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Abstract: Neutron stars (NSs) are rapidly rotating entities, spinning at approximately 10* Hz, and possess extremely strong
magnetic fields, ranging from 103 to 10'* Gauss. These compact objects, characterized by a radius of about 10 kilometers and
a density of 101314, gemn =2 are formed as a result of supernova explosions that mark the end of the life cycles of massive stars.
Observations of electromagnetic emissions associated with curvature radiation from well-known pulsars, such as the Crab and
Vela pulsars, provide compelling evidence that the magnetic field configuration near the surfaces of these neutron stars deviates
significantly from the traditionally anticipated pure dipole structure. Researchers now propose that the inclusion of non-dipolar
components in the magnetic field may address this longstanding discrepancy. Furthermore, the arrangement of magnetic field
lines plays a crucial role in determining the characteristics and geometry of accretion discs surrounding neutron stars in binary
systems. This study has focused on elucidating the geometry of the combined dipole and quadrupole magnetic field lines.
In idealized scenarios, the magnetic field lines in proximity to these compact objects are typically closed; however, they may
become open at greater distances due to interactions with external magnetic fields or the stress energy generated by other sources,
including the accretion discs.
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1. Introduction neutrons through the reaction of the neutrinos escaping from
the star. The most important correction at higher densities is
due to the inverse S-decay. The condition for the inverse /-
decay (e~ + p — n + v,) is that the kinetic energy of the
electrons is larger than or equal to 1.36 M ev. The §-decay of
aneutron (n — e~ +p+1,) is blocked when the density is so
large that all the electron levels in the Fermi sea are filled up to
the energy of the emitted electron. Hence the name “Neutron
Star” [25]. An NS is about 20 km in diameter and has a mass
of about 1.4 solar mass. This means that an NS is so dense
that on Earth, one teaspoonful would weigh a billion tons!.
e +p—=n+re Because of its small size and high density, an NS possesses a
surface gravitational field about 2 x 10'! times that of Earth
The pressure of cold degenerate neutrons supports NS,  [18, 25]. NSs can also have magnetic fields a million times
almost all electrons and protons having been converted into

Neutron stars (NSs) are one of the possible ends for stars.
They result from massive stars that have mass greater than
4 to 8 times that of our Sun. After these stars have finished
burning their nuclear fuel, they undergo a supernova explosion
[2, 18]. This explosion blows off the outer layers of a star into
a beautiful supernova remnant. The central region of the star
collapses under gravity. It collapses so much that protons and
electrons combine to form neutrons according to the reaction
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stronger than the strongest magnetic fields produced on Earth.
NSs may appear in supernova remnants, as isolated objects, or
in binary systems.

When a NS is in a binary system, astronomers are able to
measure its mass [18, 28]. If a neutron star is rotating rapidly,
as most young NSs are, the strong magnetic fields combined
with rapid rotation create an awesome generator that can
produce electric potential differences of quadrillions of volts
[20, 25]. Such voltages, which are 30 million times greater
than those of lightning bolts [27], create deadly blizzards of
high energy particles [6]. The neutron star currently “nearest
to Earth” is a radio pulsar called J0108-1431. It is within about
100 parsecs away from our planet.

Our universe consists of elementary particles (electron,
proton, neutron, positron, neutrino, and photon, etc.) and
massive bodies (stars, galaxies, and so on). Stars are formed
in molecular clouds in the interstellar medium, which consist
mostly of molecular hydrogen (primordial elements made a
few minutes after the beginning of the universe) and dust.
The dust originates from the cool surfaces of supergiants,
massive stars in a late stage of stellar evolution.This dust is
an irregularly shaped grains of carbon or silicate measuring a
fraction of a micron across which is found between the stars
[1]. The night sky contains myriads of stars including those
in the Milky Way, which is a side view of our Galaxy looking
along the plane of the disc. Our Galaxy includes about 10*!
stars. Beyond our galaxy are billions of other Galaxies. The
nearest star is Proxima Centauri it is about 4 light years away
and the nearest large Galaxy is Andromeda is about 2 million
light year away. Our Galactic disc has a diameter of about
100,000 light years [24].

