£,0) is
the variational vector field along « and W (t, z) is the tangent vector field of the ¢-curves. We will
use the notation V = V(¢,2), v = v(t, 2), K = k(t, z), etc. with the obvious meanings. Also, if s
denotes the arclength parameter of the ¢-curves, we will write V (s, z), v(s, 2), (s, z), etc. for the
corresponding reparametrizations.

So we can give the following Lemma [18]:

Lemma 2.1. With the above notation, the following assertions hold:

i) [V, W] =0;

i) V(v) = §2(t,0) = —e1g(VrV, T)v;

iii) V(k) = 22(t,0) = 2609(V3V, VoT) + de15%g(VrV, T) + 2229(R(V, T)T, V7 T);

i) V(1) = 22(1,0) = —2e29(L V3V — 5 VAV 4 e1(ear + £)VrV — 125V, 7B),
where €1 = ¢g(T,T),e2 = g(N,N), es = g(B,B), R and c are curvature tensor and sectional
curvature of M, respectively and k' = %—f(m 0).

If V/(t) is the restriction to a(t) of a Killing vector field, then the vector field V satisfies the following
condition (for detail, see [18]):
V)=V(k)=V(r)=0. (2.10)
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3 Magnetic Curves According To Bishop Frame in
Euclidean 3-Space

In this section, we investigate the T-magnetic, Ni-magnetic and N2-magnetic curves according to
Bishop frame in Euclidean 3-space. Also, we obtain the Killing magnetic vector field V' when the
curve is a T-magnetic, Ni-magnetic and Nao-magnetic trajectory of V' according to Bishop frame.

3.1 T-Magnetic curves according to Bishop frame in Euclidean
3-space

Definition 3.1. Let ov: I € R — R3 be a curve with Bishop frame in Euclidean 3-space and Fy
be a magnetic field in R®. If the tangent vector field T of the Bishop frame satisfies the Lorentz
force equation V,/T = ®(T) = V x T, then the curve « is called a T-magnetic curve according
to Bishop frame.

Proposition 3.1. Let o be a unit speed T'-magnetic curve according to Bishop frame in Fuclidean
8-space. Then, the Lorentz force according to the Bishop frame is obtained as

(T) 0 ki ko T
q)(Nl) = —k,‘l 0 p N1 5 (31)
D(N,) ks —p 0O N,

where p is a certain function defined by p = g(PN1, N2).

Proof. Let a be a T-magnetic curve according to Bishop frame in Euclidean 3-space with the Bishop
apparatus {T, N1, N2, ki1,k2}. From the definition of the T-magnetic curve according to Bishop
frame, we know that ®(T") = k1 N1 + k2N2. On the other hand, since ®(N1) € Sp{T, N1, N2}, we
have ®(N1) = a1T + a2 N1 + asN2. So, we get

ay = g(q)Nl’T):_g(th)T):_g(N17k31N1+k2N2):—kh
az = g(q)leNl):O,
as = g(@NhNg) =p

and hence we obtain that, ®(N1) = —k1T + pNa.

Furthermore, from ®(N2) = b1T + ba N1 + b3 N2, we have

bi = g(®N2,T) = —g(N2,®T) = —g(N2, k1 N1 + k2 Na) = —ka,
b2 = g(®N2,Ni) = —g(N2, ®N1) = —p,
bg = g(CDNQ,Ng) =0
and so, we can write ®(N2) = —koT — pN1, which completes the proof. O

Proposition 3.2. Let a be a unit speed T'-magnetic curve according to Bishop frame in Fuclidean
8-space. Then, the curve a is T-magnetic trajectory of Killing magnetic vector field V' if and only
if the Killing magnetic vector field V' is

