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Abstract

Currently, there is no clear understanding of how pulsar magnetic fields decay. This
is the motivation behind the development of this particular model for pulsar field
dissipation. In this work we develop a theoretical model for surface magnetic fields
of neutron stars (NSs) based on spinning separated charges that arise as a result of
plasma diffusion processes inside NS matter [I]. As was described in this model, we
have pointed out that such kinds of magnetic fields will be temperature dependent,
and should decay primarily as a result of neutrino emissions. In this work we have
formulated magnetic field decay law associated with neutrino emission process cor-
respondingly the NSs cooling curve. Based on the above model, the magnetic field
derived from this law is shown to be consistent with observations from typical young
pulsars, like crab and vela young ones. We have also explored the possible impli-
cations of the results such as the observed variations and possible time evolution of

pulsar braking indices are also discussed.



Chapter 1

Introduction

At present there is no, as such, a satisfactorily self-consistent theory for the origin
of NS magnetic fields. The current understanding is that it can either be a fossil
remnant (the standard picture) or it may be generated by surface thermal processes
soon after the formation of the NS [2]. Models for field decay may follow either of
these venues. Very recently, however, in another line of the theoretical research work
separated charges have been suggested as likely sources for NS magnetic fields [I, [3].
According to [1], it has been shown that charge diffusion driven by the huge plasma
density gradient, inherent to NS matter, results in separated charges large enough
to generate surface magnetic fields which, very early in the life time of a typical NS,
are at least 2 orders of magnitude stronger than those usually observed from young
pulsars such as the Crab or Vela pulsar (~ 10'? G). Also, in the earlier work by the
same author [3], it was demonstrated that the new model for NS surface of the star
which give rise to dynamical properties of the magnetic moment that are not, in any
form, predicted by the standard theory of pulsars. In this particular issue, the author
was able to utilize these extra dynamical features to successfully address such points.

These issues have been subjects of intense research for decades. For works performed



in this line see for example [4].

Investigations indicate that no significant magnetic decay occurs in a NS life time
[5, [6]. This raises a serious question of how magnetic moments of so the called mil-
lisecond pulsars (MPs) and Low-Mass X-ray Binaries (LMXBs) decay from a typical
value of ~ 10%° G cm?® down to 102726 G cm? in a time window of about 107~ yr
[6, 7, 8, @]. Obviously, Ohmic decay alone can not be responsible for the indicated
magnetic moment. In fact, whether or not magnetic moments of pulsars undergo
Ohmic decay is still an open question [I0]. There are even those who hold that
Ohmic decay is suppressed (by several orders of magnitude) due to space-time cur-
vature effects, especially in older pulsars [I1]. This problem has recently prompted a
series of semi-empirical models for magnetic moment decay [12], including such ap-
proaches as the one involving mass-accretion induced decay scenarios [13]. However,
NS magnetic fields decay as a result of neutrino and photon emissions lead to the
cooling of NS in general. According to this model all form of radiations resulting in
the spin down of the pulsar are also responsible for field dissipation [1].

Based on the new model for NS magnetic fields adopted in this work, a pair
of decay laws for surface magnetic fields of young as well as old pulsars will be
formulated. The two decay laws correspond respectively to the neutrino and photon
emission branches of a typical NS cooling curve. However, the purpose of this paper
is to point out that, the decay law due to neutrino emission a typical NS cooling curve
lead to pulsar surface magnetic fields which is very much consistent with observations.

Finally, implications of the results to the time evolution of pulsar braking indices

as well as their variations will be discussed.



Chapter 2

Pulsars and temperature
dependence of their magnetic fields

2.1 Pulsars

According to their magnetic fields, NSs are classified into two, namely, pulsars and
magnetars with typical polar surface magnetic fields of 10*?713 G and 1041 G, re-
spectively [14]. Pulsars are rapidly rotating highly magnetized NSs that were first
discovered in 1968 at radio wavelengths [15]. They emit periodic, non-thermal ra-
diation by converting their rotational energy into dipole radiation. Pulsars are sub-
divided into Crab pulsar, Vela pulsar, etc. [14]. The Crab Nebula is a pulsar wind
nebula system, and it is considered as the standard candle of gamma-ray astronomy
due to its strong and steady emission. Pulsar wind nebula (PWN) are one type of
supernova remnants (SNRs). These objects have a rapidly spinning NS, a pulsar, in
their center and a nebula around it, which has strong non-thermal radio to gamma-
ray emission. Magnetars are also subdivided into soft gamma repeaters (SGRs) and
anomalous X-ray pulsars (AXPs) [16]. Magnetars are the most strongly-magnetized
objects yet known in the universe. As already mentioned, the observationally in-

ferred dipole magnetic fields of NSs, particularly magnetars (B ~ 10*~1° G), are the



strongest known in the Universe, far exceeding any produced so far on Earth (up to
107 G produced in explosions, for very short times) or on other stars (up to 10° G on
White dwarfs). An interesting comparison on magnetars is given on table (2.1) [16].

On the other hand, NSs share with White dwarfs and Upper main sequence
stars the properties of being mostly or completely nonconvecting and having fields
appearing to be constant over long time scales and thus likely “frozen in” rather
than being rearranged and regenerated by a dynamo process. Table 2.1 shows that
the widely different sizes and observed magnetic field strengths among these three
types of stars largely compensate to give quite similar maximum magnetic fluxes

Prax ~ 10175718 G km? in each type.

Table 2.1: Stars with long-lived magnetic fields.

Star type Upper main sequence | White dwarf | NS
Radius [Km)] 1089 10 10
Max. magnetic field B,ax[G] 10%° 10° 101
Max. magnetic flux @, = TR*Bax|G Km?] 108 10172 10172

The presence of strong magnetic fields in pulsars has been theoretically predicted
and measurements of the polarization of the radio emission have provided the ex-
perimental evidence for it. Magnetic field strengths of the order of 10'2 G can be
derived from the observed in X-ray spectra of pulsars, e.g. [I7]. These extremely
strong magnetic fields originate in the collapse of the progenitor star. The strong
magnetic fields ~ 10'? G associated with pulsar are believed to have been arised as
a result of the decrease in radius of the progenitor stars which, during the process of
core collapse, shrink by a factor of ~ 10° [1].

From the observational evidence, which shows the evolution of NS magnetic field

is the evolutionary connection between young and old NSs. Young NSs appear to have




strong magnetic fields ~ 101715 G (“classical” pulsars, radio pulsars, “magnetars”, X-
ray pulsars). Older NSs are observed as recycled pulsars, such as MSPs and LMXBs.
Their surface fields are weaker, < 10'° G [I]. This weaker fields with older object
suggests that the magnetic fields of NSs are subject to decay. Since the NSs found in
MSPs and LMXBs have accreted substantial amounts of matter, but it is difficult to
resolve whether the decay results from age or accretion [I8]. Evidence favoring age
comes from some statistical studies of ordinary, single, radio pulsars which conclude
that the magnetic fields of these objects decay on time scales of order 107yr [5].
However, other studies reach the opposite conclusion [6]. The detection in v — ray
burst spectra of what appear to be cyclotron lines formed in (10'? — 10'3) G fields
[T9] would provide evidence in favor of accretion, should the bursts emanate from old
NSs [12].

If these two groups have an evolutionary connection, their dipole moment must
decay [20]. The reduction in the magnetic dipole moment may be a direct or indirect
consequence of the accretion process, or just an effect of age.

