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Abstract

This thesis intends to show that the strong correlation observed between the brak-
ing indices (n) and the slowing down age (7) of pulsars with alignment and counter
alignment. We will calculate the braking index of young pulsar which is crab pulsar
is less than 3 by using the braking mechanisms, electromagnetic and gravitational
radiations,& the braking index for quadrupole radiation is equal to 5, and to show
the ratio between the gravitational and electromagnetic contributions to the pulsar

spin down rate its present values are always less than one.
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Introduction

It is believed that all neutron stars rotate, quite rapidly. As a result, some ob-
servations of neutron stars yield a "pulsed” emission signature. So neutron stars
are often referred to as pulsating stars (or PULSARS), but differ from other stars
that have variable emission.

Whether the magnetic and rotation axes of pulsars align or counter align with age
has been a much debated but unsettled point. The many theoretical calculations
performed to date give widely different results. (Davis & Goldstein 1970)[1] and
(Michel & Gold w.1970)[2] showed that for a perfectly conducting spherical star,
the two axes align on a braking time scale, a result that can be generalized to
a fluid body whose rotation deformation follows the instantaneous rotation axis
(Macy 1974)[3].

The observational situation is uncertain. The presence of a strong inter pulse in
the crab was used to argue that rotation and magnetic axis were nearly orthogonal
in this pulsar (Rad,h. & cooke 1969)[4].

Measurements of the second derivative of the pulsar period, p (or equivalently,

the frequency second derivative Q, or the braking index, n = %—?) provide us with
another potential diagnostic tool for testing alignment or counter alignment. In
this paper, We introduce the plot of the braking index, n versus the slowing down
age, T = % as a powerful way of using the second derivative data.

From the timing measurements We deduce that radio pulsars are subject to a

systematic secular spin down.The standard formula for pulsar spin down is

O = —kQ" (0.0.1)



The quantity €2, I being the star moment of inertia with respect to its rotation
axis, is the torque acting on the star. We will refer to k, following (Allen & Hor-
vath 1997)[5], as the "torque function ” and the braking index n both depend on
the mechanism which is at work. For instance, n is equal to 3 for pure magnetic
dipole radiation and n is equal to 5 for gravitational radiation . In practice, how-
ever the measured value of the braking indices for dipole radiation are less than
the canonical value, 3 for most known pulsars:

The braking index of the known pulsars are not dominated by timing noise (Lyne

et al. 1993[6] ;Boyd et al. 1995[7] ; Kaspi et al. 1994[8] ;Lyne et al.1996[9] ):

Crab:n =2.51+0.01
PSR0540 — 69 : n = 2.28 £0.02
PSR1509 — 58 : n = 2.83 £ 0.001

Vela :n=14+0.2

A much more realistic hypothesis is that in a pulsar both electromagnetic and
gravitational torques work to produce the observed spin down. We will show how
from this assumption the observed braking indexes can be derived and at the same
time, how new more tightening upper limits on the pulsar ellipticity are obtained.
The plan of the thesis is as follow. In chapter 1, contains review about creation and
distinctive properties of pulsars. In chapter 2, I try to drive the braking index of
pulsars is inconsistent with counter alignment between their rotation and magnetic
axes, the magnetic field and slowing down age 7 of the young pulsar which is
crab pulsar. In chapter 3, I give the main relations relative to the electromagnetic
braking mechanism and described by combining electromagnetic and gravitational
mechanisms which could produce the observed braking indexes.

Finally, In section 4 discussion and conclusion are included.



Chapter 1

Pulsars

1.1 Definition

Pulsars are highly magnetized, rotating neutron stars which emit a narrow radio
beam along the magnetic dipole axis. As the magnetic axis is inclined to the ro-
tation axis, the pulsar acts like a cosmic light-house emitting a radio pulse that
can be detected once per rotation period when the beam is directed toward Earth.
The stability of the pulse period is similar to that achieved by the best terrestrial
atomic clocks. Using these astrophysical clocks by accurately measuring the ar-
rival times of their pulses, a wide range of experiments is possible. For most of
these it is not necessarily important how the radio pulses are actually created. We
will consider some of the basic pulsar properties below.