Basic factors in the formation of stellar objects are gravity,
dust, gas pressure, rotation, magnetic fields, winds and
radiation from nearby young stars and radiative shock waves.
Building a comprehensive physical picture of stellar structure
and evolution is one of the greatest triumphs of 20th century
Astrophysics.  However, many important aspects of the
life cycle of stars are still not completely understood [26].
They include: the origin and evolution of stellar magnetic
fields, including the large-scale fields, the sun-spot cycle, the
evolution of the stellar rotation, the origin and character of
differential rotation, high-energy coronal activity, mass loss
in massive stars and various aspects of binary evolution [2].
Even more critical questions remain open regarding the end of
the life of stars and their afterlife as

Compact objects [4, 22]. These include the mechanisms
of core-collapse supernovae (SNe) and gamma-ray bursts
(GRBs), the origin of magnetars,the workings of radio
pulsar and pulsar-wind nebulae, some aspects of accretion
disks and jets in binary systems [9]. All these questions
are at the forefront of modern Astrophysics. Importantly,
many of them unavoidably involve magnetic fields interacting
with the plasma. Therefore, they belong to the realm
of Plasma Astrophysics. = A common theme in plasma
astrophysics is the life cycle of magnetic fields: How are
they produced (dynamo)? How do they interact with the
plasma? Magnetohydrodynamic (MHD) instabilities such

as Magnetic resonance imaging (MRI)? And how are they
destroyed (reconnection) [14]?

In this paper the complex magnetic fields of a compact
star called neutron star has been considered. Observations
and theory suggest that complex multipolar magnetic fields
prevail near the surface of neutron stars and play an important
role in the physics of rotation powered pulsars [2, 24].
This work focus on driving field line equation for magnetic
dipole-quadrupole combination of neutron star, modeling
(simulating) the geometry of this interaction field lines in
2-dimension using matlab and finding (showing) the neutral
point for this interaction field lines graphically.

2. Theoretical Background

2.1. Magnetic Field Generation of Neutron Star

Magnetized neutron stars serve as the foundational elements
for various classes of compact objects, including pulsars,
magnetars, isolated neutron stars, and X-ray binaries, among
others. [19]. The origin of strong magnetic fields in neutron
stars is still a matter of controversy [9, 11]. The present
understandings are:

1. The configuration of the magnetic field in the vicinity
of neutron stars represents a fundamental inquiry within
the realm of pulsar magnetospheric physics. [19].
The standard theory simply related to the magnetic
fields of the progenitor main sequence stars frozen
during collapse or flux conservation [7]. This model
does not deliver the mechanism for the generation of
magnetic multipoles. It can not generate field strength
of magnitude about 10'® G often observed in GRB
activities such very strong magnetic fields are required
force for supernova bounce since the energy of the
shock blast normally gets dissipated half way through
the infalling iron core.

2. Naturally if they are generated through a dynamo
mechanism driven by turbulent motions. This opposes
by several theorems such as Cowley’s theorem.

3. The generation of neutron star magnetic fields by
thermomagnetic effects. This is a model which requires
along time (~ 103years) to generate a surface magnetic
field of (~ 10'2G) provided that there is an original
field of (~ 108G) which could come from flux
conservation.This is why too slow and too weak to
describe such violent processes as GRBs, etc.

4. By the spinning of separated charges. This model
is able to generate field strengths up to ~ 10 G
enough to meet all requirements of current experimental
findings. Most importantly it very clearly indicates
that NS surface fields have infinite multipoles. The
powerful magnetic fields, when coupled with swift
rotational motion, form an extraordinary generator
capable of generating electric potential differences
reaching quadrillions of volts.  Rapidly rotating,
distorted neutron stars represent significant prospects for
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the generation of continuous gravitational waves (CWs)
[21].
2.2. Vector Potential Expansion

Let us consider a charge Q uniformly distributed over the
surface of spherical neutron star of radius R.. Assume

94

that a neutron star is spinning with a frequency of 2 about
its diameter [12, 13]. To calculate (drive equations) for
magnetic multipole fields generated by the spinning charge at
the external surface of the neutron star [5, 17]. The vector
potential can be written in general form as