Studies of the pulsar distribution on the P—P diagram have lead to the claim that
the magnetic torque decays on a time scale comparable to the life span of “classical”
pulsars [2I]. But was later put in doubt by other authors see e.g., [6], whose more
careful analysis leads to opposite.

Our model for NS magnetic fields adapted in this work not only identifies the
fields as being dipolar and successfully links the dynamical properties of the mag-
netic moment of the star to measured pulsar statistics, but it also indicates that

these surface fields ‘decay’ through time as a result of a mechanism which is radically



different from that of Ohmic (spontaneous) decay commonly used to address situa-
tions involving the time evolution of pulsar fields. Even though, Ohmic decay is very
slow and ineffective, more or less it could be counted as marginally responsible for
field dissipation. Our model for NS magnetic fields adopted in this work is different,
basically, because, unlike the fossil fields in the standard theory, the surface fields,
in this case, are temperature dependent [see Eqn. (4.2.1)]. These fields are expected
to ‘decay’ as a result of neutrino and photon emissions. However, since the cooling
curves for typical NSs are known to have two different branches [22], related to the
neutrino dominated and photon dominated cooling periods respectively.

The decay law predicted by the present theory will have two distinct segments,
one corresponding to each branch. According to standard cooling calculations, the
first branch of the cooling curve will cover the first 10* — 10° yr. The first segment of
the decay law corresponding to this branch can be shown to suggest a relatively slow
decay rate. As a result, an initial surface magnetic field of, say, ~ 10* G will only
fade away to ~ 2 x10'? G in the first ~ 10* — 10° yr [22]. It is to be noted that active
pulsars in the galaxy have surface magnetic fields in the range of ~ (2 — 6) x10'% G.
It is not our intention to study this issue here, but the second segment of the decay
law, on the other hand, is expected to involve a much faster decay rate as compared
to the first. This is due to the strong surface fields which naturally tend to enhance

cooling by photons [22].

2.1.1 Pulsar’s properties

Radio pulsars are regularly pulsating sources of radio waves, interpreted as magne-
tized, rotating NSs [23]. The present catalog of radio pulsars extends to more than

1400 objects, some of them are, Crab, PSR B1509-58, Vela, PSR B1706-44, PSR



B19514+32, Geminga, and PSR B1055-52, are list in Fig (2.1). Magnetic fields of
radio pulsars, as measured by their periods, P and period derivatives, P, fall into a
broad range between (10® — 10'%) G [20, 24, 25]. According to their age t and their
magnetic fields B, radio pulsars are also categorize in to two significantly different
groups.

(i). young (t ~ 10377 yr), relatively slow (P ~ 16 ms to several seconds), and
their magnetic fields of such pulsars that lie in the range (10" — 10'3) G, strongly
magnetized “classical” pulsars, and

(i1). old (t ~ 103719 yr), fast (P ~ 1.55ms to several ms), fields of recycled pulsars

occupying the range (10% — 10'%) G, weakly magnetized “millisecond” pulsars.

Crab B1509-58 Vela B1706-44 B1951+32 Geminga B1055-52
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Figure 2.1: Light curves of seven gamma-ray pulsars in five energy bands, from left
to right in order of characteristic age .

In Fig (2.1) we consider Light curves of seven gamma-ray pulsars in different



energy bands. These Gamma-ray Pulsars are Crab, PSR B1509-58, Vela, PSR B1706-
44, PSR B19514-32, Geminga, and PSR B1055-52. Each pulsar shows one full rotation
of the NS. [26]. These pulsar light curves (gamma-ray pulsars) are not the same at
all wavelengths. Some combination of the geometry and the emission mechanism is
energy dependent. In soft X-rays, for example, the emission in some cases appears
to be thermal, probably from the surface of the neutron star; thermal emission is not
the origin of radio or gamma radiation. The six pulsars seen by high-energy gamma
rays all have a common feature they show a double peak in their light curves. Image
credit: D. J., Thomson (NASA/GSFC) [26].

It is now generally accepted that pulsars are rapidly rotating NSs. In addition to
being radio sources, pulsars radiate even more energy in the form of invisible “winds”.
The Crab Nebula is a supernova remnant that is lit up by the pulsar in its center,
as best as one can tell [I4]. The remnant of the Crab supernova, some nine hundred
years after the explosion, is both accelerating and radiating in radio, optical, X-ray,
and Gamma-ray bands powered by an energy input from the pulsar of ~ 4 x 1031J s71.
By equating the input in the nebula to the power loss of the magnetic dipole radiation
Eqn. (2.1.6), one can derive the magnetic field. Consider the fastest rotating pulsar
with a period ~ 33 ms, PSR 1937421 [27]. Now we can find the magnetic field

B2RO4sin2a J
=4 x10M= 2.1.1

where B, is the dipolar magnetic field at the stellar pole, R is a canonical NS radius
(~ 10 km), © is the angular velocity, c is the speed of light and « is the angle of
inclination of the magnetic axis to the rotational axis.

From the above relationship we can compute an expression for magnetic field,

4 x 6 x 1033
B = V TRoisiZa 0 (2.12)

8



1

where P ~ 33 ms is the observed period, ¢ = 3 x 10® m s}, assuming o = 90°, and

replacing €2 by %’T, we can obtain
B, ~ 4 x 10" G. (2.1.3)

According to the proponents of this model Gold [23], suggested that the radio
signals from a NSs are caused by the magnetic fields around the star. When a NS is
rotating, carrying a strong dipolar magnetic field with it, it acts as a very energetic
electric generator, and provides a source of energy for radiation.

Classical electrodynamics predicts that a time varying magnetic dipole moment

ni results in a loss of energy described by the Larmor formula [2§].

2 .2

here dots indicate that time derivative.
A magnetic dipole moment, forming an angle o with the rotation axis, is written

as
B,R?

nm = sin v 17, (2.1.5)

where 2 is the unit vector aligned to the spin vector and | i | = $B,R®. Then ,for a

rotating dipolar field, the radiation using the Larmor formula is

216
. BR

_ 4002
P=E= 6o Nsin’ «, (2.1.6)

where Q is the angular velocity, o the angle between m and Q. Since the energy is
being lost, Gold [23] predicted that the rotation period of the NS will increase and

the rate of increase would be

d (EIQ2> ) (2.1.7)

9



where I represent the moment of inertia of NS. Assuming the moment of inertia I is
independent of time , so that

N0 = —E, (2.1.8)

E  BiR°

- — _ O3sin?a. 2.1.
0 6l sin“a (2.1.9)

In 1975, when the Crab Pulsar was discovered, a slow increase of the period was
detected. At that time, the period of the Crab Pulsar was 33 ms, for atypical moment

2 and the rate of increase of the period was P = 1.2580 x

of inertia I ~ 10% g cm
1071, If we assume this increase of the period is due to the radiation of the magnetic
dipole, then B, should be about 5 x 10'? G. Thus, the increase of the period of

the Crab pulsar suggests the presence of strong magnetic fields associated with NSs.