Pulsars are born in supernova explosions of massive stars. Created in the col-
lapse of the stars 'core’ neutron stars are the most compact objects next to black
holes. The masses of pulsars are typically around 1.35 + 0.04M[10] although this
range has been expanded recently from ~ 1.2M to 2.1M.. Modern calculations
for different equations of state produce results for the size of a neutron star which
are quite similar to the very first calculations by Oppenheimer & Volkov[11], i.e.
a diameter of about 20 km. Such sizes are consistent with independent estimates
derived from X-ray light-curves and luminosities of pulsars (e.g. [12]).

Pulsars emit electromagnetic radiation and, in particular, magnetic dipole radia-
tion as they essentially represent rotating magnets. Assuming that this is the dom-

inant process of loss in rotational energy and hence responsible for the observed



increase in rotation period, P, described by p, we can equate the corresponding
energy output of the dipole to the loss rate in rotational energy. We obtain an

estimate for the magnetic field strength at the pulsar (equatorial) surface from

BSina = 3.2 x 10°y/pp (1.1.1)

with P measured in s and p s—2

1.2 Discovery of Pulsars

In 1934,[13] only two years after the discovery of the neutron, the existence of neu-
tron stars was proposed by astrophysicists, (Baade & Zwicky)[14] . They suggestd
that neutron stars would be about 10 Km in diameter and would be formed in a
supornova. Then, in 1967, Pacini[15] proposed that the crab Nebula was highly
magnetised, rotating and emitting electromagnetic radiation. In effect, what we
know to be a pulsar. These theories were later confirmed by Jocelyn Bell, Antony
Hewish[16] and colleagues in 1968 when they discovered the first pulsar.

At the time they were working on a large radio telescope, observing inter plan-
etary scintillation and they noticed that, aside from the usual scintillation and
man-made interference, there was some highly periodic "scruft”.

further observation and analysis of this ”scruff” showed that the signal kept sidered
time which suggested that it was of extraterrestrial origin. Several possible ex-
planations were offered, including that the signal was generated by another civil-
isation, but it is now almost universally agreed that pulsars are rotating neutron

stars which appear to pulsate as their radiation beams the earth.

1.3 Formation of Pulsars

Most of the stars in the universe have similar properties to our sun. Typically
they are about 1 million km in diameter and fuelled by hydrogen. Because of
their extreme temperature, this hydrogen fuel burns to form helium, making them

just like a massive hydrogen bomb.



After about 10 billion years, a stars hydrogen runs out. When this happens the
star swells to about three hundred times its normal size and gently pushes out its
furthest layers to form a glowing ring known as a planetary nebula. The center of
the original star remains intact and becomes a white dwarf, which is a very small
, dense star. Initially very hot ( about 1 million degrees), it eventually cools down
to float relatively inactively throughout the universe.

One in every hundred stars are different. These are massive stars and are destined
to end their lives in cataclysmic explosions called supernovae. Massive stars are
about ten times heavier and four times larger than our sun, they are also incredibly
hot, as their hydrogen burns much more furiously. This means that their fuel is
consumed at a much greater rate and runs out after approximately 10 million
years, which is relatively short time for a star. Like any other star, massive stars
are a balance between heat, which pushes gas up to the surface of the star and
gravity, which pulls everything back toward the center. When its core runs out
of fuel for fusion, the star can no longer create out ward pressure to balance the
inward gravitational pull of its great mass. This leads its dramatic collapse.

The core of the collapsing star shrinks, becoming hotter and denser in the process,
as iron atoms are crushed together. During this time the core temperature shoots
to about 100 billion degrees.This explosive release of energy results in a huge
expanding shock wave and the outer layers of the star are thrown out ward at
10° kph. This giant explosion is known as a supernova. The material which is
exploded away from the star slams in to surrounding lumps and clouds of gas.
It heats up and begins to glow forming an expanding ring known as a supernova
remnant.

All that remains of the original star is a small super dense core composed entirely
of neutrons, known as a neutron star. Most of these turn on and radiate. When
this happens, a pulsar has been formed. (Interestingly, if the star is greater than
15 times as massive as the sun, then its neutrons cannot survive the collapse of

the core due to the increased inward gravitational pull these stars become black



holes).

