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ABSTRACT

In the present paper, we approach the magnetic surfaces geometrically. For this aim, we study the
problem of constructing a family of magnetic surfaces from a given magnetic field line. We obtain
a parametric representation for the surfaces family whose members share the same magnetic field
lines and magnetic curves. We investigate the trajectory of charged particles moving related to
these surfaces. Moreover, we give various examples of these surfaces and illustrate their figures.
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1. Introduction

A vector field with zero divergences is called a magnetic field. A magnetic surface defined as a surface in
which the magnetic field lines lie. The best example we can give to the magnetic surface is plasma. A plasmais a
hot ionized gas consisting of approximately equal numbers of positively charged ions and negatively charged
electrons. The characteristics of plasmas are significantly different from those of ordinary neutral gases so
that plasmas are considered a distinct "fourth state of matter. Most of the universe is in the form of a plasma
with a magnetic field perforated. The magnetic field breaks and reconnects quickly when the lines are bent
or cut, transforming the magnetic energy into heat, kinetic energy, and fast particle energy. As a result of
these situations, the magnetic surfaces for the related magnetic field lines can obtain in different forms. These
surfaces can be smooth or non-smooth. The most common example of magnetic surfaces is flux tubes. As
used in astrophysics, a flux tube generally has a larger magnetic field and other properties that differ from the
surrounding space. These flux tubes commonly find around many stars and the sun. Some planets also have
flux tubes. A well-known example is the flux tube between Jupiter and its moon io [4, 5, 9, 10]. Penning has
developed a model called Penning trap to study the motion of charged particles and confinement of plasma.
This model has been one of the most successful models and has contributed greatly to work done in this
area. However, this model can be used for the confinement of single species plasmas. Later, the importance
of magnetic surfaces has recognized in magnetic fusion research. For the first time, Pedersen et al. have
shown that non-neutral plasmas can be confined to magnetic surfaces. Magnetic surface configurations, such
as stellarators and tokamaks, are highly developed and studied in the context of thermonuclear fusion, and
have recently become of interest for the confinement of non-neutral plasmas. They have certain advantages
over open and closed field line systems, such as the Penning trap. Magnetic surface configurations confine
both positive and negative species simultaneously, at any level of charge imbalance from pure electron to
quasineutral. They may provide stabilization of diocotron modes, and confine energetic electrons and positrons
at modest magnetic field strengths. Hence, such configurations have unique advantages for confine non-
neutral electron-ion plasmas and antiproton positron plasmas in the positron-electron laboratory [10].
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One of the most important applications of the magnetic surface is the creation of the first limited laboratory
positron-electron plasma. Configurations with magnetic surfaces also have the additional advantage that
owing to the small mass, energetic positrons or electrons can be confined at rather modest magnetic field
strengths.

On the other hand, magnetic curves have many applications in physics and differential geometry and play
an important role in these fields. When a charged particle enters a magnetic field, the particle’s Serret-Frenet
vectors are influenced by this field, resulting in a force called the Lorentz force. With the effect of this force,
the particle follows a new trajectory within this field. This trajectory is called a magnetic curve. Lorentz force
equation associated with the magnetic field given as

HX)=V x X

and the trajectories associated with the magnetic vector field V' is given by

VT =¢(T) =V xT

With this equation, we studied that the magnetic field in space has non-zero curvature. So, this gives a
more important and real approach than the classical approach. Also, this formula and the Hall effect (which
explains the dynamics of an electric current flow X in R® when exposed to a perpendicular magnetic field
V) give important applications to us in analytical chemistry, biochemistry, atmospheric science, geochemistry,
cyclotron, proton, cancer therapy, and velocity selector.(see for details [1, 2, 3, 6, 7, 8]).

The article shaped as follows: In Section 2, we give some basic concepts that we use in the article. The
parametric representation and images of the magnetic surfaces are obtained. In Section 3, a parametric
representation for a magnetic surface pencil that shares the same magnetic trajectory as an isoparametric curve
is derived with some illustrated examples. In Section 4, we obtain the relation between the magnetic curves
and magnetic surfaces pencil.