Thus, it is in a good agrement what we have been shown in Eqn. (2.1.3)

2.1.2 Braking index of pulsars

In the previous section it was already pointed out that the rotation angular frequency
() of the pulsar changes with time. Just like in the case of the magnetic field, the
fast rotation originates in the collapse of the progenitor star. Angular momentum is
conserved. Since the discovery of the first pulsar in 1968, the experimental techniques
have improved significantly and have allowed for precise measurements of the pulsar
period for many pulsars. For most of the pulsars, it is also possible to measure the
time derivative of the pulsar angular frequency (Q), and for some of the pulsars, the
second and third derivative of the angular frequency, is also measurable. The change
in the rotation angular frequency is related to the braking index n, which is defined
as

0= —KO", (2.1.10)

10



assuming K is constant. The braking index of a pulsar can directly be calculated if

the second derivative of the angular frequency (f2), can be measured. The braking

index is then equal to
Qo PP
g T pr

If one assumes that the loss of rotational energy is entirely converted into magnetic

n (2.1.11)

dipole radiation, then it follows from Eqn. (2.1.9 ) that
Q o< Q2 (2.1.12)

where in this case n = 3. We get an estimate of the pulsar age as

Q

Te = ——. 2.1.13
50 (2.1.13)
Similarly
p
Te = —, (2.1.14)
2P

which is called the characteristic age (or spin down age) of the pulsar. In most cases,
the characteristic age is stated under the implicit assumption of magnetic dipole
radiation (n = 3). The characteristic age provides a good estimate for many pulsars,
but there are also significant deviations found for pulsars, for which the true age is
known from an association with a historical supernova. This may be due to a braking
index n # 3.

In Section (2.1.1) we have discussed the theoretical description of pulsar and spin-
down energy radiation from a rotating dipole. Thus, using Eqns. (2.1.6) and (2.1.8),
we have

- 2
PP = KB?, (2.1.15)

11



_ RS(27)%sin%a . . .
where K = === By substituting Eqn. (2.1.15) in to Eqn. (2.1.11), we get

6c31
Pl 1\d, .,

p p
where the proportionality constant K in the Eqns. (2.1.15) and (2.1.16) includes
different dependencies on the star radius, moment of inertia, magnetic field strength,
and angle between rotation and magnetic axis. If all these quantities are constant
in time, the magneto-dipole spin-down mechanism predicts a braking index n = 3
(see Eqn. (2.1.10) and (2.1.16)) but variations in time of any of these quantities may
cause departures from this canonical value.

If KBf) is constant in time, the braking index is n = 3. Most pulsars show strong
deviations from n = 3, implying a time variation of KB?) lead to different braking
index. If the braking is due to a relativistic stellar wind, the braking index n = 1 [14].
The observed braking index n, which has been determined for several young radio
pulsars, are all less than 3. For example, the braking index of the Crab pulsar PSR
0531421 is 2.509 £ 0.001 [29], n = 1.4+ 0.2 for the Vela pulsar PSR 0833-45 [30]. For
PSR B1509-58, n = 2.837+0.001 [3I]. Clearly, the braking index deviates from what
would be the expectation for pure magnetic dipole radiation. One explanation for
this is, that the energy flow from the pulsar is not only by electromagnetic radiation,
but does also have a contribution from the particle outflow. Since the magnetic field
dominates the physics of the outer magnetosphere, Eqn. (2.1.6) will still give a good
approximation of the total energy flow.

In previous works, many authors proposed various models to explain the discrep-
ancy between observed and theoretical predicted value of n suggested that neutrino
and photon radiation coming from superfluid neutrons may brake the pulsars. [32]

proposed that n < 3 due to a multipole field and field evolution. The braking index

12



can be directly inferred from the measurement of the star frequency and its deriva-

tives. It differ from one pulsar to another (see references in Kaspi) [33].

Figure 2.2: The P — P diagram shows the nature and evolution of detected pulsars.

Fig. (2.2) is a plot of the absolute value of the time derivative of pulse period
(P), versus pulse period (P). It is useful for following the pulsar lives. It also encodes
a great amount of information about the pulsar population and its properties, as
determined and estimated from these two quantities. Special classes of pulsars are
shown separately such as, Normal pulsars, Anomalous X-ray pulsars (AXP) or Soft

Gamma-ray Repeaters with pulsations, high-energy pulsars with emitted frequencies

between radio and infrared or higher, and binary pulsars. The diagram clearly shows

13



the distinction between “normal” pulsars and millisecond pulsars. The differences are
due to the different ages and magnetic field strengths of these two populations. The
plot shows that “normal” pulsars reside at the top right of the plot. These are young
with strong magnetic fields (B ~ 102 G), large pulse period (P), and large period
derivative (P) . Whereas, located at the bottom left are millisecond pulsars. These
are much older with weaker magnetic fields (B ~ 10® G), smaller pulse period (P) and
period derivative (P) At birth pulsars appear in the upper left corner of the diagram;
if the magnetic field B is conserved, they gradually move to the right and down, along
lines of constant B. The pulsars occupy the largest region of the diagram with their
population extending from the very short period, low P millisecond pulsars up to high

P, high magnetic field pulsars that border the magnetar range. The magnetars have

the highest P. Figure generated using data available from [34].

2.2 Temperature dependence of pulsar’s magnetic
fields

Just recently it has been indicated that plasma density gradients inherent to NS
matter could lead to large scale plasma diffusion and subsequent charge separation
with excess negative charge accumulating in the crust while at the same time, almost
the same amount of excess positive charge is left behind at the solid core. Surface
magnetic fields are then expected from the spinning of these separated charges. Below
is given a formal discussion on the processes of plasma diffusion in a two-component
degenerate, dense Fermi system representative of the NS matter we are considering.
This is variant to the elementary approach we used in the original paper [I]. Ignoring

the temperature gradient driving force for reason of high conductivity of the NS

14



matter, in this case currents of the charge carriers can be modeled as [1].
n; = —D%(8mg — Tgng) + NnogﬁiFOBa (2.2.1)

where n, = (ng,n;) is the four-particle current, ng is the local current density, gg; is
the metric tensor, F*? is electromagnetic field tensor and DV is the diffusion coefficient
which we take as scalar.

The four-vector diffusion coefficient D* defined by

D® = H(p® — m,), (2.2.2)

where p® is the four-vector momentum, # is the total hamiltonian of the particle and
m, is the rest mass of the particle. The factor (p° — m,) oc KgT (by equipartition
principle) is expected to be the energy corresponding to the particle’s random motion
responsible for the various scattering that determine the different transport coefficient
of the system including the diffusion coefficient and the mobility of the individual
species making up the plasma. Kg is the Boltz-mann constant and T is the internal
temperature of the NS.

Normally the electrons, due to their small masses, are much more responsive and
quick as compared to the protons and therefore dominate the diffusion process. The
electron-proton interaction can be considered as the long-range Coulombic interaction.

Standard calculation for dense Fermi system show that [35] B30]

m2ho
~ m*4K2BT2’ (2.2.3)
and
2h6
o ~ e | (2.2.4)



where m} and m are effective electron and proton masses, respectively and | e |
is the absolute magnitude of the electron charge.