1.4 Pulsars as Radio Sources

The periodic beacon sent by the pulsar clock is usually rather weak, both because
the pulsar is distant and the size of the actual emission region is small. Estimates
range down to a few meters, resulting in brightness temperatures of up to 103" K
[17]. Such values require a coherent emission mechanism which, despite almost 40
years of intensive research, is still unidentified. However, we seem to have some
basic understanding, in which the magnetized rotating neutron star induces an
electric quadrupole field which is strong enough to pull out charges from the stellar
surface (the electrical force exceeds the gravitational force by a factor of ~ 10'%),
surrounding the pulsar with dense plasma. The magnetic field forces the plasma
to co-rotate with the pulsar like a rigid body. This co-rotating magnetosphere
can only extend up to a distance where the co-rotation velocity reaches the speed
of light[18]. This distance defines the so-called light cylinder which separates
the magnetic field lines into two distinct groups, i.e. open and closed field lines.
Closed field lines are those which close within the light cylinder, while open field
lines would close outside. The plasma on the closed field lines is trapped and will
co-rotate with the pulsar forever. In contrast, plasma on the open field lines can
reach highly relativistic velocities and can leave the magnetosphere, creating the
observed radio beam at a distance of a few tens to hundreds of km above the pulsar
surface(see fig 1.1). Most pulsars are not strong enough to allow us a detection of
their individual radio pulses, so that in most cases only an integrated pulse shape
can be observed. If individual pulses are observable, they reflect the instantaneous
plasma processes in the pulsar magnetosphere at the moment when the beam is
directed towards Earth. The dynamics of these processes results in often seemingly
random individual pulses, in particular when viewed with high time resolution.
Despite this variety displayed by the single pulses, the mean pulse shape computed

by averaging a few hundreds to few thousands of pulses is incredibly stable[19].



Figure 1.1: A pulsar is a rotating, highly magnetized neutron star. A radio beam
centered on the magnetic axis is created in some distance to the pulsar. The tilt between
the rotation and magnetic axes makes the pulsar in effect a cosmic light house when the
beam sweeps around in space.

In contrast to the snapshot provided by the individual pulses, the average pulse
shape, or pulse profile, can be considered as along-exposure picture, revealing
the global circumstances in the magnetosphere. These are mostly determined by
geometrical factors and the strong magnetic field, leading to very stable pulse
profiles. Apart from a distinct evolution with radio frequency, the same profiles

are obtained, no matter where and when the pulses used to compute the average

have been observed.



Chapter 2

Braking Index Diagnostics

2.1 Braking Index of Pulsar

Neutron stars are powered by rotational kinetic energy and lose energy by emitting
electromagnetic radiation at their rotation frequency 2. The rotation frequency

thus decreases with time and this slowdown is usually described by the relation

0= —rQ" (2.1.1)

where, k is a positive constant which depends on the moment of inertia and
the magnetic dipole moment of the neutron star, n is the braking index. Conven-

tionally, the braking index is derived by differentiation of eq.( 2.1.1), yielding

n= %—? (2.1.2)
In a highly simplifed model in which the spin down torque arises from dipole
radiation at the rotation frequency, one expects n = 3.

Only 4 pulsars have had their braking indices measured and all have n < 3.
The Crab pulsar has a value 2.509 + 0.01 (Lyne, Pritchard & Smith 1988; Lyne,
Pritchard & Smith 1993)[20], PSR1509 — 58 has a braking index 2.837 £ 0.02
(Kaspiet al. 1994), PSR0540 — 69 has n = 2.04 + 0.02 (Manchester & Peterson
1989[21]; Nagase et al.1990[22]; Gouiffes, Finley & ogelman 1992 [23]) and, finally,
the Vela pulsar has the low value 1.4 £ 0.2 (Lyne et al. 1996).( Melatos 1997)