V = pT — k2N1 + k1 N2 (3.2)

along the curve «.
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Proof. Let a be T-magnetic trajectory of Killing magnetic vector field V' according to Bishop frame.
Using Proposition 3.1 and taking V = aT + bN1 + ¢Na; from ®(T) =V x T, we get

b: —k‘g, C:k‘l;

from ®(N1) =V x Ni, we get
a=p, c=ki

and from ®(N2) =V X Na, we get
a=p, b=—ks

and so the Killing magnetic vector field V' can be written by (3.2). Conversely, if the Killing
magnetic vector field V' is the form of (3.2), then one can easily see that V' x T'= ®(T) holds. So,
the curve « is T-magnetic projectory of the Killing magnetic vector field V' according to Bishop
frame. O

Theorem 3.1. Let a be a unit speed T-magnetic curve according to Bishop frame in a 3-dimensional
Euclidean space form M with sectional curvature ¢ and V' be a Killing vector field on a simply
connected space form (M (c),g). If the curve a is one of the T-magnetic trajectories of (M(c),g,V),
then we have the following statements:

1) p =constant,

11) the harmonic curvature function of the curve « according to Bishop frame is

pk/ + k//
ERET 49

OT ’ !
" —kkika + kY — kY — ok + cpky — ckh — "EAE222 (pki — kY — chs) )

keykokly + pkY + K + k12/€'1 + cpka + cki — %(pké + K+ ck1)

Proof. If V' is a T-magnetic vector field in a 3-dimensional FEuclidean space form M, then it is the
form of (3.2). Differentiating (3.2) with respect to s, from (2.3) we get

VrV = p'T + {pk1 — k3 } N1 + {pk2 + k1 } Na. (3.5)
Using V(v) = 0 in Lemma 2.1, we have
p = constant. (3.6)
Differentiating (3.5) with respect to s and using (3.6), from (2.3) we get
VIV = {—pki® + kikh — pko® — Eiko} T + {pk} — K5} N1 + {pkb + kY }No (3.7)

and differentiating (3.7) with respect to s once more, from (2.3) we get

VAV = {=3pkik} + 2kiky — 3pkakh — 2K} ko }T
H{phi® + kiR — phiks® — kuki ks + pkY — KY'}Ny
H{—phs® — Kika® — phi ks + kukokh + kY + k{'}No. (3.8)

Since V (k) = 0 and V(7) = 0 in Lemma 2.1, using (3.5)-(3.8) and the definition of the Bishop
frame, we reach to (3.3) and (3.4), respectively. O
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3.2 N;-Magnetic curves according to Bishop frame in Euclidean
3-space

Definition 3.2. Let o : I C R — R® be a curve with Bishop frame in Euclidean 3-space and

Fyv be a magnetic field in R3. If the vector field N7 of the Bishop frame satisfies the Lorentz force

equation VN1 = ®(N1) = V x N, then the curve « is called an Ni-magnetic curve according
to Bishop frame.

Proposition 3.3. Let a be a unit speed N1-magnetic curve according to Bishop frame in Fuclidean
3-space. Then, the Lorentz force according to the Bishop frame is obtained as

®(T) 0 ki p T
BN, | =] —k» 0 0 N |, (3.9)
CI)(NQ) — K 0 0 N2

where p s a certain function defined by p = g(®T, N2).
Proof. The proof is similar with the proof of Proposition 3.1. (I
Proposition 3.4. Let a be a unit speed N1-magnetic curve according to Bishop frame in Fuclidean

3-space. Then, the curve o is N1-magnetic trajectory of Killing magnetic vector field V' if and only
if the Killing magnetic vector field V' is

V: —,LLN1+]€1N2 (310)
along the curve «.
Proof. The proof is similar with the proof of Proposition 3.2. O
Theorem 3.2. Let a be a unit speed N1-magnetic curve according to Bishop frame in a 3-dimensional
FEuclidean space form M with sectional curvature ¢ and V' be a Killing vector field on a simply

connected space form (M(c), g). If the curve a is one of the N1-magnetic trajectories of (M (c), g, V),
then we have the following statements:

Z) M= k"25
11) the harmonic curvature function of the curve « according to Bishop frame is
K

or
by “kakike = g — ka’ky — ok + B2 (kY + cha) 312
Fakakly + Ky + ka2k} + ki — SUEERES (g oky) '
Proof. 1If V is Ni-magnetic vector field in a 3-dimensional Euclidean space form M, then it is the
form of (3.10). Differentiating (3.10) with respect to s, from (2.3) we get
V1V = {/,Lkl — k‘le}T — /LIN1 -+ kllNQ. (313)

Using V(v) = 0 in Lemma 2.1, we have

= ko. (3.14)
Differentiating (3.5) with respect to s and using (3.14), from (2.3) we get
ViV = {kikh — Kiko}T — k5 N1 + K N> (3.15)

and differentiating (3.15) with respect to s once more, from (2.3) we get

ViV = {2kiky — 2k ko }T + {k1°kh — k1K ko — ES'} N1 + {kikoky — K1k + EV'} N2, (3.16)

Since V(k) = 0 and V(7) = 0 in Lemma 2.1, using (3.13)-(3.16) and the definition of the Bishop
frame, we reach to (3.11) and (3.12), respectively. O
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3.3 N>-Magnetic curves according to Bishop frame in Euclidean
3-space

Definition 3.3. Let o : I C R — R® be a curve with Bishop frame in Euclidean 3-space and

Fyv be a magnetic field in R3. If the vector field Ns of the Bishop frame satisfies the Lorentz force

equation VN2 = ®(N2) = V x Na, then the curve « is called an Na-magnetic curve according
to Bishop frame.

Proposition 3.5. Let a be a unit speed N2-magnetic curve according to Bishop frame in Fuclidean
3-space. Then, the Lorentz force according to the Bishop frame is obtained as

&(T) 0 v ke T
ONy) | =| —v 0 0 N |, (3.17)
B(Ny) ks 0 0 Na

where v is a certain function defined by v = g(®T, N1).

Proof. The proof is similar with the proof of Proposition 3.1. O

Proposition 3.6. Let a be a unit speed Nao-magnetic curve according to Bishop frame in Euclidean
8-space. Then, the curve « is No-magnetic trajectory of Killing magnetic vector field V if and only
if the Killing magnetic vector field V is

V = —k2Ni + N2 (3.18)
along the curve a.

Proof. The proof is similar with the proof of Proposition 3.2. O

Theorem 3.3. Let a be a unit speed N2-magnetic curve according to Bishop frame in a 3-dimensional
Euclidean space form M with sectional curvature ¢ and V be a Killing vector field on a simply
connected space form (M(c), g). If the curve a is one of the Na-magnetic trajectories of (M (c), g, V),
then we have the following statements:

i)y = ki,

11) the harmonic curvature function of the curve « according to Bishop frame is

k”
= /?1 (3.19)
2
OT !’ ’
_ Thikhe — k7 — o’k — ok + ST (] + cka) (3.20)
Kukakly + Ky + ka2K} + ki — SRR (kg cky) '

Proof. If V is Nz-magnetic vector field in a 3-dimensional Euclidean space form M, then it is the
form of (3.18). Differentiating (3.18) with respect to s, from (2.3) we get

V1V = {klkz — ’ka}T — kéNl + 'YINQ. (3.21)

Using V(v) = 0 in Lemma 2.1, we have
v =k (3.22)
and so, the remaining part of the proof is same with the proof of the Theorem 3.2. O
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4 Magnetic Curves According to Type-2 Bishop Frame
in Euclidean 3-Space

In this section, we investigate the &;-magnetic, £2-magnetic and B-magnetic curves according to
type-2 Bishop frame in Euclidean 3-space. Also, we obtain the Killing magnetic vector field V' when
the curve is a &1-magnetic, £2-magnetic and B-magnetic trajectory of V' according to type-2 Bishop
frame.

4.1 ¢;-Magnetic curves according to type-2 Bishop frame in
Euclidean 3-space

Definition 4.1. Let a : I C R — R? be a curve with type-2 Bishop frame in Euclidean 3-space
and Fy be a magnetic field in R®. If the vector field & of the type-2 Bishop frame satisfies the
Lorentz force equation V&1 = ®(&1) = V X &1, then the curve « is called a £&1-magnetic curve
according to type-2 Bishop frame.