By considering the dipolar component, we will derive the electric field due to the
space charge created as a result of the diffusion process by assuming model Eqn (2.2.1)

taken at equilibrium and in the absence of gravity. Thus, Eqn. (2.2.1) will reduce to
0 = —D%myg) + unogﬂiFOB. (2.2.5)

The electro magnetic field tensor is defined as [37]

Ex Ey E,
E
~E o B, -B
Fof = s v (2.2.6)
-= -B, 0 B,
~E B, -B, 0

Under Post-Newtonian approximation the metric tensors can be expanded as [37]
2 4
oo = —1 4 2o - 8oo + -
2 4

and

3 5
gio = 8io T 8ip Tt - (2-2-7)

By using Eqns. (2.2.5) - (2.2.7), it is clear to write
2
Do(aino) = [Lng(éki + ki + ...)FOk. (228)
If we approximate the metric tensors to their first term we will get the following

Do(aing) = /Lno(ékiFOk), (229)
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here if k = i, then d; = 1, having this Eqn. (2.2.9) will become
D°(dmng) = pnoF", (2.2.10)

here the field tensor F” is obtained from Eqn. (2.2.6)

RO _ if) - (2.2.11)

where, FO! = %, F%? = % and F% = %, here, c is unity. By substituting Eqn.
(2.2.11) in to Eqn. (2.2.10) will provide the electric field due to the space charge

created as a result of the diffusion process as

Dg 1 ano
E(I') ~ E (H—OE> . (2212)

Normally gravitational fields are so weak as compared to electro static driving
forces, by factor of ~ 107!, that is why different authors ignore this field in their
discussions about NSs. Thus, in calculating the magnitude of the separated charges
and the resulting dipole fields, Kebede, [I] ignored gravity. In the absence of gravity
we expect to have dipolar surface fields for NSs as shown in Fig. (2.3).

The charged particles will move along the B field lines. There are two kinds of B
field lines, one is open and the other is closed, as shown in Fig. (2.3). The field lines
1, 2,3 and 1’, 2°, 3’ are closed field lines and the filed lines O and O’ are open. When
the particles are moving along the closed field lines, they will eventually come back
to the stellar surface. When the particles are moving along the open field lines, they
will form beamed winds.

Until recent years, it was believed that, the NS magnetic field is mainly dipolar
and different authors discuss about pulsars based on this kind of field. However,

there will introduce small non-dipolar components to the pulsar surface magnetic
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Figure 2.3: Hlustration of dipolar magnetic field

field which otherwise is mainly dipolar as predicted by our model [I]. It is very well
known that the magnetic dipole model accounts for many of the observed properties
of pulsars [38]. The magnetic field of NSs are both dipolar and small non-dipolar
components as [39]. Moreover, there are also suggestions by several authors [4] [40]
that, in general, small non-dipolar components of pulsar fields could be responsible
for the commonly observed braking index variations.

From Eqns. (2.2.2) - (2.2.4) follows the ratio of the diffusion coefficient to the

D. (m_;?)Q(PS—mi) _ (m_§>2KBT
pe  \mg e mg/) el

This is the famous Einsteins relation corrected for e-e and p-e scattering. In the

mobility as

. (2.2.13)

region of interest, the neutrons are in a superfluid state providing practically zero
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scattering cross-section. We now remodel the plasma density gradient as [I]

ong 1 0 (p(r)@) 7 (2.2.14)

where m,, is the neutron rest mass, p(r) is the rest-mass density of the NS matter,
n,(~ ng) and n, are the proton and neutron number densities, respectively. Using
Eqn. (2.2.14) and the appropriate proton to neutron density ratio for NS matter [37]
we find, under an approximation of very high central density (p. > 10 gm cm™3),

ie.,
10w 1ople)
ng Or pe Or

(2.2.15)

By substituting Eqns. (2.2.13) and (2.2.15) in to Eqn. (2.2.12) we provide the electric

field due to the space charge in this case

B(r) ~ — (mp) IFZ'T ag(:). (2.2.16)

From Eqn. (2.2.16), it is very important to point out that, E(r) is temperature
dependent T.

Calculation of the separated (-/4) charges can now be made from application of
Gauss’ law to Eqn. (2.2.16) [I]. What is very important to notice in this case is
the fact that the magnitude of the separated charges Q will be linearly dependent
on the internal temperature T, i.e., Q o< T. The probability of getting an element
of separated charge dq, produced by the diffusion process (naturally involves random
scattering) in a given element of volume dV and in a time window of, say, equal to
the average relaxation time of the electrons (7), will diminish with the cooling of the
NS due to adverse effects of mainly increasing viscosity n(n ~ =) [35, 41]. Most of
the separated negative charge will naturally install itself very close to the NS surface

and eventually spin along with the star. It is then a simple exercise Jackson (1975),
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(Chap. 5, Prob. 7) [42], to evaluate the vector potential Ay generated by the spinning
negative charge and the related surface magnetic induction vector B. The latter is
shown in the original paper to be dipolar and linearly dependent on the charge Q.
This means that, just like the separated charge, the surface magnetic field will also
be temperature dependent. It is important to note that the contribution of the inner
dipole to the surface magnetic field of the NS is very small, smaller by a factor of
(r,/R)? than that from the outer dipole, where (r, < R) is the radius of the inner

solid core.

2.3 Summery

Eqn. (2.1.16) shows that any variation of B, results in a deviation from the canonical
value n = 3, standard value. For an increasing B, we will always obtain n < 3, while
n > 3 is the signature of a decreasing B,,. Different processes lead to different braking
indices: a quadrupolar braking field (gravitational or magnetic) implies n = 5, while
the ejection of an unmagnetized particle wind would result in n = 1. The braking
index can be directly inferred from the measurement of the star frequency and its
derivatives.

For the relativistic NS matter that we have assumed, there could be depending on
the internal temperature of the star, enough separated charges that would, initially,
give rise to dipolar surface magnetic fields. These fields are linearly dependent on the
magnitude of the separated charges. The magnitude of the separated charges Q also
linearly dependent on the internal temperature T, i.e., Q o< T. This means that, just
like the separated charge, the surface magnetic field will also be linearly dependent on

the internal temperature, i.e., B oc T. These fields are expected to ‘decay’ as a result
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of neutrino and photon emissions. According to standard cooling calculations, the
neutrino emission of the cooling curve will cover the first 10*—10° yr. In this situation
the decay law corresponding to this branch can be shown to suggest a relatively slow
decay rate. As a result, an initial surface magnetic field of, say, ~ 10'* G will only
fade away to ~ 2 x 102 G in the first ~ 10* — 10° yr.

When a NS is rotating, carrying a strong dipolar magnetic field with it, it acts as a
very energetic electric generator, and provides a source of energy for radiation. We are
considering the dipolar component of NS magnetic field resulting from the rotation
of the NS, by using Eqn. (2.2.1) and applying Post-Newtonian approximation.

In the next sections we will have discuss in details about the cooling theory and

neutrino emission processes.
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Chapter 3

Cooling theory and neutrino
emission processes

3.1 Cooling theory

A NS is a product of supernova explosion. It is generally believed that NSs are
formed at very high interior temperatures (T > 10" K) in the core of a supernova
explosion [43]. The predominant cooling mechanism immediately after formation is
via neutrino emission from the entire stellar body, with an initial cooling timescale of
seconds. After about a day, the internal temperature drops to 109 — 10 K [22]. Also
photon emission occurs at the stars surface. Photon emission overtakes neutrinos
only when the internal temperature falls to ~ 10® K, with a corresponding surface
temperature roughly two orders of magnitude smaller. Neutrino cooling dominates
for at least the first 10° yr, and typically for much longer, in all standard cooling
calculations performed recently. These theoretical calculations which provide curves
of the neutron surface temperature as a function of time, which in principle are subject
to observational verification [22].

In Fig. (3.1), we show the effects of magnetic field and temperature on NS core.

