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The Crab Pulsar is a supernova remnant in the Crab Nebula. Using the 42ft radio telescope

at Jodrell Bank Observatory, the spin period (P) and spin-down rate (P) were calculated to
be 0.033393754-0.00000008s and (4.1844-0.002) x 10~ respectively by using multi-variable
least-squares fitting algorithms with data from 6 observations over 8 weeks (February to
April, 2024). From these values, the characteristic age (1270 & 10yrs) and surface magnetic
field strength ((3.78£0.01) x 10'? gauss) were calculated. The main source of error on these
values is as a result of template matching to find arrival times and weighted least squares

fitting.

1. INTRODUCTION

At the end of a main-sequence star’s lifetime, higher
mass stars of around 8 —15Mg, solar masses can end in
violent explosions known as (type II/core collapse) su-
pernovae after the core of the star implodes under its
own gravity. The inner layers of the star collapse into
the core and the outer layers bounce back outwards,
leaving a supernova remnant in the surrounding area
of space. The resulting free core is known as a neu-
tron star. Neutron stars have a typical mass of around
1.4Mg, [1] and a neutron star with a mass greater than
2.2 — 2.9M will continue to collapse into a singular-
ity known as a black hole [2]. The Crab Pulsar is one
such neutron star and the Crab Nebula is its super-
nova remnant.

Pulsars are highly magnetised, quickly spinning neu-
tron stars that rotate as a result of conservation of
momentum from their formation in a supernova; most
pulsars have rotation periods between 0.25 and 1 sec-
onds [3]. They are characterised by a lighthouse-
like beam of electromagnetic radiation which sweeps
across the sky with their rotations, appearing as reg-
ular pulsing from Earth. The periodic pulses can be
detected with radio telescopes such as the 42ft dish at
Jodrel Bank Observatory.

Measuring the characteristics of a pulsar is involved,
but provides a lot of information about attributes such
as the structure of neutron stars, their magnetic field
strength and age. This experiment focuses on finding
the latter two through measurement and algorithmic
fitting of the pulsar spin period, P, and the rate of
increase in period, or spin-down, P.

2. THEORY
2.1.  Dispersion

As the pulsed radiation from the pulsar travels
through the interstellar medium (ISM) it becomes dis-
persed. The ionised gas causes light to travel at speed
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where c is the speed of light, n. is the electron density
in the ISM, r, = €2/m.c? Ei(classical electron radius)

1 e and m. are the electron charge and mass respectively; c is

the speed of light.
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FIG. 1. The process of de-dispersion, achieved by adding
a frequency dependent delay to each frequency channel.
Image altered from [3].

and A the wavelength [3]. The wavelength dependence
in Equation [1f results in reduced velocity and there-
fore altered pulse arrival for every frequency. This is
known as dispersion, and to counteract it an appro-
priate, frequency dependant delay must be added.
The amount that light is dispersed along the line of
sight is represented by the dispersion measure, DM
= fOL nedl where L is the distance to the pulsar, often
measured in pcem™3. Using Equation [1f and the def-
inition of DM, the delay added at a given frequency
bin to counteract dispersion is

t =4.15 x 10° DM 13, s, (2)

where vy, is the frequency in MHz [3], the result of
this 'de-dispersion’ is demonstrated in Figure[I] If the
DM is known accurately for a pulsar, its distance es-
timated through an assumption of a roughly constant
ne ~ 0.033cm =3 [4] along the line of sight.