2. Preliminaries

Divergence free vector field called as a magnetic field. The magnetic field lines satisfy the following equations

ox dy 0z or
—=B,, — =By, — =B.or — =B.
0s 0s Y 9s o s

Let C: r =r(s), 0 < s < I be parametric representation for magnetic field lines and T'(s), N(s), B(s) be
tangent, principle normal and binormal vectors of the curve C, respectively. Then the parametric equation
of the magnetic surface can be given as follows:

P:[0,I] x [0,T] = R3: P(s,t) =1r(s) +u(s,t)T(s) + v(s,t)N(s) +w(s,t)B(s),

where u(s,t), v(s,t) and w(s,t) are all C* functions.

Since the magnetic field line C is an isoparametric curve on the surface P(s,t), there exist a parameter
to € [0, 7] such that P(s,t9) =r(s), 0 < s < I, that is, u(s,ty) = v(s,to) = w(s,to) =0,0< s < 1,0 <ty <T. For
the case when the functions u, v ve w depend only on the parameter ¢; the isogeodesic surface pencil becomes

P(s,t) = r(s) +u(t)T(s) + v(t)N(s) + w(t)B(s)

[11]. Some surfaces corresponding to special cases of u(s, t), v(s,t) and w(s,t) are given below.

i. If u(s,t) =0, v(s,t) = rcost and w(s,t) = rsint then the surface P(s, t) is called as magnetic tube surface.

ii. If u(s,t) =0, v(s,t) =7(s,t)cost and w(s,t) =r(s,t)sint the surface P(s,t) is called as generalized
magnetic tube surface.

iii. If u(s,t) = 0, v(s,t) = exp[as]bcost and w(s,t) = explas]bsint then the surface P(s,t) is called as magnetic
seashell surfaces.

The magnetic surfaces defined in this way also found in biological structures such as a seashell, horn,
and snail shell. The best example of this derived by the Illert [12]. He gives an elegant logically complete
and physically meaningful optimization problem for seashell Spiers and growth trajectories. We obtain some
examples of magnetic surfaces including some biological structures.
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2.1. Examples of magnetic surfaces

Example 2.1. Let B, = —z +y, B, = —v + 2y — 2z, B, = 2y — z be the components of the magnetic field B. The
functions P(z,vy, 2), Q(x, vy, z), R(z,y, z) are defined in a D region of zyz space and the functions can be derived
continuously from the first order by independent variables. Considering the magnetic field line satisfy the
following first order system of linear differential equation.

Ox(s)
Js

0y(s 0z(s

= —a(s) +yls), 0 = —n(s) + 200s) ~ 2206, L = 24(s)  2(s),
0Os 0Os

Let us assume that the solution of the given equation is a surface family of solutions z = f(x,y). The vector

N = (z,y, z) is a vector perpendicular to this surface family. Since the last equation can also be written as

P(xvyaz)zx + Q(z7y7z)zy - R(x,y,z) =0

the vector M = (P, @, R) becomes a tangent vector to the surface family z = f(z,y). The vector M = (P,Q, R)
is perpendicular to the vector N = (2, z,, —1), so this vector will be parallel to the tangent vector of a curve v
on the surface. If the curve v is given by the vector equation V' = (z, y, z) in xzyz space, the tangent vectors are
given by T = (dxz,dy, dz). In this case, the vector M = (P, @, R) is parallel to the vector T'. Thus the following
relation is obtained for the given differential equation.

dr dy _dz
x4y —c+2y—2z 2y—z

The general solution F'(u, v) = 0 of the obtained system is given as follows, where u(x,y, z) = ¢; and v(x,y, z) =
cy are independent solutions of the last differential equation systems

\/%63/2 sin ‘/Tﬁs + e 5 (-11+ 11633/2 cos VAL — 3,/T1e3%/2 sin ‘ﬁ)
+Ze (44 + 11e3/2 cos VAL _ 3W€35/2 sin f )
v(s) = 7\}67 S/2sm‘ﬁ+ T 8/2(11COS\/7+3\/718111 Vil
\/%68/2 sin \ﬁs +2e (11 + 44655/2 cos Y11 12\ﬁ635/2 sin ‘ﬁ)
e (—11 + 11e3/2 cos Y11 3\ﬁeds/2 sin Y11 s)

Then, the magnetic surface related to the magnetic field line  given in Figure 1.

Figure 1. Magnetic surfaces u(s, t) = 2sintcos s, v(s,t) = 2sintsins, w(s,t) = 2cost.