has shown that a modification of the simple model, which involves treating the

neutron star and the inner magnetosphere as one entity, allowed him to derive

8



values of braking index very close to those observed (except for the Vela pulsar).
Braking indices are very diffcult to measure in all the other pulsars. For a typical
old’ pulsar with Q@ = 1Hz, Q = 107" Hzs™!, the expected € from eq.(2.1.2) is
only ~ 1073°H 2572, much too small to measure even over hundreds of years of
timing the second derivative only contributes one extra phase rotation every 600
year! There are a number of pulsars with ages ~ 20 kyr for which one might expect
to be able to measure n. However, two different effects tend to dominate the value
of () over that expected from spin-down alone. First, these young pulsars glitch
often (Shemar & Lyne 1996)[24]. These glitches lead to discontinuities in both
Q and Q making it very diffcult to phase connect i.e. count the exact number of
rotations of the pulsar over the glitch. Furthermore, the recovery from a glitch can
last many hundreds of days and the measurement of € reflects the recovery rather
than the intrinsic spin-down. Finally, young pulsars have large random variations
in arrival times known as ’timing noise’. (Cordes & Helfand 1980)[25] recognised
that the timing noise dominates over the intrinsic () by a factor ~ 100 in these
pulsars and that many early published values of braking indices, based on {2 were
spurious.

Instead of differentiating eq.(2.1.1), we integrate from a time t to t + T to obtain

Q
g = (2.1.3)
Qo Q t+T
A= — kdt (2.1.4)
95 Q t
0 (1-n) _ Q(lfn)
2 L = k(T +t—1) (2.1.5)

1—n

from eq.(2.1.3) substitut the value of  in to eq.(2.1.5) which follows

0y 0,0 O

= 2.1.
1—n QF (2.1.6)
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Hence

(2.1.7)

l-n=—%" (2.1.8)

l—-n=—2___ (2.1.9)

n=1+—2__ (2.1.10)

Q0 — 0
n=14-——2> "= (2.1.11)
QT
This allows the braking index to be computed without the need to measure 2.
The advantage of this method is that, in principle, 2 and Q) can be measured over

a short interval of time and then re-measured 20 year later without the need for

a phase connected solution over the whole 20 year time span.

2.2 Alignment and Counteralignment

The braking index of a pulsar slowing down via magnetic dipole radiation can be

Written (Macy 1974)[3] as

251,R0? d. ., 2
’I’L:3—W—T [Elnsm O{—E] (221)
. 2
=3—-7 [200‘5 ad — —} (2.2.2)
B

Here I, and R are respectively the moment of inertia and radius of the (ro-
tationally) undistorted star, M is the stellar mass, {2 is the angular frequency,

a is the angle between the rotation and magnetic axes and 75 is the time scale
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for magnetic field decay. The first term on the right hand side of Eq.(2.2.1) is
that given by the standard model: a perfect sphere with constant magnetic field
inclined at a constant angle to the rotation axis. The second term comes from
rotational distortion, the effects of which are discussed in detail in( Cowsik, Ghosh
& Melvin 1983)[26]. The first part of the third term describes the effects of align-
ment or counter alignment , and the second part those of magnetic-field decay.
Rotational distortion and counter alignment decrease n from its standard value,
while field decay and alignment increase it above this value. Since n has been
accurately measured only for pulsars with period p > 33 ms (indeed, p ~ 1 s for
most of the sample), the effects of rotational distortion are negligible for this sam-
ple (Cowsik,Ghosh and Melvin 1983), and we shall neglect these effects in what
follows.

For alignment, we adopt Jones model, which gives

a(t) = a,exp(——) (2.2.3)

aft) = — 2 (2.2.4)

T, being the alignment time scale. This gives

2
Ng=3—T {200‘5 a(—g) - —] (2.2.5)
Ta B
o 1
n=3+2r {(—)cot a+ —} (2.2.6)
Ta B

For counter alignment, we adopt the form (Flowers & Ruderman 1977[27];
Nowakowski 1983b)

a(t) = g - (— - ao> exp(——) (2.2.7)
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a(t) = — {(— - ozo> exp(—i)} (2.2.8)

7. being the counter alignment time scale.This gives (Nowakowski 1983b)[28]

ne=3—27 {cot a%(g — ) exp(—%) — %} (2.2.9)
=3+27 [% - Tlc(g — Q) exp(—:c) COt(g - (5 — Q) exp(—%))] (2.2.10)

=3+27 [i 1 (z — ao> exp(—i) tan (g — a0> exp(—i)} (2.2.12)