Proposition 4.1. Let o be a unit speed &1-magnetic curve according to type-2 Bishop frame in
Euclidean 3-space. Then, the Lorentz force according to the type-2 Bishop frame is obtained as

@(51) 0 0 —€&1 51
Q) |=| 0 0 po & |, (4.1)
(I)(B) €1 —p2 0 B

where p2 1s a certain function defined by p2 = g(®&2, B).

Proof. Let a be £1-magnetic curve according to type-2 Bishop frame in Euclidean 3-space with the
type-2 Bishop apparatus {1, &2, B, e1,€2}. From the definition of the £;-magnetic curve according to
type-2 Bishop frame, we know that ®(£1) = —e1B. On the other hand, since ®(&2) € Sp{&1, &2, B},
we have ®(&2) = a1&1 + a262 + a3 B. So, we get

ar = g(P&2, &) = —g(&2,P61) = —g(&2, —e1B) = 0,
az = (P&, &) =0,
as = g(®&2,B) = p2

and hence we obtain that, ®(N) = p2B.
Furthermore, from ®(B) = b1&1 + b2&2 + b3 B, we have

bl = g(@B,gl):79(3,@51):79(B,751B):€1,
b = g(®B,&) = —g(B, ®&) = —p2,
bs = ¢g(®B,B)=0
and so, we can write ®(N2) = €1£1 — p2&2, which completes the proof. O

Proposition 4.2. Let o be a unit speed &1-magnetic curve according to type-2 Bishop frame in
Euclidean 3-space. Then, the curve o is £1-magnetic trajectory of Killing magnetic vector field V' if
and only if the Killing magnetic vector field V is

V = p261 +€1&2 (4.2)

along the curve .
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Proof. Let a be £1-magnetic trajectory of Killing magnetic vector field V' according to type-2 Bishop
frame. Using Proposition 4.1 and taking V' = a&1 + b&2 + ¢B; from ®(&1) =V X &1, we get

b=c¢€1, c=0;

from ®(&2) =V x &, we get
a=p2, c=0

and from ®(B) =V x B, we get
a=p2, b=¢1

and so the Killing magnetic vector field V' can be written by (4.2). Conversely, if the Killing
magnetic vector field V' is the form of (4.2), then one can easily see that V' x £ = ®(&;) holds. So,
the curve « is a £1-magnetic projectory of the Killing magnetic vector field V' according to type-2
Bishop frame. O

Theorem 4.1. Let o be a unit speed £1-magnetic curve according to type-2 Bishop frame in a
3-dimensional Fuclidean space form M with sectional curvature ¢ and V' be a Killing vector field
on a simply connected space form (M(c),g). If the curve « is one of the &1-magnetic trajectories of
(M(c),g,V), then we have the following equations:

tan@ = ;—}, (4.3)
2

/' n!

—pa b + p2€120/ + 612829/ —+ 20’28182 + 25/1822 —+ pQEllEQ + 81626/2 — sz@l

tanf =
eV0 — pag1e2l — £16220" + 2phe1? + 2ele1e2 + pacier + e12eh + ce1b’

(4.4)
and

9/{3/)/2/51 + 3p/2€/1 + 38/1/82 + 35/16/2 + p2€/1/ + 615’2’ — p2513 — p2€1522 —e1%ey — 81523}
0" {2p5e1 + 2610 + poct +e165} + 9/3{p281 +e1e2} 4 O {pae1 + 162} = 0. (4.5)

Proof. If V' is &1-magnetic vector field in a 3-dimensional Euclidean space form M, then it is the
form of (4.2). Differentiating (4.2) with respect to s, from (2.5) we get

V' = poé1 + €16 + {—p2c1 — 162} B. (4.6)
Using V' (v) = 0 in Lemma 2.1, we have (4.3).
Differentiating (4.6) with respect to s, from (2.5) we get
V" = {p4 — pae1® — e1’ea}er + {ef — pacien — e162° } 6o + {—2pher — 26l ea — pact — 165} B. (4.7)
Since V (k) = 0 in Lemma 2.1, using (4.6) and (4.7), we reach to (4.4).

