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Basic dynamics of a Radio pulsar

The magnetic fields of neutron stars play a pivotal role in all of the observed activities of these stars.

The magnetospheric structure of a NS is believed to be made of closed and open field lines, where the closed field
lines form a torus around the star and co- rotate with it.

This region is charge saturated, with the charges mainly originating from the pair creation of electrons and positrons
due to the strong surface magnetic field.

The closed field lines ‘open’ up at the light cylinder, and the observed emission emerges from this conical zone.
Though mostly the emission from the light cylinder is in the form of a wind of plasma, a small fraction of this plasma is
converted to a coherent beam of radio waves arising due to the growth of plasma instabilities in the inner

magnetosphere, from regions below 10% of the light cylinder radius

This beam is ejected relentlessly, which we finally observe as the pulse profile, also suggests that the pair creation
process generating the plasma has to be continuous.

The magnetic field of the magnetosphere is the strongest at the NS surface, where the pair creation (and hence the
generation of the plasma) is maximum.

Since the closed field lines are charge-saturated, the surface magnetic field at the polar caps plays a seed role in the
subsequent processes for the creation of highly polarized radio beams (and the winds)
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Neutron star matter distribution
(general understanding)

outer crust 0.3-0.5 km
ions, electrons

Innercorew. _

inner crust 1-2 km
electrons, neutrons, nuclei

outer core ~ 9 km
neutron-proton Fermi liquid
few % electron Fermi gas

inner core 0-3 km
quark gluon plasma?
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Known problems of hosting a strong magnetic field inside a NS

There is no conclusive theory to explain the actual origin of the NS magnetic field.

It is generally accepted that the strong magnetic field of a NS is due to the flux conservation of the original star
from which it was born.

Said so, there isn’t any a priori knowledge about the distribution of the magnetic field inside the NS.
The primary problem in hosting a super strong magnetic field in the NS core is due to the fact that the nuclear
matter in the core is highly superconducting, resulting in repulsion of flux to a lower density regime.

Another challenge may come from general relativity (GR), where the vectorial nature of the dipolar magnetic field
does not allow interior solutions for a spherically symmetric configuration for realistic equations of state.



Radio pulsar observation and few known unresolved issues

J2145-0750 /nfs/PKCCC2_1/a071204_031212.rf
Freq: 1369.000 MHz BW: —256.000 Length: 349.984 S/N: 50.84Q
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Magnetic field evolution through the outer crust

Considering the magnetic field structure of a pulsar to be a dipole, the induction equation gives:
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The electrical conductivity in NS outer crust

The matter density of the NS crust varies over 7 orders of magnitude in the outer crust which is only about a few
hundred metres.
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The electrical conductivity o has two components.

The first Oon i§
denser region
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The conductivity for impurity scattering Cimp * which dominates at lower temperatures is given by:
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The net electrical conductivity within the crust is then given by:
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Numerical Results

The diffusion equations are generally solved by the Crank-Nicolson method.
For our work, we made use of a finite-differencing method known as the method of lines.

It involves discretising all dimensions except one and then integrating the resulting semi-discrete problem as a system
of ODEs or differential-algebraic equations.

For the density profile, we considered two EOSs for nuclear matter - The Waleck model (abbreviated here as WAL) and
the Bethe-Johnson Model V (abbreviated here as BJV) for comparison.

Unless specifically mentioned, we have used the impurity parameter Q=0.001 and the temperature T=102 K

It can be found from literature that a NS within about 100 years from its birth, cools rapidly and settles at around
T=105'5-105'2K, and remains nearly unchanged for the rest of its lifetime ("‘108 years).
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The electrical conductivity of matter in the outer crust of a NS plays a decisive role on the behaviour of
the surface magnetic field if we consider the magnetic field has evolved from this outer layer.

This conductivity is highly sensitive to the matter density which increases with depth and along with it
iIncreases the incompressibility of matter- making it structurally more rigid as we go deepetr:

The core of the NS has much higher incompressibility than the crust.

The nuclear matter core of a NS is like a giant hyper nuclei, which is susceptible to various vibration and
oscillation modes.

Among them the breathing modes or the radial modes of oscillation will be the most effective contributor
to the crustal fluctuations in the outermost layer.

These radial fluctuations coming from the oscillations will affect the electrical conductivity which will
directly influence the crustal magnetic field evolution and hence the surface magnetic field will also
show rapid fluctuation.

The frequency of such fluctuation will be directly proportional to the oscillation frequency, which had
been estimated to be of the order of Kilohertz- a value that also fits well with the observed sub-pulse
variability.
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The intensity of the varying surface field is directly related to size of the fluctuation of the radial
length of the crust as can be seen from the 0.2% and 0.4% variations in crust width.

Additionally to this, the GR effects add to the compactness of the star which leads to smaller
fluctuations in the magnetic field strength.

Notable result of this study is the fact that as the star ages and the magnetic field strength
decreases, the magnitude of the change in the magnetic field strength AB due to the radial
oscillations increases.

This result matches well with observational data, as reported in the work of Song et al. [2023]

Song et al. [2023] conducted a study on 1198 pulsars using the Thousand-Pulsar-Array
programme on MeerKAT.

They found that 418 pulsars ( ~35%) of these pulsars exhibit drifting sub- pulses and that these
sub-pulses are more pronounced towards the deathline, as is consistent with other previous
studies (Rankin 1986 ; Weltevrede, Edwards & Stappers 2006 ).
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