The dot-dashed horizontal lines show the initial temperature (just after core collapse),
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Figure 3.1: Magnetic field-temperature plane for NS core.

and the transition from neutrino-dominated (modified Urca) to photon-dominated
cooling. The dashed diagonal line corresponds to the equality of magnetic and thermal
energy. The star cools passively, on the time scales indicated in parenthesis along the
vertical axis, without substantial magnetic field decay, so the evolution of the star
is essentially a downward vertical line. (Figure prepared by C. Petrovich and first
published in Ressenger) [44].

Qualitatively, one can distinguish three cooling stage. At the first (‘non-isothermal’)
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stage (t < 10% yr) the main cooling mechanism is neutrino emission but the stellar in-
terior stays highly non-isothermal. At the second (‘neutrino’) stage (10> <t < 105 yr)
the cooling goes mainly via neutrino emission from isothermal interiors. At the third
(‘photon’) stage (t > 10° yr) a star cools predominantly through the surface photon
emission.

The effects of strong magnetic fields on NS cooling have also been considered by
a number of authors [22 43| 45]. In the very early days, soon after the discovery
of pulsars, the effects of magnetic fields on NS cooling were considered to be very
important, in the sense that the presence of strong magnetic fields will keep the star
hotter (at a given age), at least during the neutrino cooling era, see e.g., [46].

When the NS cooling problem was first calculated, the isothermal method was
used [43]. The core temperature is determined by energy balance equation, during
the neutrino cooling era.

dT.

v L, — Cuy 1.1
C T ° (3.1.1)

here T is the core temperature, C, is the specific heat, and ¢, is the neutrino emis-
sivity (= rate of energy loss by all neutrinos processes per unit mass). According to
Tsuruta’s docterial thesis [43] is a cooling profile of NS obtained with the isothermal
method, we see that after the age of t ~ 10° yr, the surface temperature takes sudden
drops. During the neutrino cooling era, i.e. before t ~ 107 yr, the stellar cooling rate
is determined by the energy loss due to neutrino emission, while during the photon
cooling era, i.e. after t ~ 10° yr, the stellar cooling rate is determined by the energy
loss via photon emission.

The energy loss rate due to the neutrino emissions during modified URCA (MURCA)
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reaction can be written approximately as [47]

M - 1/3
[, (MURCA) — 5 3+ 1039 erg 571 <_) <p u ) TS, (3.1.2)
Mg

here Ty = T/10°, M is neutron star mass, M@ is solar mass, p is average density and
Pnuc 18 the nuclear density (puue = 2.8 X 10 gm/cm?).

The total stellar energy content as [47]

M —9/3
E =6 x 10 erg (M—> < P ) T2, (3.1.3)
(©) Pruc

Using Eqns. (3.1.2) and (3.1.3) the energy balance requires that,

dE
= - _1,, (MURCA) (3.1.4)

Substituting Eqns. (3.1.2) and (3.1.3) into Eqn. (3.1.4), we obtain

dT nuc _1/3
T, (—9) = —44x1077s7! (p—) : (3.1.5)
dt p

Integrating the differential Eqn. (3.1.5) in order to relate temperature and time, we
get:

-1/3
Ty® =264 %1077 s7* (p&) t+C, (3.1.6)
P

here t is the age of the NS, C is an integration constant.
On the other hand, the energy loss rate due to the surface photon emission L,

(photon luminosity = energy transport by photons per unit time) as [22, [46],
L, = 47R*0T7gy, , (3.1.7)

where g, is the metric tensor as we have discussed in the previous section (§2.2), o
is the Stefan-Boltzmann constant and T is the observable overall effective surface

temperature related to the internal temperature T approximately by [45, [46].
Tr = 4.648 x T?? = (10 T)%3. (3.1.8)
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After some calculations, we obtain the cooling rate due to the photon emission as:

M\ 3
T3 = 4.648 x 104(M—) t + C. (3.1.9)

©)
Before the age t ~ 10° yr, the MURCA process dominates the photon emission, while
after t ~ 10° yr, the photon cooling takes over. Thus, at higher temperatures, the

MURCA process is more important than the photon cooling [45].

3.2 Neutrino emission processes

Neutrino is an elementary particle with no (or very little) mass and no electric charge
that travels at the speed of light and carries energy away during certain types of
nuclear reactions [47]. The most powerful neutrino emission is produced in the stellar
core, in which the typical neutrino energies in nonsuperfluid stars are ~ kgT [48].

Neutrino emission is generated in numerous reactions in the interiors of NSs.
When the neutrinos pass through a NS, there, are two kinds of reactions between
the neutrinos and the NS matter: charged current interactions and neutral current
interactions as reviewed for instance by [48].

(i). The charged current interactions are the following three reactions

Ve+n—>p+te, (3.2.1)
Ve+p—n+et, (3.2.2)

and
Ve+Pp+n—n+n+et, (3.2.3)

where v, and 7, stand for electron neutrino and antineutrino, respectively.
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(ii). The neutral current interactions are
N+ Ve — N+ Ve, (3.2.4)

and

n+v, = n+uy,. (3.2.5)

The electric neutrality requires the electron and proton number densities be equal,
ie., (n, = ne).

Furthermore, there are also another neutrino emission processes inside NSs, the
neutrinos are produced both inside the core and in the crustal region. Inside the core,
the basic processes are the MURCA process, and neutron-neutron and neutron-proton
bremsstrahlung processes. Inside the crust, the major processes are the direct coupled
electron-neutrino processes, plasmon-neutrino, photon-neutrino and electron-positron
pair neutrino processes [49)].

(i). The MURCA process proceeds as follows
n+n—n+p+e +, (3.2.6)

and

n+p+e —n+n+ . (3.2.7)

It is similar to the direct URCA, but involves an additional nucleon spectator. The
additional nucleon is required to conserve momentum of the reacting particles; it
will do the job even if the direct URCA is forbidden. The extra particle relaxes the
momentum conservation condition but slows the reaction rate.

The direct URCA process, n — p + e~ + 1, is usually considered as highly

impossible inside the core of NSs, because of the energy restriction. But if there is a
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bystander particle present to absorb the momentum of neutrons, a MURCA process
is possible, as shown in Eqn. (3.2.6).

(ii). The nn and np bremsstrahlung processes are
n+n—n+n+ v+ v, (3.2.8)

and

n+p—>n+n+ v+ . (3.2.9)

In the absence of the direct URCA process, the standard neutrino luminosity is de-
termined not only by the MURCA processes but also by the processes of neutrino
bremsstrahlung radiation in nucleon-nucleon collisions. These reactions go via weak
neutral currents and produce neutrinos of any favor; neutrino pairs are emitted in
strong nucleon-nucleon collisions. In analogy with the MURCA process, the emissiv-
ities depend on the employed model of nucleon-nucleon interaction. Contrary to the
MURCA, an elementary act of the nucleon-nucleon bremsstrahlung does not change
the composition of matter.

The direct coupled electron-neutrino processes are:

(i). Plasma neutrino emission: Another neutrino emission mechanism, plasmon
decay into a neutrino pair. This mechanism is extremely efficient at high temperatures

and not too high densities in the NS crusts.
“Yplasmon — Ve + Ijea (3210)

where v stands for a plasmon, in the this processes, the plasmons can emit neutrinos
of any favor.