. J(r!
A(F) = / Lz.dv' (1)
7= |
But it is known that .
J(@)=—]0o| V(' — R.)e, 2)
Where Q|
JZ47TR2 and V =Q x R, 3)
Therefore
J(7) = — KoL [ x R,]6(r" — R,)é,
4w R? ?
Q1. .
= —szmH’CS(T’ — R,)é,
considering that .J (1) = J(r/ )€, Where
J(r7) = — Q] Qsind'§(r' — R.) 4
i 47 R,
substituting this in to the expression of A we find that
=AY
A'(F) = e:p &dv’ (3)
=

Where R, is radius of the star.The current density J has only a component in the ¢ direction. The vectorial current density

can be written as

J= a]; sin i + J:o cos ']

Since the integration of equation (5) is symetric about ¢ = 0
the x component of the current does not contribute. This
leaves only the y-component which is ffw. The solution of
the laplace equation was decomposed in to a product of factors
for the three variables 7,6 and . It is convenient to combine
the angular factors and construct orthonormal functions over
the unit sphere. The functions Q,,(¢) = exp(imyp) form

Yim (0, ) = pp

204+ 1 (1 —m)!
(I +m)!

(6)

a complete set of orthogonal functions in the index m on
the interval 0 < ¢ < 2m. The functions P;(cosf) form
a similar set in the index [ for each m value in the interval
—1 < cosf) < 1. Therefore their product Q,,, P will form a
complete orthogonal set on the surface of a unit sphere in the
two indices [, m. From the normalization condition it is clear
that the normalization function, denoted by Y,,,(6, ¢), is

) P (cosf)exp(imep) (7N
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Is spherical harmonics, spherical harmonics for [ = 1 dipole,l = 2 quadrupole and [ = 3 octupole are given as

/3 /3
Yio =/ —cosb, Y11 = —{/ — sinf exp(iyp)
47 8
1 5 15
Yoo = \/» (3c0s?0 — 1), Yo = —1/ o= sind cosb exp(ip)
2V 4n 8w

1 /7
Y30 = =1/ ——sin(5 cos*0 — 3 cosf)
2V 4w
1 /21
Y31 = ——1/ = sinf(5cos*0 — 1) exp(iy) (8)
4V 4r
Where
Yi—m(0,0) = (=1)"Y5, (0, ¢) ©)
Which gives a way of generating the unwritten negative m harmonics above. Also, remember, for a given [ there are 21 + 1
different spherical harmonics: m = [, — 1,...,0,...,—l + 1, —1. Also note, that a spherical harmonic, with m = 0 is just the
normalization constant, multiplied by the Legendre polynomial: Yjo(6,¢) = 22—';1]35(0059). The normalization and
orthogonality conditions are:
2 ™
/ dap/ sin0d0Yyr,, (0, 0)Yim (0, ) = 6116mm (10)
0 0

the completeness relation, corresponding to Y>>, Uz (n)U,(n) = 6(n' —n) is

9] l

YD Yin0 )Y (0,0) = 6(0 — ¢)8(cost — cost)) (11)

=0 m=—1

considering two coordinate vectors Z and 27, with spherical coordinates (r, 0, ) and (1, 0/, ¢') respectively and angle ¢ between
them. From the addition theorem [10] for spherical harmonics as

47

P(cosC) = (21“

l
) S Vi (0 Vin (6, ) 12
m=—I

1

=

The expansion for is

1 0 1l
=Y <7§+1) Py(cos¢) (13)

=0

which is the potential at r due to a unit charge at 7. By substituting equation (12) in to (13) one can find the explicit form as

oo m=l 1
1 1 T N
= 2 (o) () vt im0 a8

=0 m=—1

Inserting equation (14) in (1) yields

) — 5 - <
Ay = épdm lg_o <2l+1) (rl>+1> (15)
m=l

£ ) Vim(0,9) / / / (") i (0, ¢ )1 sind dr' dg' d6’
Jo— r! ’ Lp/

The presence of exp(iy’) means that only m = +1 will contribute to the sum.

e = 1 rt
M —¢ E - ) (I
Ao’ = Gotr e (2l + 1) <Tl>+1> 10
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*Y71(0 /// J(r) o Y50, @ )" sind dr’ cos! d' db’

using equation (4) instead of .J (1) = Jcosy' follows

o . |Q|w 1 7!
Ag):e“"( TR 4”2 A+ 1 fil a7

*Y}l(e,cp)///Y['{(F)',@/)r'Qsmz0'dr’cosg0’dcp'd0’5(r’fR)
r Jor J

Here, the calculation is interested to the exterior point, so r« = R,7’ — R and r~. = r refers to the inner and outer region of
the neutron star respectively. as ' — R [ dr'r?5(r' — R) = R?