2.2.  Derived parameters

Particle outflow (wind), magnetic dipole radiation and
gravitational radiation are the origins of pulsar kinetic
energy loss and therefore spin-down [5]. In classical
electrodynamics, the rate at which a spinning mag-
netic dipole radiates a wave at frequency 2 with power
is,
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and is equal to the rate of change of kinetic energy
under the assumption that minimal energy is lost



through other means, though the total energy flow
can still be approximated with Equation [3] even if the
inverse is true [3]. Measured values of P and P can de-
rive the magnetic moment M which can then be used
to find the approximate value of the surface magnetic
field at the poles, By with

By =3.3 x 10"(PP)? gauss. (4)

If it is assumed that the pulsar is formed with a
high initial angular velocity and evolved in accordance
with a simple power law, it can be retrieved that
Q = —kQ™, where Q) and Q are the angular velocity
and rate of change of angular velocity. n is referred to
as the 'breaking index’ [3]. From this it can be derived
that the approximate age of a pulsar is equal to

1o 1P
n—1Q0 n—-1p°

(5)

For only magnetic dipole breaking, n = 3 and then
T = %PP and defines the the the ’characteristic age’.
Differing values of n suggest substantial energy loss
through particle wind or gravitational radiation [5].

Interesting properties can be found through finding an
accurate value for the rate of change of spin-down, P.
Most notably the breaking index is derived in [3] as

n=2-— (6)

To find any value of P, periods of observations must
be over years or decades. Therefore, P will not be
fit for in this experiment and an assumption must be
made (n = 3) or data from other experiments must
be used (n ~ 2.5 from [3]).

3. METHODOLOGY
3.1.  Generating TOAs

Observations made by the 42ft telescope can have
any integration time. A single observation will be
made up of many sub-integrations of ~ 200 seconds,
each folded onto themselves with an approximate pe-
riod to improve the signal/noise ratio (S/N). For each
sub-integration, the telescope takes measurements of
the incoming radiation between frequencies 606 and
616MHz into 40 ’bins’ or 'channels’ of width 250kHz.
To reduce data volume and increase S/N, incoming
signal is integrated over time by summing the power
received for each channel over a sub-integration.

A simple fitting algorithm for finding the DM to the
pulsar was used by finding each integrated proﬁleEI
peak for every DM from 0 to 200 in intervals of 0.1
(pcem™3), then selecting the DM through quadratic
fitting from the set of DMs with the highest peaks.
The data was then de-dispersed and frequency-
averaged. A Fourier Phase Gradient Scheme (PGS),
which is a 'template matching’ method detailed in [6]
was used; through PSRCHIVE [7], a single TOA was
generated for each sub-integration, corresponding to
the arrival time of a single pulse within it.

2 The integrated profile refers to a number proportional to the
full added signal over each frequency band.
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FIG. 2. Residuals for all 6 observations over the course of
8 weeks on a broken x-axis. Each 'block’ is 2 weeks apart,
except blocks 3 and 4 which are only one day apart. TOAs
with an error > 80ps were considered ’bad’ and were not
included in fitting.

3.2.  Corrections to TOAs

In order to accurately time the pulsar, each pulse ar-
rival time needs to be recorded as if it arrived at the
same location, regardless of where it was measured.
The location picked is the barycentre of the solar sys-
tem. Correcting for pulse time arrivals due to the lo-
cation of the Earth in its orbit around the sun requires
an ephemerisﬂlﬁﬂ. To account for the difference, the
TOAs must be adjusted by the amount of time taken
for light to travel to the barycentre from the Earth’s
centre (Romer delay), and then again with the time
light would take to travel from the observatory to the
centre of Earth (Earth delay). In additional to dy-
namical delays, there are some smaller, relativistic ef-
fects that must also be adjusted for: Einstein delay
accounts for the time dilation as a result of the pul-
sar moving and Shapiro delay accounts for the general
relativistic effect from the curve of spacetime around
the Sun and the pulsar.

3.3. PINT

For fitting the TOAs to various parameters there are
several popular software packages, the most popular
being Tempo2 [9]. For ease of use and familiarity with
Python, PINT [I0] was chosen for this experiment.
Both packages achieve similar results but were devel-
oped independently, at different times and are known
to agree with each other up to ~10 nanosecond
Following the PINT documentation, the value of P,
can be found accurately in relatively short observa-
tions of several hours through weighted least squares
fitting (WLS). It is more challenging to find P and
often requires some weeks of observation. Sometimes
PINT would incorrectly guess the pulse number (PN)
of whole groups of TOAs, and they would have to be
changed manually by increasing or decreasing their
PN by 1 or 2 so that a sensible fit could be found.