(ii). Photo-neutrino emission: This process can be schematically written as

v+e —e + U+ . (3.2.11)
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here v is photon. It resembles plasmon decay but is complicated by the presence of
an additional electron. The presence of an additional electron makes photo-neutrino
emission more efficient than plasmon decay in a hot, low-density plasma. On the
contrary, the process becomes much less efficient in a cold, high-density plasma.

(iii). Electron positron emission: This process can be written as
et +e” = v+ 1. (3.2.12)

The positrons and electrons annihilate emit a pair of neutrino. This process is most
efficient in the low-density and high temperature plasma, where the positron fraction
is the highest. Indeed, calculations show that the process is extremely efficient in a
non-degenerate plasma of temperature T > 10'° K, which we do not study in detail.
In a strongly degenerate electron plasma, the process is suppressed because of the
negligibly small positron fraction.

At the very high temperatures T > 10° K found in the cores of evolved, massive
stars, the dominant mode of energy loss via neutrinos is from the so-called direct

URCA reactions:
n—p+e +r,,

and

p—nt+et +u,. (3.2.13)

These reactions also dominate during core collapse. In both cases the nucleons in
the hot interior are nondegenerate. However, when the nucleons become degenerate
as in a NS that has cooled below 10° K, these reactions are highly suppressed. We

now demonstrate this important result. Matter in the degenerate interior satisfies the
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[-equilibrium condition. Beta equilibrium, in which the reaction n — p + e~ + 17, is

in balance with its counterpart p +e~ — n + v,, is set by the condition

fn = fp + fle, (3.2.14)

where i, fp fte are the chemical potential of neutron, proton and electron respec-
tively (the Fermi energy, corrected by strong interactions and very small thermal
effects) of particle species i. This condition requires the fraction of protons and elec-
trons (compared to neutrons) to be an increasing function of density [50]. Therefore
neutrino production via direct URCA is possible if an exotic states are present in the
core where to good approximation [J(kT/su)?] the chemical potentials are just the
Fermi energies. Thus

Er(n) = Ep(p) + Er(e), (3.2.15)

where Ep(n), Ep(p) and Ep(e) are Fermi energy of neutron, proton and electron,
respectively.

At the nuclear densities,

Ep(n) ~ m,c’ + —pfn(:),

EF(p) ~ mpC2 + p%(p)

2mp,
and
Er(e) ~ pp(e)c, (3.2.16)

here my,, my,, pp(n), pp(p), and pp(e) are mass of the neutron, mass of the proton,
Fermi momentum of neutron, proton and electron, respectively.

Charge neutrality requires that

pr(P) = Pr(e), (3.2.17)



So Eqn. (3.2.15) reduces to

pe(n)

) el + 200 g (3:2.18)

2myc

where Q = (m, — m,)c? = 1.293 MeV is small in comparison to the other terms in
Eqn. (3.2.18). From Eqn. (3.2.18) we see that the neutron Fermi energy (minus the

rest mass energy) is very nearly equal to the electron Fermi energy, i.e.,

E'r(n) = pjri) ~ pp(e)e = Ep(e), (3.2.19)
and thus
pr(e) = pr(p) < pp(n), (3.2.20)
which implies that
E'r(p) < E'r(n). (3.2.21)

Let us now consider the possibility of a direct URCA reaction such as neutron
decay, n - p + e~ + 1, in Eqn. (3.2.13). The only neutrons capable of decaying
lie within ~ KgT of the Fermi surface, with energy E'r(n). Hence, by energy con-
servation, the final proton and electron must also be within ~ KgT of their Fermi
surfaces; the energy of escaping neutrino must also be ~ KgT.

Now, according to inequality Eqn. (3.2.20), the proton and electron must have
small momenta compared to the neutron. But this is impossible: the decay cannot
conserve momentum if it conserves energy. In Eqns. (3.2.20) and (3.2.21), where
an additional nucleon is introduced in order to guarantee momentum conservation.
According to the standard cooling scenario, direct URCA process cannot occur. In
order for the process to work, a bystander particle must be present to absorb mo-

mentum [51] therefore proposed that “modified” URCA reactions. Since MURCA is
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less efficient than the direct URCA, the NS cooling proceeds slowly; after ~ 10° yr

the photon emission becomes the dominant mechanism to lose energy.

3.3 Summery

During the neutrino cooling era, i.e., before t ~ 10° yr, the stellar cooling rate is
determined by the energy loss due to neutrino emission, while during the photon
cooling era, i.e. after t ~ 10° yr, it is determined by photon emission. The MURCA
process dominates the blackbody emission during the neutrino emission cooling stage.

There are different neutrino emission processes. Neutrino emission is generated
in numerous reactions in the interiors of NSs such as, MURCA process, and neutron-
neutron and neutron-proton bremsstrahlung processes. Inside the crust, the major
processes are the electron-ion neutrino bremsstrahlung process and the direct coupled
electron-neutrino processes.

In the following sections we have generated the cooling rate due to these modified
URCA reactions. Based on the cooling rate we have formulated the decay law and

we draw a graph of (log B Vslogt).
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Chapter 4

Cooling rate and magnetic field
decay laws

4.1 Cooling rate

The cooling rate due to neutrino emission is normally calculated from a relation of
the type.

dT 1 -
T g /gool ne,dVy, (4.1.1)

where dV,, is the proper volume element, q is heat capacity, gy, is the metric tensor,
n is the baryon density and ¢, is the total neutrino emissivity per baryon. If we
approximate the metric tensor in Eqn. (4.1.1) to its first term as we have discussed

in section (§2.2) and using Eqn. (2.2.7), hence, Eqn. (4.1.1) will reduce

dT 1
E = (—l/na,,de. (412)

This integral stands for neutrino luminosity L, and the heat capacity q is given by

q:/nCdep, (4.1.3)

here C, is the specific heat per baryon. Eqns. (4.1.1) and (4.1.2) provide the cooling

law in the first 10° yr as [52].
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The cooling equation as Shapiro and Teukolsky [47]:

dE dT
Lo, 4L, 414
where E is the total thermal energy for a NS, L, is the total neutrino luminosity

(energy transported by neutrinos per unit time) and L, is the total photon luminosity

(energy transported by photons per unit time). In section (§3.1) we have discussed

for L,MYRA which can be written approximately as [47]:
M nuc 1/3
L, MURCA) — 5.3 5 10% erg s <—) (p ) TS. (4.1.5)
MQ 1%

Assuming photon emission from the surface at an effective surface temperature T; =
T/107, we have
L, = 47R*0T7g,, - (4.1.6)

The total thermal energy E for a NS of mass M, density p and temperature T is

M —9/3
E=6x 10" erg (M—) ( P ) T2, (4.1.7)
©) Prnuc

Inserting the above appropriate luminosities Eqns. (4.1.5) - (4.1.6) and the thermal

energy Eqn. (4.1.7) in to Eqn. (4.1.4) and integrating gives the time for the star to
cool from an initial interior temperature T; to a final temperature T¢. During the
neutrino cooling stage (L, > L,) lasts for t < 10° yr; the cooling is produced by
neutrino emission from the stellar interior (mainly from the core). Thus, the neutrino

luminosity through in the MURCA process is calculated from

dE
i —L(MURCA) (4.1.8)

Substituting Eqns. (4.1.5) and (4.1.7) into Eqn. (4.1.8), we have

—_— = —— T 4.1.9
LI (4.19)




where t, in this case, is in years and it will be the case for the rest of the material in
the manuscript. Also in Eqn. (4.1.9), Ty = T/10% , p ~ 10 gm cm™ is the average
density, poue = 2.8 x 10 g cm™3 is the standard nuclear matter density.