. R Q|0 R!
0 - (A0 () ()

*Yu/ / Yy, sin? @' cosy dy' df’
0/ wl

Different poles are derived by assigning different values for [. By picking | = 1,1 = 2,1 = 3 for dipole,quadrupole and
octupole respectively.

> Q 4T R3
AV —e, (1|§7|TR> < 7:5’ )Yn / / Y sin? 0 cos'dy' de/ (19)
’ 4.0,
Now, inserting the value of Y7, from above
A(1) 5 ‘ng 3 / o ’ ] /
A, =¢e, 3 sm9/ sin°0'do / cosp'exp(iv’)dp (20)
i 7’ 0
7 X QI (R
Agol) =é, (—3 o) stnf 21
Applying the same method and inserting the value of Y5; then
7 . [ lQI Rr? “
A(WQ) =é, ( s A7 R? 5 = Yo1 X /0/ /W Yy, sin? @' cos¢' d' do’ (22)
. 3|QIQR?
Ag) = %Sin%os@ (23)
- R4
Afp‘n’) =é,((]QI9) (7 4) Yg,l/ / Yy, sin? 0’ cosg'dy’ do’ (24)

Inserting the value of Y33
4

A9 — ¢,(QI9) (m

50 4> sinf(5cos?0 — 1) (25)

3. Magnetic Multipolar Fields of Neutron Star

Considering system of spherical coordinates (7, 6, ) where r is measured from stellar center [8, 14], 6 is the polar angle (in
radians) measured from the z axis and ¢ is azimuthal angle (in radians) measured from an arbitrary origin. The z-axis is directed
along the dipolar momentum of the star zi. It is known that magnetic field is the curl of vector potential i.e,

g T rsinfe
O Op 0y

B=VxA= 7
rsun A, 1Ay rsinfAg,
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- 1 0 0 111 0 0 ~ 1[0 0
B= A Ag)| 7+ = —(Ay) — =—(rAy) | 04+ = | =—(rdp) — == (Ar) | ¢ 2
rsinf | 00 g 5m0Ae) = &p( 9)} T LinQ &p( ) or (r ‘F)] + r [ar (rAg) 80( )| @ (26)
In general we can write multipolar fields as . .
B'™(r,0) =V x AZ” 27)

In our case A has only an azimuthal component. Therefore, only éim (r,0) and éém (r,0) survive, so that our equation will be

gim(y gy — 9 (zm :
B (r,0) = —einf 90 (A¢ (r,9)sm9) (28)
iy gy — 09 ( qim
By (r.0) = =< — (rAL(r.0)) (29)

As usual using [ = 1, [ = 2 and [ = 3 for the dipole,quadrupole and octupole field respectively. If m = 0 and [ is arbitrary,
then one obtains axially symmetric and uniform multipolar components.

3.1. Magnetic Dipole Filed of Neutron Star

Based on the above relation between magnetic field and vector potential to find the dipole field components as shown below

B (r,0) =V x AV (30)

& [0, . 1 éo [0,
rsind {%(SmeA“")} T {81“( A )}

~ 3 () [anter HW'Q oo 53]

. 2
S @ <R> 2stnfcosh — |Q|Q ind (R)
T T r

BW(r,0) =

rsind 3

B QO R? . QQR?
=33 cosbé, + 3,5

The radial and polar components of the dipolar field is written as

sinléy (31)

2
Bf,l) 3”;1 cosb €, ,and (32)
r

B _ Hd

0 3,3 sinf €y (33)

Where /iy = piat = |Q|QR? is the dipole moment. A neutron star total magnetic field is given by: B, = By + B, + B, +...
Hence the dipole moment ji4 can be written as

tta = By RS = |QIQR? (34)

In general form magnetic multipole moment is
lm BlmRH-Q

3.2. Magnetic Quadrupolar Field of Neutron Star written as B = —V [3, 14], where the scalar potential of the
magnetic field is p(r) = > . ma/ | ¥ — 7, |, and m, is an
analogy of the magnetic “charge”, 7" and 7, are the positions
of the observer and the magnetic “charges” respectively. The
scalar potential can be represented as a multipole expansion in
powers of 1/r. In the near zone limit (kr < 1), the magnetic
field vector B'™(r,0, ), associated with a given magnetic
multipole (Im) [29], can be expressed in terms of spherical
harmonics Y,,, (6, ¢) (ex.see Jackson 1975).