Example 2.2. In three dimension the components of the magnetic field lines are given as follows
P =x+V2, Y =—V2—vy, =1

the solution of this equation is calculated as

(= 1+\/7)6 B (1-‘(‘\/7)6 + _e~ VT35 gV =3s
\/?3 V=3 )
v(s) = (14+v=3)e V2 4 (=14v/=3)eV "3 _e=V=8s VIs
2v/—3 V=3
s+1

Then the surface related to the curve ~ are given in Figure 2:
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Figure 2. Magnetic surfaces u(s, t) = t,v(s, t) = t* — 2s,w(s, t) = t°> + s.

Example 2.3. The (generalized) tube surface corresponding to the magnetic field
B(—z +y,—x + 2y — 22,2y — z) is given in Figure 3.

Figure 3. Magnetic tube surface u(s, t) = 0,v(s,t) = scost, w(s,t) = s> sint.

Example 2.4. The shell surfaces sea surfaces corresponding to the magnetic field B(—z +y, —z + 2y — 2z,
2y — z) and (z + v/2y, —v/2x — y, 1) are given in Figure 4 and Figure 5.
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Figure 4. Seashell magnetic surfaces (a)u(s,t) =0,v(s,)=e*/2sint, w(s, t) = /% cost, (b)u(s,t) = 0,v(s,t) = e cost, w(s,t) = e sint, (c)u(s,t) =
0,v(s,t) = te*/*sint

R
-

\ A /[

Figure 5.Seashell ~magnetic surfaces (a) w(st) =te®/% cost,u(s,t) = 0,v(s,t) = e*/?sint, w(s,t) = e*/%cost, (b)u(s,t) = 0, v(s,t) =
se’sint, w(s,t) = se®.

In this section, the problem of forming a magnetic surface family using a specific magnetic curve

investigated. The aim is to provide a parametric representation for a magnetic surface pencil that shares the
same magnetic trajectory as an isoparametric curve.

3. Magnetic surfaces with common magnetic curves

Proposition 3.1. Let v be a unit speed magnetic curve on the surfaces P(s,t) with the Darboux frame {t, y, n}. Then
Lorentz force equation of the Darboux frame written as

o(t) 0 kg kn t
oly) | =] —ky 0 @ Y 3.1)
o(n) —kn, —w 0 n

where w is a certain function defined by w = g(¢(y),n).

Proof. Let vy be a unit speed magnetic curve on the surfaces P(s,t) with the Darboux frame {¢, y, n}. From the
definition of the magnetic curve we know that

o(t) = Vit = kgy + kyn.

Since ¢(y) € span {t, y, n}, we have
P(y) = 6t + Ay + pn

Then, the equalities
6 =9(¢(y), 1) = —g(¢(t), y) = —ky,
A=g(o(y),y) =0,
n=9(d(y),n) = =,
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give us
o(y) = —kgt + wn.

Similarly, we can easily obtain that
d(n) = —k,t — wn.

O

Proposition 3.2. Let v be a unit speed curve on the surfaces P(s,t). Then the curve v is a magnetic trajectory of a
magnetic field B if and only if the vector field B can be written along the curve +y as

B = wt — kpy + kgn. (3.2)

Proof. Let ~ be a unit speed magnetic trajectory of a magnetic field B. Then using Proposition 3.1, we can easily
see that
B = wt — kyy + kgn

Conversely, we assume that the Eq.(3.2) holds. Then we get B x ¢t = ¢(t). So, the curve v is a magnetic trajectory
of the magnetic vector field B. O

Now we can give the following theorem and corollary.

Theorem 3.1. Let v be a magnetic trajectory of a magnetic field B and M be a magnetic surface associated with the
magnetic field B. Then magnetic curves are geodesics on the magnetic surface M

Proof. Let  be a unit speed curve on the surfaces M. If M is a magnetic surface of magnetic curve v then

9(%5,n) = ky = 0. This implies that magnetic curves are geodesic curves on the magnetic surface M. O

Corollary 3.1. (Main result) Suppose we are given a spatial parametric curve r : r(s) C R3 in which s is the arc length,
and r(s) has third derivatives. The parametric surface P(s,t) is defined based on the given curve r(s). Then the curve r
is an isomagnetic curve on the surface P(s,t) if and only if the functions u, v ve w depend only on the parameter t

P(s,t) =7r(s)+u(t)T(s) +v(t)N(s) + w(t)B(s).