From the above Eqn. (4.1.9) we can relate temperature T and time t as follows :

t—ty = (i) o {% - ﬁ} yI. (4.1.10)

Therefore using the cooling Eqn. (4.1.9) we obtain

Figure 4.1: The core temperature T, vs. age t relations for neutrino cooling era

and photon cooling era
1/3
yrt ( P ) t+1
pnuc

In Fig (4.1), the vertical line represents the core temperatures, Teo(in K) and the

~1/6

Ty = (4.1.11)

horizontal line represents time, t (in years) are shown as in logarithmic scales for the
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NS cooling. The solid curve represents the cooling curve. Before the age t ~ 10° yr,
the neutrino emission process dominates the photon emission process (L, > L, ), i.e.,
the star cools through neutrinos escaping from the interior (the neutrino cooling era).
While after t ~ 10° yr, the photon emission process dominates the neutrino emission
process (L, < L,), i.e., the star cools through photons escaping from the surface (the

photon cooling era).

4.2 The magnetic field decay laws

According to our new model for pulsars clearly shows that NS surface magnetic fields

are spinning separated charges Q, spin frequency €2 and temperature T dependent

.
Q(T)<2
B . 4.2.1
S (4.2.1)
Using Gauss’s law we can calculate (-/+) charge
7{@ -da = 9, (4.2.2)
€

here ¢, = 8.85 x 107122

Nm?2"

The magnitude of E is constant over the Gaussian surface, so it comes outside of

the integral
/|E |da=|E | /da:| E | 471%, (4.2.3)
S S
Thus
Q_, o
— =4 | E(r) | . (4.2.4)

o

Substituting the electric field for spinning separated charges we have calculated in

Eqn. (2.2.16) in to Eqn. (4.2.4), we obtain

1 (M:\? KgTy0p(r)
= 4me,r? D 4.2.
Q TELT P <M:> ‘ o ’ ar ) ( 5)
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where p(r) is given by [53]
3

) = sera

where G is universal gravitational constant.

g _3(_5 M\ KTy
7 \r Gpuuc M le| -

Now we consider the dipolar magnetic field as Kebede [1].

L —2QMo

3 R ¢

By substituting Eqn. (4.2.7) in to Eqn. (4.2.8) we get

o2 M\ KpTy Q
7 \ Gpuuc M!/) |e|R*c’

where r = R.

(4.2.6)

(4.2.7)

(4.2.8)

(4.2.9)

NSs magnetic field should “decay” as a result of various cooling and braking

mechanisms. NSs are known to cool as a result of neutrino and photon emission.

This indicates that, there is magnetic field decay due to both, neutrino and photon

emission.
Table 4.1: Field pulsars
Initial parameters B, = 10" G R=6x10°cm | f, = 100 Hz
Final parameters after t ~ 10% yr B=9x10°G | f=90 Hz
Initial parameters B, =5x 10" G R = 10° cm f, = 100 Hz
Final parameters after t ~ 103 yr B=5x10"2G | f=10Hz
after t ~ 10" yr | B=5x 10" G | f=1Hz

However, there is magnetic field decay as a result of dipole magnetic radiation and

quadrapole magnetic radiation. From the table (4.1), we can show that, the contribu-

tions from such braking sources as dipole magnetic radiation and the gravitational to
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magnetic “decay” particularly in older pulsars (MSPs) are small as compared to that
from neutrino and photon emissions and therefore are not included in our treatment.
This leads to a pulsar field decay law due to magnetic braking alone results are listed
in table 4.1 for those pulsars commonly referred to as field pulsars.

Our work mainly concentrates on magnetic field “decay” resulting from neutrino
emission cooling sources. The standard calculations indicate that neutrino emission
is the dominant cooling mechanism for up to 10° yr [22 45, 52]. According to these
calculations, the initial internal temperature of T > 10* K will eventually cool down
to T ~ 10 K in a matter of eight hours (or 1072 yr) due to intense neutrino cooling
processes [47]. At this temperature the system is not only degenerate, but also cool
enough to form a crystallized solid crust. So for the sake of being consistent with the
original model by [3]. We have preferred to consider 10? K as the initial temperature
for all our calculations. The magnetic field decay rate beyond this particular point
in time can be estimated from the relation (ignoring the contribution from brak-
ing/spinup processes which under normal conditions are expected to be minimal).

The decay rate is given by

dB\ (0B dTy
dTyg

where <2 is to be determined from the standard cooling calculations in Eqn. (4.1.9)

and B is to be determined from Eqn. (4.2.9), substituting these equation, in to Eqn.
(4.2.10) we get

dB 2 M:\? K QdT
) 2 % (T» B2 (4.2.11)
dt /o 7Gpauec \ M./ |e|R*c dt
this implies that
dB dTy
) —B, 22 42.12
( dt )Q dt (42.12)
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* 2
where B, = %G;Zuc <ﬁp) él(% % Thus, integrating Eqn. (4.2.12) both sides using the

appropriate terms we obtain
B — B, = Bo(Ty — Ty(i)), (4.2.13)
so that
B =B,Ty, (4.2.14)

By substituting Eqn. (4.1.11) in to Eqn. (4.2.14) according to the model adopted in
this work cooling law leads to a magnetic decay law which for 1073 yr < t < 10° yr

may be given by:

13 1-L/6
B(t) = B, 1+yr—1< P ) t] : (4.2.15)
IOHUC
where
B, = B(t = 0 yr). (4.2.16)

The value of B, could be > 10'* G (depending on the initial magnitude of the sep-
arated charge, or on the initial internal temperature, or equivalently on the actual
NS’s mass).

The above decay law in Eqn. (4.2.15) is applicable to young NSs and from this law
one can easily verify that surface magnetic fields of young pulsars will most probably
be in the range of a few times 10'? G (Fig. 4.2). It is to be noted that the observed
surface magnetic fields of active young pulsars, such as, the Crab, Vela, Geminga,
PSR B1951+32, PSR B1509 - 58, PSR B1055 - 52 and PSR B1706 - 44 pulsars are
within ~ (2 — 6) x 1012 G .

As already indicated earlier, the decay law given in eqn. (4.2.15) is associated with
the first (neutrino) branch of a typical neutron star cooling curve. However, when

the internal temperature falls below 10® K in a time window of ~ 10° yrs, photon
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Figure 4.2: Young pulsars magnetic field decay curves due to neutrino and photon
emissions

emission becomes the dominant cooling mechanism [22], for the rest of the neutron
star’s life [54]. This branch of the cooling curve has a slope much steeper than that

of the neutrino emission branch [22].
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Chapter 5

Results and discussions

Suppose t > 1, we can relate temperature T and time t based on Eqn. (4.1.10). This
implies that,
Ty o £/, (5.0.1)

According to our new model for pulsars clearly shows that NS surface magnetic
field B is linearly dependent on spin frequency (2 and separated charge Q. Since this
separated charge Q is also linearly dependent in the internal temperature T. Thus,
based on this situation and using Eqn. (4.2.15) the surface dipolar magnetic field B
and time t can be related as

B o t76, (5.0.2)

The seven Gama-ray pulsars have measured values of periods P, period derivatives
P, spin-down luminosity E, characteristics age 7., braking index n, magnetic field
strength B. These derived parameters have obtained from different authors are shown
in table (5.1). As we have shown that in Figs. (5.1), (5.2) and (5.3) the magnetic
fields of the seven Gama-ray pulsars are expected to decay as a result of cooling of

the NS interior. These shows that magnetic decay laws are formulated corresponding

to each of the neutrino and photon branches of a standard NS cooling curve. These
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Table 5.1: Magnetic field, braking index and other data of known Gamma-ray pulsars.