Under this topic magnetic fields that are in “potential state”
have been used. This terminology, which is common in
the solar/stellar physics literature, refers to a magnetic field
in which the current density J =0 everywhere within the
stellar magnetosphere, and therefore the field B can be written
in terms of the gradient of a magnetostatic scalar potential
[13, 28] so that the intrinsic magnetic field of the star can be
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Yim (6, ¢)
lm _ Im\V, ©
B (7‘,9, 30) =V ( rl+1 )

Spherical harmonics are written in terms of the associated Legendre functions as

2041 (1 —m)! ;
Y (0, p) = -—pm 0)e" ¥
l ( SD) 4 (l—l—m)' ! (COS )6
where P" (z), is the associated Legendre function,is defined as
m (=nH™ my2 AT
PP () = S (1= )™ (e = 1)

In a spherical geometry, the components of an individual multipolar magnetic field vectors are written as

I+1 dim
2A+1r 142 lm(97(p)

Bl™(r,0,¢) = —4n

AT Qi (1,0)

Ilm —
B0 (7’;9750) - 2l + 1 TH_Q Im (0750)
Blm(r 0,p) = m_ dim im sind Y., (0, )
’ 20+ 1 ri+2 ’

where 1 is for m and O is for ¢ it is polar component.

-
!

dim = /dsr/ " }/lm(o )p(T)

[e%s) 27 T
:/ 7“/2d7"// dcp’/ sin'df’ p(r', 0", o )''YE (0, @)
0 0

0

qim 1s known as multipole moment of the charge distribution. This moment satisfy the identity g, = (—1)™ qQ

few moments are as follows

_ 4 _ /3 p
CIOO—\/Ey qio = an?

98

(35)

(36)

(37)

(38)

(39)

(40)

_m-The first

where q is precisely the total charge of the system and P is the electric dipole moment, when expressed in terms of spherical

polar coordinates, x = rsinfcosp, y = rsinflsing and z = rcos6 using these

Q= o /dsr’p )r'sinfe™"? = — [ — /d‘sr’p x*iy):\/g(pzfipy)
T
G20 = \/ Q33 y Qo1 = —*\/ (Q13 —iQ23)
1 /15 .
22 = 12 %(Qu —2iQ12 — Q22)

where, Q;; is the traceless quadrupole moment tensor,defined by

Qs = [ o) (3l — r75,)

i and j stand for cartesian components x, y and z or 1, 2, 3

Tr(Q) = /dST/p(T_;)(?)TQ —3r"?) =0

(41)

(42)

(43)

(44)
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Since, 211.2,3 728 = r'?(611 + Jo2 + d33) = 3’2 and

;rirl = 3r'%. The quadrupole moment tensor is symmetric
i.e, @Qi; = @, this reduces the number of possible independent
components to six. As its name suggests it has zero trace
so that Q33 = —Q11 — Q22 and only two of the diagonal
components are independent. Thus the tensor can have at most
five independent components [23].

Qu Q12 Q3
Qij = | Qa1 Q2 Q2
Q31 Q32 Q33

Ifm = 0 and [ is arbitrary, then one obtains axially
symmetric and uniform multipolar components [14, 15, 29].
The magnetic moment associated with the strength of the
magnetic multipole component (Im) at the surface of the star
is defined as '™ = B'™RIF2 [11? 1. ie p'™ = B, R."?,
where B, is the reference magnetic field on the surface of the
star and R, is the radius of the star. Now applying the above
expressions from equations (36) and (37) then obtain.