Differentiating (4.7) with respect to s once more, from (2.5) we get

V" = {py —3phe1® — 3paciel — deretes — 261 )60
+{e!" — 3pheies — 2pacier — pacreh — 3ete” — Be1e0h 6o
+{—3p5e1 — 3paey — 3eTea — 3eheh — pact — 165 + p2g1’
+ pae1ea” + €10 + £162° } B. (4.8)

Since V(7) = 0 in Lemma 2.1, using (4.6)-(4.8) and the definition of the type-2 Bishop frame, we
reach to (4.5). O

10
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4.2 &-Magnetic curves according to type-2 Bishop frame in
Euclidean 3-space

Definition 4.2. Let a : I C R — R? be a curve with type-2 Bishop frame in Euclidean 3-space

and Fy be a magnetic field in R®. If the vector field & of the type-2 Bishop frame satisfies the

Lorentz force equation V& = ®(&) = V X &2, then the curve a is called a &2-magnetic curve
according to type-2 Bishop frame.

Proposition 4.3. Let o be a unit speed {2-magnetic curve according to type-2 Bishop frame in
Euclidean 3-space. Then, the Lorentz force according to the type-2 Bishop frame is obtained as

(&) 0 0 &
(13(52) = 0 0 —E2 §2 , (49)
®(B) —p2 €2 0 B

where p2 is a certain function defined by p2 = g(®&1, B).
Proof. The proof is similar with the proof of Proposition 4.1. O

Proposition 4.4. Let o be a unit speed £2-magnetic curve according to type-2 Bishop frame in
Euclidean 3-space. Then, the curve « is {2-magnetic trajectory of Killing magnetic vector field V' if
and only if the Killing magnetic vector field V is

V = —e2&1 — p2é2 (4.10)
along the curve a.
Proof. The proof is similar with the proof of Proposition 4.2. O

Theorem 4.2. Let a be a unit speed {2-magnetic curve according to type-2 Bishop frame in a
3-dimensional Fuclidean space form M with sectional curvature ¢ and V' be a Killing vector field
on a simply connected space form (M(c),g). If the curve « is one of the &2-magnetic trajectories of
(M(c),q,V), then we have the following equations:

/

tan @ = %, (4.11)
2
10" — e12e00" — 0 —9 Lol en? — el en? — / 0
tan® — 62” E1°€2 H2E1E2 6162/62 ,ngEz 6,162 M262€2/+ ce2 (4.12)
—/J/29/ 4+ 16220 + /L28229’ — 251282 — 2#26182 — €1€1€2 — U2E1E5 — C[Lzel
and

0'{3e1eh — e1°ea — poe1’e2 + 3ubes — e162° — poga® + 3e'eh + Bubheh + eles + poeh }
9//{2816/2 + 2/1/282 + 8/182 + /.1/26/2} + 9/3{6162 =+ ug&'g} + 09/{6162 =+ ug&‘g} = 0. (4.13)

Proof. If V is £>-magnetic vector field in a 3-dimensional Euclidean space form M, then it is the
form of (4.10). Differentiating (4.10) with respect to s, from (2.5) we get

V' = —e5¢1 — ok + {162 + p2e2}B. (4.14)
Using V' (v) = 0 in Lemma 2.1, we have (4.11).
Differentiating (4.14) with respect to s, from (2.5) we get
V" = {—ef +e1’ea+poeiea}br +{—pih +ere0” + puoea’ Yoo + {26165+ 2uben + €l g2 + o } B. (4.15)

Since V (k) = 0 in Lemma 2.1, using (4.14) and (4.15), we reach to (4.12).