Name PSR | Period P(s) | P(1072 ss7!) | n | Bo(101 G) | 7( kyr) | E(erg s71)
Crab pulsar [4] 0.033 4.23 2.52 0.76 1.3 4.5 x 1038
Vela pulsar [30] 0.089 1.25 14 0.68 11 7.0 x 10%¢

Geminga [55] 0.237 4.79 2.125 0.16 340 | 3.3 x 10%
B1951+32 [56] 0.039 40.2 291 0.82 110 3.7 x 10%
B1509-58 [31] 0.150 154 2.83 3.1 1.5 1.8 x 10°7
B1055-52 [55] 0.197 71.0 2.65 9.7 530 3.0 x 103
B1706-44 [57] 0.102 0.31 17 | 34x10%

magnetic field decay are strongly linked to the long term (~ 10'2 yr) cooling of the NS
core due to neutrino and photon emissions. In the early stages of NS’s life (~ 105 yr)
magnetic field decay as a result neutrino emission is dominant [22, 58| [59]. Different
authors have from their simulation studies of only limited (low magnetic field pulsars)
have concluded that for up to 10® yr pulsar fields will not decay [6]. But our work
will show that the high magnetic field pulsars indeed decay during this window of
time (see, Figs. (4.2), (5.1) and (5.2)).

From Fig. (5.3) we have sampled the objects in three groups according to their
measured magnetic field: high field NSs with B, > 10'* G, intermediate field NSs
with 10" G < B, < 10'* G and low field NSs for which B, < 10" G. We found that
this three samples could be explained qualitatively by cooling curves in three different
regimes: high, intermediate and low magnetized NSs, in all cases their magnetic field
decrease with time. These pulsars have measured values of periods, period derivatives,
spin-down luminosity, characteristics age, braking index, magnetic field strength. The
derived parameters of this analysis are shown in table (5.1).

The decay law given in Eqn. (4.2.15) is already indicated to provide results which
are in excellent agreement with observations. This has paramount importance in

determining the nature of the time evolution of pulsar’s magnetic fields across all
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Figure 5.1: The Crab, Vela, Geminga and PSR B1951+32 pulsars magnetic field
decay curves due to neutrino and photon emissions
age domains. Moreover, this law provides the means for the analytic solution of the

pulsar spin down law, i.e.,

Q= A(t)Q", (5.0.3)

where A(t) is time dependent and n is for the braking index. [32] have attempted
to address the issue of pulsar braking index variations from the expected value of n
= 3 (for electromagnetic braking) [60] in terms of secular increase in the magnetic
moment. For example, [61] have shown that the magnetic field increases following
the relation,

B ot/ (5.0.4)

as proposed by [2] predicts a braking index for the Crab pulsar which is in good

agreement with the observed value. Actually, it can be shown that for the measured
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Figure 5.2: The PSR B1509-58, PSR B1055-52 and PSR B1706-44 pulsars magnetic
field decay curves due to neutrino and photon emissions
values of Q and  the decay law given in Equ. (4.2.15) also provides a braking index
of 2.52 for the Crab pulsar. However, the advantage of having to work with this decay
law Eqn. (4.2.15) is that using this law the time evolution of the braking index for any
one given pulsar can now be roughly determined for any age of the pulsar provided
the current values for © and € are precisely known. This is something which is not
possible to get from the model proposed by [2] due to the time constraint of 103 yrs
it imposes.

Though it is not our intention to go into details, but we like to point out that
the nature of the time evolution of braking indices, according the model adopted in
this work is very much complicated by such mechanisms as quadrupole gravitational

and magnetic dipole radiations as well either spin down or spin up the pulsar but
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Figure 5.3: The known Gamma-ray pulsars magnetic field decay curves due to neu-
trino and photon emission processes.

also at the same time decrease or increase the intensity of the surface magnetic fields
respectively. Even though the magnetic decay (or revival) law resulting from these
are not expected to be that significant. Obviously, then the combination any number
of these in various proportions along with the main magnetic decay law given in Eqn.

(4.2.15) may result in randomized braking indices.
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Chapter 6

Conclusions

So far there is no clear understanding of how pulsar magnetic fields decay. Investiga-
tions also indicate that no significant magnetic decay occurs in a NS’s life time [3] [6].
This has raised a number of open problems on how magnetic moments for example,
the so called milli-second-pulsars decay from a typical value of ~ 10*° G cm?® down
to 102726 G cm? in a time window of about 1078 yr [6, [7, 8, [].

To answer such questions we consider spinning separated charges are most likely
source for NS magnetic field. In this model of the NS surface magnetic fields are not
only identified as dipolar but also shown to be temperature dependent as was derived
in Eqn. (4.2.5) and Eqns.(4.2.7 - 4.2.9), respectively.

The emission of neutrinos take place in the core of NSs during the predominant
cooling stage immediately after its formation. Even though there are various neutrino
emitting reaction, we have emphasis to the modified URCA reaction. The cooling
from such a reaction is strongest during the first 10° yrs. We have seen that NS loses
its energy and is observed to cool, as a result of neutrino emission from the core and
photon emission from the surface. The most effective cooling process at t < 10° yrs

will be the neutrino emission during the modified URCA reaction and the photon
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emission overtakes the neutrino on the NS when t > 10° yrs.

We have already derived the magnetic decay law for young pulsars like Crab,
Vela, Geminga, PSR B1951+32, PSR B1509-58, PSR B1055-52 and PSR B1706-44
(known Gamma-ray pulsars), which are governed in Eqn. (4.2.15). Our work have
been shown that pulsars magnetic field indeed decay during this window of time. As
we have shown that from Figs. (4.2), (5.1), (5.2)and (5.3) the surface fields of young
pulsars are also expected to decay via neutrino and photon emission mechanism, which
is different among others decay processes, like Ohmic decay. However, our target in
this work is magnetic field decay via neutrino emission mechanism. As such, we found
the expression for time evolution of the internal temperature of NSs (temperature T
versus time t), when t > 1 in Eqn. (4.1.11) to be T oc t=*/%. The actual decay law, in
this case, can be formulated based on the fact that, for this branch, the first segment
of the slope of the cooling curve in a (log T , log t) plot is ~ —1/6. This clearly show
that, the present model for magnetic field decay is strongly linked to the long term
~ 10% yr cooling of the NS core as was shown in our derivation of the 'decay law’ of
Eqn. (4.2.15). Based on this situation, it is clearly indicates that, when t > 1, then
B o t7'/6. The second segment of the decay law, on the other hand, is expected to
involve a much faster decay rate as compared to the first. This is due to the strong
surface fields which naturally tend to enhance cooling by photons [22].

We suggest that further research in this direction is likely going to reveal additional
properties of pulsars magnetic field decay law of NSs via photon emission and these
contributes to our understanding how such magnetic field decays as a result of photon

emission will be prominent for about after 10° yr.
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