By =n T B v0,) @)
=dr 10 Cii’g \/;(200326— %)
B® = Z%(300820 —-1) = Z%(?)COSQG —-1) (46)

where Q33 = ( is the quadrupole moment and refer to the
axis of symmetry as the “direction” of the quadrupole moment
(tq). Considering axial multipoles where the space-fixed z-
axis of the star (the stellar rotation axis) as the symmetry
axis of the multipole being considered then can get the
known general multipolar magnetic field equation [29]. Then
spherical field components of an axial multipole (B, = 0) of
order [ are given by

1+2
Bl = BLrole (R*) Pi(cosb) (47)
T
Bi,pole R* +2
Bl = T <r) Py1(cosh) (48)

Where R, is the star radius,r is a point external to the star,
Py1(cos®) and Pj(cosf) are the m = 1 [*" associated Legendre
function and the [** Legendre polynomial respectively.
Now by applying quadrupole field equations, calculate the
quadrupolar magnetic field components of neutron star. In the
same way solving for By yields
3Q33

2r

7 sinfcost =

3”‘1 sinfcost

(2) _
BG - i

(49)
where

= |QIQR (50)

3.3. Magnetic Octupolar Field

The octupolar field components are also found from
previously determined vector potential of [ = 3 in chapter one.
The result obtained is as follows:

B® ~ (57{)) cosf(5cos*0 — 3)é, (51)
T
217
Bég) ~ (20r5> sinf(5cos?0 — 1)ép (52)

Where 7" =77=|Q|QR* is the octupole moment. Following
the same fashion the octupole magnetic field components are
shown as follows. Hence,from the previous relation

T = B, ,R°T (53)

3.4. Magnetic Dipole-Quadrupole Field Interaction

Considering that magnetic dipole and quadrupole moments
are deflected from the rotation axis by same angle then
magnetic dipole and quadrupole combination (interaction) of
neutron star as:

2 3
Biti — piy e — 3‘;; cosf é r+1—4(300529 1)é, (54)
d+q _ q _ Hd ?’M
By Be + B, 3,3 sinf €y + 2—5@7190050 €y (55)
rt

This interaction become minimum at the point where the
first derivative of the equation with respect to r or 6 is zero,
this happen at:

_ 3Bpg cosf)
2rpig  (3cos20 — 1)

(for the radial component)

r| = —2Ha

— 29— 1
2uqcost (3cos )

(56)
For instance consider § = 0 the value of r at which the

interaction is minimum will be | r |= 3% and so on for other

angles. After some calculation for polar component then get

Iig cosf
_ = 7
Srpa (0520 — sinZd) (for polar angle )  (57)
cost) = ﬂ(l — 25in?0) (58)

THd

Note, that r is measured from the center of the star. Figure 1
shows the field is very strong for dipole plus quadrupole. Both
are reducing at the point far from the star. However, the dipolar
field is strongest of all very far from the star because the
far field potential is dominated by the first non-zero moment
(I =1). According to our assumption on this graph if r = 1 it
is on the surface of the star.
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Figure 1. Graphical comparison of neutron star magnetic multipole fields and the dipole-quadrupole interaction field vs r(distance from the center of the star). As seen from the graph
octupolar field is fast decaying field as r increases where as the dipole-quadrupole interaction field is strongest at the surface of the star.

3.5. Magnetic Multipole Field Line Equations of Neutron
Star

Qualitatively, a field line for any vector field V is a curve
that is tangential to V at every point along the line. The
concept of a field line may be given a mathematical description
by writing down the equation for the field line. A convenient
starting point is the parametric equations for the field line in
cartesian coordinates:

de dy dz

— == — 59

B, By, B, (>9)

The above parametric equations (may be written in terms

of any other orthogonal coordinate system. Accordingly, the

magnetic field line equations for different poles and model
their geometry can be derived.

4. Magnetic Dipole Field Line

Here by “equation of the field lines” it means an expression
of the form r = r(#) which describes the path (shape) of the
field lines in a spherical coordinate system. An expression for
the field lines of an axisymmetric (axial) multipole of arbitrary
degree is derived. In this context the order of a magnetic
multipole for(! = 1 and [ = 2) can be thought of as the
number of polarity changes in the surface field between the
north and south pole of the star. In this paper the attention
given to axial multipoles, which generate planar field lines.
For example, an axial dipole (I = 1),quadrupole | = 2, and
octupole (I = 3). Throughout our work r and € are standard
spherical polar coordinates, with § measured from the rotation
pole of the star; § = 0 corresponds to the stellar rotation pole,
¢ = 75 corresponds to the equatorial plane.The origin of the
coordinate system is at the center of the star, and thus the stellar

surface corresponds to 7 = R,. Only azimuthally symmetric
multipoles, known as axial multipoles are considered, i.e,
B, = 0. The differential equation describing the path of the
field lines in spherical coordinate is

o
L]