Proof. LetC :r =r(s),0 < s < I, be parametric representation of magnetic field lines. Then the parametric form
of the surfaces pencils P(s,t) given as

P(s,t) =7r(s) +u(s,t)T(s) +v(s,t)N(s) + w(s,t)B(s), 0<s< I, 0<t<T

where u(s, t), v(s,t) and w(s, t) are all C* functions.The normal vector of the surface P(s, t) can be calculated by
cross product of the partial differentiations; That is, based on the following derivation using the Serret-Frenet
formula:

8P8(§7 g (14 us — 20)T(s) + (vs + 2u — TW)N(5) + (w + Tv) B(s),
OP(s,t)
> = u/T(s)+veN(s) +weB(s).

If we apply isoparametric conditions, the normal vector can be expressed as

n(s,t) = ¢1T(s) + ¢2N(s) + ¢3B(s),

where
D1 = WU — VW,
d2 = wws —we(l + ug),
¢3 = ve(l+ug) — upvs.

Then using the following equation

or
g(%vn) =0

we have, for the case when the marching-scale functions depend only on the parameter ¢ the magnetic
isogeodesic surface pencil becomes

P(s,t) =r(s) +u®)T(s) + v(t)N(s) + w(t)B(s).
O
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In this section, we illustrate that it is possible to derive exact magnetic surface pencils by specifying a
magnetic curve that represents a geometric feature of the object to design. We present some concrete examples
to illustrate this viewpoint.

3.0.1. Examples In this first example, we construct a magnetic surface pencil in which all the surfaces share a
magnetic trajectory related to the magnetic vector field B = (—x +y, —2 + 2y — 22,2y — z).

Example 3.1. The magnetic surfaces related to the magnetic field B are given in Figure 6-8.

2

Figure 6. Magnetic surfaces and magnetic curve u(s,t)=v(s,t)=w(s,t)=t.

q

/@

Figure 7. Magnetic surface and magnetic curve u(s,t)=t,v(s,t)=t2, w(s, t) = t>.

Figure 8. Magnetic tube surfaces and magnetic curve. u(s,t) =0,v(s,t)=tcos t, w(s, t) = tsin t.

Now, we construct a magnetic surface pencil in which all the surfaces share a magnetic trajectory related to
the magnetic vector field B = (z + /2y, —v2x — y, 1).

Example 3.2. Then the surface related to the magnetic field B is given in Figure 9.
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Figure 9. Magnetic surfaces and magnetic curve u(s,t) =t,v(s,t)=t, w(s, t) = 3.

4. Magnetic Curves Related to the Magnetic Surfaces Pencil

In this section we investigate the magnetic curves related to the magnetic field lines B.

Theorem 4.1. Let v : v(s) = (z(s), y(s), z2(s)) C R? be an arclength parameterized curve and B = (B, B,, B,) be
a magnetic field. Then the curve ~y is a magnetic curve associated with the magnetic field B iff the magnetic curves
parameterized by

x(s) = /cosé’(s)cosg@(s)ds,
y(s) = /Cosﬂ(s)singa(s)ds,

z(s) = /sin 0(s)ds.
Where 0 and  satisfy the following differential equation
B, (=0 sinf cos p — ¢’ cosOsin ) + By (—0'sinfsin ¢ + ¢’ cosf cos p) + B, (6 cosd) = 0.
Proof. If v(s) = (x(s), y(s), 2(s)) is a magnetic curve of the magnetic field B then ~ satisfy
V' =B x~.

Using the last equation we get following differential equation

x// — Byz/ _ Bzy/7
y// — Ble _ Bmzl,
2" = By — By

From the first two equations we have
—B.B.y + Bsza:' = B,z + Byy”.

If we use the last equation we obtain
Bya" + Byy" + B,2" = 0.

On the other hand, we know that v is a unit speed curve, that is, 2/(s)?+ y/(s)?+ 2/(s)> = 1. Then using the
spherical coordinates we have

2'(s) = cosf(s)cosp(s),
y'(s) = cosf(s)sinp(s),

Z'(s) = sind(s).
This implies,
B, (=6 sinf cos p — ¢’ cosOsin ) + By (—0'sinfsin ¢ + ¢’ cosf cos p) + B, (6 cos§) = 0.
O
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In the following example, the trajectory of a charged particle moving within a magnetic surface bounding
the magnetic field plotted.

Example 4.1. The particle moves a helical trajectory (magnetic curve) along the magnetic field lines in the
magnetic surfaces are given in Figure 10.

Figure 10. Magnetic curve(Red) in the magnetic surface u(s,t)=2sin t cos s, v(s, t) = 2sintsins, w(s,t) = 2cost.
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