11
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Differentiating (4.15) with respect to s once more, from (2.5) we get

V" = {—ey +3e1elea + 3e1%eh + Suberea + 2puoc1eh + pacien e
+{—pb + 2" g0 + dereaeh + Bubes® + 3pacach oo
—|—{361€/2/ — 61362 — ,u2€1252 + 3/.£/2/€2 - 51623 - ,U2€23
+ 3eheh 4 3uheh 4 e + p2eh } B. (4.16)
Since V(1) = 0 in Lemma 2.1, using (4.14)-(4.16) and the definition of the type-2 Bishop frame, we
reach to (4.13). O

4.3 B-Magnetic curves according to type-2 Bishop frame in
Euclidean 3-space

Definition 4.3. Let a : I C R — R? be a curve with type-2 Bishop frame in Euclidean 3-space

and Fy be a magnetic field in R®. If the vector field B of the type-2 Bishop frame satisfies the

Lorentz force equation V., B = ®(B) = V x B, then the curve a is called a B-magnetic curve
according to type-2 Bishop frame.

Proposition 4.5. Let o be a unit speed B-magnetic curve according to type-2 Bishop frame in
Euclidean 3-space. Then, the Lorentz force according to the type-2 Bishop frame is obtained as

®(&1) 0 72 -—a &
D) | =] -2 0 —e & |, (4.17)
®(B) €1 €2 0 B

where v2 is a certain function defined by v2 = g(®&1,&2).

Proof. The proof is similar with the proof of Proposition 4.1. O

Proposition 4.6. Let o be a unit speed B-magnetic curve according to type-2 Bishop frame in
Fuclidean 3-space. Then, the curve o is B-magnetic trajectory of Killing magnetic vector field V if
and only if the Killing magnetic vector field V' is

V =—e61 +e1&2 +72B (4.18)
along the curve «.

Proof. The proof is similar with the proof of Proposition 4.2. O

Theorem 4.3. Let o be a unit speed B-magnetic curve according to type-2 Bishop frame in a 3-
dimensional Euclidean space form M with sectional curvature ¢ and V' be a Killing vector field on
a simply connected space form (M(c),g). If the curve « is one of the B-magnetic trajectories of
(M(c),q,V), then we have the following equations:

U
€1 + Y2€2

tanf = L1022 (4.19)
—&5 + Y281
{eh0' — 29he10" — 72610 — e160eh + €162 + yae1ea + 2e2®

tand — —AY' g 4 20"%e} + 202 yae0 + ce20’ — cy2ea} (4.20)

{eV0" + 2vhe2l + 72eh0’ — e1%eh + e16hen + Yoe1® 4 Yag162? '

—A'er — 20"%eh 4 20%yae1 + ce10’ — cy2e1}
and
0'{2e16 — 2eea — 3vhe1” — 3vhea” — 3yae1el — 3y2e2eh + 75"}

— 6’”{615'2 — ghes — 72512 — 72622 + ’yg} + 0/375 +ct' vy — 0y = 0. (4.21)

12
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Proof. If V' is B-magnetic vector field in a 3-dimensional Euclidean space form M, then it is the
form of (4.18). Differentiating (4.18) with respect to s, from (2.5) we get

V' = {—¢eh + v2e1}é1 + {e1 + 12e2}éa + 12 B. (4.22)
Using V' (v) = 0 in Lemma 2.1, we have (4.19).
Differentiating (4.22) with respect to s, from (2.5) we get
V" = {—e5 +2vse1 + 7281 }a +{e] + 252 + 728 o + {e165 — o2 — Yae1? — 7282 + 95 } B. (4.23)
Since V (k) = 0 in Lemma 2.1, using (4.22) and (4.23), we reach to (4.20).

Differentiating (4.23) with respect to s once more, from (2.5) we get

V" = {—ey + 2y5e1 + 3ysel + et +e1’ey —ereier — a1’ — pacren’ +ype1
+{eV' + 2v5e2 + 3738h + Y2eh + £16285 — £162” — yae1’Er — a2’ + Y2 E2}En
+{2e16% — 2eea — 3vhe1® — 3vhea” — 3y2e1e] — 3y2eaeh + 75} B. (4.24)
Since V(1) = 0 in Lemma 2.1, using (4.22)-(4.24) and the definition of the type-2 Bishop frame, we
reach to (4.21). O

Now, we will give an example for magnetic curves according to Bishop frame and type-2 Bishop
frame.