Figure 2. Pure magnetic dipole field line geometry for K4 > 1.

dr = drf + rdf0 + rsinfdpp (60)

In two dimension (2-D) magnetic field can be written as

B = B,7 + Byb 1)
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Here [ = 1 dividing these equation one by the other then get

(1) 4 1) 5 (1) (1)
BTTZBO?:}BT :BQ 62)
drt rd00 dr rdf
(1)
@ Br ——df = Ky
r B(l

Where kg4 is a constant related to the field curvature which,
upon substituting for B, and By from above and integrating,
yields the well known result.

ﬁ _ 2cost)
rdd

sinf

= @ = 2cotfdo
r

= % = /200t9d9

= Inr = 2In|sind| + Inky = In|sind|* + Inky

| 7(0) |= kqsin?6 (63)

This is the general field line equation for magnetic dipole
field. Figure 2 implies if a particular closed field line loop
of the dipole reaches a maximum radial extent of 7,4, in the
stellar equatorial plane, where § = 7/2, then the integration
constant in the above equation (63) is equal to 7,4, [29]. Thus
for a dipole the equation of the particular closed field line will
be

r(0) = TmazSin0 (64)

Different values of r,,,, correspond to different field lines.
There are two lobes in a spam of 360 degrees or in the
range (0, 27) for a specific kq, where kg is a constant related
to the dipolar field curvature. For r < r,, the magnetic
energy-density dominates and the field lines are closed. The
surfaces where magnetic stress energy balanced with matter
stress (P + pv? = g) i.e, the surface 0 = 1 separates
the regions of magnetically dominated and matter dominated

plasma (B = (P + pv?) SB—j).

5. Magnetic Quadrupole Field Line

Here, again applying the same method as dipole field line

dr = dr# + rd06 + rsinfdpd (65)
As usual in 2D magnetic field can be written as
B = B, + By (66)
B® BY ar BY
dr rdf r ¥ e (67)

0

Substituting the quadrupolar field BS,Q) and Béz) from
chapter 2 and have

dr %(300529 —1)

— = - 68
3““ 1 sinfcosb (68)
/ dr / 1 (3cos?0 — (3cos®d — 1)
sinfcost
29 _ —ein2p) _
lm’:l/ (3095 0 1)d6:1/3(1 'sm 0) 1d¢9
2 sinfcost 2 sinfcost
B 1/3—3sin29—1d6_ 1/2—35in29
2 sinfcost 2 sinfcost
1 3 sin26
= | ———df— = | ———db
/ sinﬁcosGd 2 / sin@cos@d
1 3 [ sinf
o / sin@cos@da_ i/cosﬂde
—/;dﬁ §/t 0do
] sinfcosf 2 an
= /05605609d9 — §(—ln)\cos€| + Ink,
= In|tand)| —|— ln |cosb| + Ink,
r(0) = In|tand| + ln lcosb|*/ + Ink,
| 7(0) |= k4 tand cos20 (69)

o
@

Figure 3. Pure quadrupole field line geometry for the solution derived above.

Figure 3 indicates the quadrupole field has four lobes in
the range (0, 27) or in a spam of 360 degrees.which have one
solution for a single degree in one quadrant for a specific k.
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6. Results Bg+q 3—51710 + ;—Qsznﬂcose (72)
r3
6.1. Equation of Magnetic Dipole-quadrupole Interaction ﬁ _ & (73)
Field Line and Its Geometry rdf By
Summing up our previous dipole and quadrupole filed / dr / =T a6

equations as:

= Inr = / iy /] (74)

BU+® = g 4 @ B — BV 4 BIP (70) ,
Inserting the values of B, and By from above, and find

Where the indices 1 and 2 indicate the dipole (I = 1) and
quadrupole (I = 2) respectively.