3 https://en.wikipedia.org/wiki/Ephemeris
4 https://github.com/nanograv/PINT
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Property | Value | Units
P 0.03339375 £ 0.00000008 | seconds
P (4.184 4 0.002) x 10~** |unitless
By (3.78 £0.01) x 10" | gauss
T 1270 £ 10 years

TABLE I. A table showing fitted parameters: period, P,
and spin-down rate, P; and derived parameters: surface
magnetic field strength, By, and characteristic age, 7.

4. RESULTS
4.1.  Dispersion measure and distance

Using the method in Section, a DM of 57 £+
5pcem ™ was found, corresponding to a distance of
1900 +200pc. The de-dispersion algorithm was set up
with a DM of 57 using Equation [2] and moderately
removed the effect of dispersion. For the remainder
of the experiment the accepted value of 56.77 [11] was
used due to the large error on the value obtained by
polynomial fitting. With an accurate DM, the data
was de-dispersed and TOAs were found, corrected,
and put through PINT for fitting.

4.2.  Crab Pulsar properties

To fit the data for P, the (corrected) TOAs from the
two observations closest in time were fitted to a con-
stant P using a WLS algorithm. As these two ob-
servations were only one day apart, the period was
roughly constant and could be found in this range.
With a more accurate P, the additional data from
the 4 observations in the 8 weeks surrounding the 2
consecutive observations were added to the fit, which
was expanded to also fit for P, giving the values in Ta-
ble [l From these values and the equations in Section
2l values for By and 7 could be found. The largest
source of error is from the PGS algorithm, though
they are still underestimated [I2]. The final post-fit
timing residuals are shown in Figure [2[ and the best
fit has x% = 1.29.

5. DISCUSSION

Fitting with just two variables, P and P, allows the
parameters to give residual spread shown in Figure

with residuals of order £100ps. One reason for
non-zero residuals is due to the timing noise of the
pulsar. All pulsars exhibit timing noise but it is most
strong in younger pulsars and the Crab Pulsar is the
youngest known pulsar [3].

The reduced residual spread in the final observation
suggests that the fit is more accurate for the TOAs
therein. One possible explanation is that it is possible
to fit for a third time-varying parameter on an 8 week
scale. However, as the X%z of 1.29 shows, the spread
of TOAs is statistically expected from the errors,
therefore to improve the accuracy of the fit, the
errors on must reduced/improved. The PGS method
used to retrieve the TOAs and errors is known to
underestimate the errors on TOAs for observations
with low S/N [12], a notable property of the 200s
sub-integrations in this experiment. To improve
the quality of the errors a Gaussian interpolation
(GIS) method could be used, as it is better suited
for low S/N data, or the sub-integration time could
be increased. Any additional observations will also
improve the accuracy of P and P.

6. CONCLUSIONS

The DM value of 57 &+ 5pcem ™2 is close to the known
value of 56.77 from [II], though by chance due to
the very large errors from the polynomial fitting algo-
rithm used. The value obtained for P of 0.03339375+
0.00000008s is remarkably close to the accepted (cur-
rent day) value of 0.03339241s from [I1]. Similarly,
the value retrieved for P is (4.184 £ 0.002) x 10713
and the [I1] value is 4.209 x 107'3. Despite the close-
ness, it is very clear that the errors derived are un-
derestimates as they do not contain the accepted val-
ues. It can be assumed that By (1270 £ 10yrs) and 7
((3.784£0.01) x 10*2 gauss) are accurate within each of
their respective equation limitations due to the appar-
ent closeness of the fitted parameters. The supernova
forming the Crab Pulsar was documented in 1054AD
[3]. Therefore it a known age of 970 years, differing
from the characteristic age and further proving that
the pulsar does not act as a perfect magnetic dipole.
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