Example 4.4. Let us consider the curve

a(t) = (COS:%E,Shlzéi,:;E) , (4.25)

which is a unit speed circular heliz in E3. Here, one can easily calculate its Frenet-Serret trihedra
and curvatures as

T = i(—sinicosi 1)
\/5 \/57 \/§> )
t t
N = —cos —, —sin —,0 | ,
( V2 Ji)

B = = (sini —cosi 1>
1

57

respectively. Now, we will obtain the Bishop apparatus of the curve a. For this, we find the 0(t)
with the aid of T(t) = 6'(t) as

K = T =

(4.26)

aﬂ:A%m:%. (4.27)

So, the transformation matriz can be expressed as

T 1 0 0 T
N |=|0 cosi sing Ny |. (4.28)
B 0 —sini{ cosi No

2 2

Using the method of Cramer, we can obtain the Bishop trihedra of the curve a as follows

T = % (fsin %,COS %,1), (4.29)
Ny = (—LsinisinE —(:osicosE L(:osisinE —sinLcosE —Lsin E)
2 V22 V2 T 2V2 V22 V2 2t V22
No = <LsinicosE —cosisini,——cosicosE —Sinisinz,—cos£>
2 V2 o2 V2 2T V2 V22 V2 2v2 2

13
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and the Bishop curvatures can be obtain as

ki = =cos—,

N~ po|

ky = %sinf. (4.30)

Now, let us find the magnetic vector field V when the curve (4.25) is a T-magnetic, N1-magnetic
or Na-magnetic trajectory of the magnetic vector field V' according to Bishop frame (4.29):

1) If the curve a is T-magnetic according to Bishop frame, then from Theorem 3.1 we have
p =constant. Taking p = ¢ =constant and using (4.29) and (4.30) in (8.2), the magnetic vector
field V' is obtained as

v-L (sini(—c-ﬁ-%),cos—(c—}),c—k 1). (4.31)

Here, it can be seen that, from (8.1), (4.29) and (4.31),

1 t t
VoI =0(T)=V xT==(—-cos—,—sin—,0
) 2( V2 V2 >

satisfies. So, the curve a is a T-magnetic curve according to Bishop frame with the magnetic vector
field (4.31).

i) If the curve « is Ni-magnetic according to Bishop frame, then from Theorem 8.2 we have
1 = ko. Taking pn = %sini and using (4.29) and (4.30) in (3.10), we obtain the magnetic vector
field V' as

V= 2—\15 (sin % — cos % 1) . (4.32)

Here, it can be seen that, from (8.9), (4.29) and (4.32),

1 t t t
VN1 =®(N1) =V X Ny = —=cos = | sin —, —cos —, —1
1= o) T 22 2( V2 V2 >

satisfies. So, the curve o is an Ni-magnetic curve according to Bishop frame with the magnetic
vector field (4.32).

i3) If the curve o is Na-magnetic according to Bishop frame, then from Theorem 3.3 we have
v = k1. Taking v = % cos L and using (4.29) and (4.30) in (5.18), we obtain the magnetic vector
field V' as

1 t t
V=——|sin—,—cos—,1]. 4.33
2v2 ( V2 V2 ) (4.33)
Here, it can be seen that, from (3.17), (4.29) and (4.53),

1 t t t
VarNo = ®(N3) =V X No = ——=sin— | sin —, —cos —, —1
2= () NG 2( V2 V2 )

satisfies. So, the curve o is an Na-magnetic curve according to Bishop frame with the magnetic
vector field (4.33).