2 3
Bta — Pd os + @

33 4—4(300529 -1) (71)
r

do (75)

2u 3pig
o) = [ B+ Bataeoto

£d ging + 2E2 sinhcoshd
3r 2r

_ / iﬁgcose W / 314 (30520 — 1) 0

3
sm@ + 54 K4 sinfcosl S‘LﬁsmH + 2‘:2 sinfcost

the integration yields
9logsin(6/2)/cos(0/2)  log(4 + 18cosb) /9
11 cosf + 1
_ 162log(4 + 18cos(6) 1/cos(6/2)? o sin(0/2)
cos(0) + 1) 2 9003(9/2)

Simplifying this one can arrive at the solution keeping magnetic moments and r constant.

Inr(9) =

/(8 — 162) — 3log /11 + Ink (76)

(tan(/2)) 1

162 3/2
4+18cosf | 87162 1/2 1
cosO+1 1/2cos0+1/2

| r(0) |= K )

o
=)

Figure 5. Dipole-Quadrupole interaction field lines geometry for k = n, as number of
k increases large space needed to see full line here.

=]
==}

Figure 4. Dipole-Quadrupole interaction field line geometry for specific k.
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Graph of theta vs r(theta) for d-q interaction field line
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Figure 6. Graphical representation of field lines for neutron star magnetic dipole-quadrupole interaction,where 0 is in radians.

Graph of theta vs r(theta) for d/t polar field lines
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Figure 7. Graph of magnetic pure dipole and quadrupole field lines and their interaction.

This is the solution obtained. Figures 4 and 5 are geometries
of this filed line equation for a single k and several k’s
respectively. There are two lobes in a spam of 360 degrees
or in the range (0, 27) for a specific k, where k is a constant
related to the interaction field curvature. The geometry is some

what different in shape from pure dipole field line geometry as
it is to be.This field line geometry indicates that there is only
one solution for a particular degree in a quadrant. It also shows
that the field geometry become open at a given distance from
the star this means, if the value of & is increased one can obtain
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the point at which field lies become open (see figures 4 and 5).
Figure 6 shows the maximum field lines at the for the angle of
deflection of magnetic moments from axis of rotation.

The geometry for single k has only one loop in a given
quadrant and for many k there are many loops. Since, k
is related to the interaction field curvature, as the value of
this increases the field line open at a given distance from the
surface of the star. This point has some physical meaning or
importance to understand the flow of matter to a compact star.
The magnetic stresses thus increase much more steeply with
decreasing radius than the material stresses do. Therefore,
generically one expects that far from the star, material stresses
must dominate. Close to the star, magnetic stresses dominate.

This is the graph of our field line solution for neutron star
dipole-quadrupole magnetic field interaction. It is plotted for
the angle of deflection of magnetic moments from axis of
rotation versus 7 () between zero degree and 7 or 3.14 rad and
help us to indicate the point of neutral lines. Here the graph
indicates there are three neutral lines as expected. The three
neutral lines for this interaction part are the two axes, § = 0
and 6 = 7 and a circle in the plane (r, #) on which r-solutions

T 3m

correspond to -angles in the domain [, 7] radians.

7. Discussion

There are three neutral lines for the interaction part as
expected: the two axes, § = 0 and § = 7 and a circle in the
plane (r, §) on which r-solutions correspond to #-angles in the
domain [Z, 3%] degrees. The three field lines have the same
solution at some degrees as both have the same at 7. Values of
the magnetic field on the lines 6 = 0, or # = 7 obtained from
the equations of magnetic field components, it is clear that on
the lines § = 0 and § = 7, B,(r,0) = 0, as it is zero every
where, By (r,6) = 0, since sin 6 is in factor, but in particular,
on the line § = , there is a point at which B, (r,6) = 0.
This point show that it may be a neutral point for particular
configurations of the magnetic field in the star magnetosphere.
These neutral points may or may not have physical meaning.

8. Conclusion

In this paper the multipolar magnetic fields of neutron
star have been calculated and derived from a vector potential
produced by spinning surface charges. This paper investigated
magnetic dipole-quadrupole interaction field of neutron star
as well as simulated its geometry of field lines in 2D for a
single field curvature (k = 1) and for different field curvatures
(k = mn). Simulations showed that magnetic field lines are
closed if magnetic field is strong enough or (near the surface
of the star) and open far from the star this can happen at a
maximum radial extent of r,,,, in the stellar equatorial plane
(a given distance from the surface of a star). Geometry of these
field lines can affect the size of matter flow to the compact star.
As seen from geometry of field line the size of accretion disc
could be thick.
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