When the curve o is T-magnetic according to Bishop frame, the figure of a and V' can be drawn as
following:

14
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Similarly, if the curve o is N1-magnetic and Na2-magnetic according to Bishop frame, one can draw
the figure of a and V' as above.
Now, we will obtain the type-2 Bishop apparatus of the curve (4.25). From r(t) = 6'(t), we find

o(t) = /Ot %dt - % (4.34)

T sint —coss 0 &
N | =| cosft sini 0 & |- (4.35)
B 0 0 1 B
Using the method of Cramer, we can obtain the type-2 Bishop trihedra of the curve a as follows
1 .t .t t t 1 t .t .t t
&L o= <—ﬁsmﬁsm§—cosﬁcosi,ﬁcosﬁsmi—ﬁ \f 2 \[sm >
.t t t .t t t .ot .t 1 t
& = <ﬁsmﬁcos§fcosﬁsm2 ﬁcosﬁcosi smﬁsmi,fﬁcosi),
= % (sin %, — cos %, 1) (4.36)
and the type-2 Bishop curvatures can be obtain as
1 t
€1 = —5c085,
€2 = —% sin % (4.37)

Now, let us find the magnetic vector field V when the curve (4.25) is a &1-magnetic, E&2-magnetic or
B-magnetic trajectory of the magnetic vector field V' according to type-2 Bishop frame (4.36):

) If the curve o is &1-magnetic according to type-2 Bishop frame, then from Theorem 4.1 we
have tan® = Z-. So, we have p; = % sint + k, k =constant. Using (4.36) and (4.87) in (4.2), we

obtain the magnetzc vector field V' as

— ﬁ <_ sin 75 \;5 > + k.61 (4.38)

15
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Here, it can be seen that, from (4.1), (4.36) and (4.38),

1 t t t
Vol =@ =V x&& = —=cos— |sin—,—cos —, 1
=2 SN 2<1 NG V2 )

satisfies. So, the curve a is a &1 -magnetic curve according to type-2 Bishop frame with the magnetic

vector field (4.58).
41° ) If the curve « is E&a-magnetic according to type-2 Bishop frame, then from Theorem 4.2 we

have tan = % So, we have s = %cos% + 1, I =constant. Using (4.36) and (4.37) in (4.10), we
obtain the magnetic vector field V as

1 t t
V=—_(—sin—2,cos—=,1) - Lé&. 4.39
2\/5( smﬂcosﬂ) & (4.39)
Here, it can be seen that, from (4.9), (4.86) and (4.39),

1 t t t
Vo=@ =V x&&=—=sin—(sin—,—cos—,1
G =2() =35 2( V2 V2 )
satisfies. So, the curve « is a §{2-magnetic curve according to type-2 Bishop frame with the magnetic
vector field (4.39).
141° ) If the curve a is B-magnetic according to type-2 Bishop frame, then from Theorem 4.3 we
5’1+’Y282

e So, the last equation satisfies for v2 = 0. Taking v2 = 0 and using (4.36)
2
and (4.37) in (4.18), we obtain the magnetic vector field V as

have tan 6 =

V= 27\1@ (— sin %,COS %,1) . (4.40)
Here, it can be seen that, from (4.17), (4.36) and (4.40),
VoB=®(B)=V xB= 1 (cosi7sini,0>
2\
satisfies. So, the curve a is a B-magnetic curve according to type-2 Bishop frame with the magnetic

vector field (4.40).

When the curve a is £1-magnetic according to type-2 Bishop frame, the figure of o and V' can be
drawn as following:

1.0 050005 4a
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Remark 4.1. Taking k = 0 and [ = 0 in (4.38) and (4.39), respectively, one can see that the magnetic
vector fields (4.38), (4.39) and (4.40) are equal when the curve (4.25) is £&1-magnetic, £2-magnetic
and B-magnetic curve according to type-2 Bishop frame.

5 Conclusions

In the present study, we construct the notion of different types of magnetic curves according to
Bishop frame and type-2 Bishop frame in Euclidean 3-space and give some examples for them. The
results which are presented in this paper are interesting and important in this field. We hope that,
this study can bring a new viewpoint for geometers who want to study about magnetic curves in
other spaces.
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