Te Te

The variations of n, and n. with 7 are shown in Fig 2.1. We have chosen
various values of 7p in the range 10° — 107 years, in agreement with current un-
derstanding of the magnetic-field decay processes, and have tried various values
of 7, and 7, in the range 10® — 107 years. We see that, due to alignment and field
decay (particularly alignment), n can become orders of magnitude larger than its
standard value of 3 and thus explains the observed large positive values of n and
so the large negative values of j, ( Gullahorn & Rankin 1982)[29]; (Manchester
et al. 1983)[30];(Nowakowski 1983(a, b))[31]. Counter alignment does reduce n
below its standard value (and can make j > 0, but does not lead to negative val-
ues of n . The counter alignment curves shown in Fig. 2.1 correspond to ag = 0
(alignment at ¢ = 0), which maximizes the counter alignment effects. At large
7, the field-decay effects dominate, and the counter alignment curves also rise to
large positive values of n. For the alignment curves shown in Fig.2.1, different
values of 75 in the 10 — 107 year range make no visible difference. Similarly, for

the counter alignment curves shown, different values of 7, in the 10® — 107 year
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range make little visible difference. Hence, the former curves are labeled by values
of 7, and the latter by those of 75. The data on 19 pulsars for which 2 has been
measured are shown in Fig.2.1 (Gullahorn & Rankin 1978a, 1982; Demiaski &
Prszyski 1979[32] and the references therein; Downs 1981[33]) and displayed in
Table 1. We have not included those pulsars for which only an upper limit to Q
is available. The data fall into two distinct classes, eleven pulsars with n > and

eight with n < 0 (Table 1).

Psr Q Q Q braking index slowing down age
(Hz) (Hzs™1) (Hzs~2) n= %f} r (yr)
0329 +54[32] | 1.4 —4.02E — 15 (4.81 £ 0.18)E3 1.11E;
0531 +21[44] 30.18 —3.848E — 10 (1.234 £ 0.002)E — 20 (2.515 + 0.005) Eg 2.49E3
0540 +23[29] 4.066 —2.550F — 13 (3.953 £ 0.082)E — 25 (2.5 £ 0.05)E 5.16E5
0611 +22[25] | 2.986 —5.31E — 13 (3.5)Ex 1.78E5
0823 +26[25] | 1.884 —6.06E — 15 (—1)E4 9.87Eg
0833 -45[33] 11.21 —1.57E — 11 (9.2 +2.61)E — 22 (4.2 + 13) By 2.27E,
0950 +08[29] | 3.951 —3.578E — 15 | (—1.704 £ 0.124)E — 25 | (—5.2+ 0.4)Ey4 3.47E7
1508+ 55[35] 1.352 —9.20FE — 15 (3.25)E3 4.66E¢
1541 4+09[29] | 1.336 —7.682E — 16 | (—1.116 £ 0.091)E — 25 | (—2.5+ 0.2)E5 5.52E7
1604 -00[29] 2.371 —1.720E — 15 (2.310 £ 0.448)E — 26 (1.8 £ 0.4)E,4 4.38E7
1859 +03[29] | 1.526 —1.743E — 14 | (1.100 £+ 0.050)E — 24 (5.5 + 0.05)E5 2.78Eg
1900 +01[29] | 1.371 —7.58E — 15 (2.1 +0.5)E — 25 (5.0 + 1.2)E3 5.74E¢
1907 +00[29] | 0.983 —1.13E — 14 (—2.5+0.2)E — 25 (—8.7+0.7)E3 5.85E¢
1907 +02[29] | 2.021 3.277E — 15 (—6.0 &£ 2.0)E — 26 (9.5 £ 3.1)Ey 5.68 g
1907 +10[29] | 3.526 | 3.27E — 14 (—1.689 £ 0.06)E — 24 (—5.5+0.2)E3 3.42E¢
1915 +13[29] | 5.138 1.30E — 14 (—6.440 £ 0.505)E — 25 | (—4.240.3)E; 8.58F5
1929 +10[29] 4.415 0.38E — 14 (—3.180 + 0.150)E — 25 (—2.84+0.1)E3 6.23E¢
2002 +31[29] | 0.4737 | 1.39E — 14 (7.126 + 0.268)E — 26 (1.2 £ 0.05)E> 8.99E5
2020 +28[29] 2.912 0.51FE — 14 (1.028 £ 0.080)E — 25 (1.2+0.1)E3 5.75E¢

Table 1:Braking index.
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Figure 2.1: Braking Index Vs slowing-down-Age Correlation. Plotted is the logarithm
of the absolute value of the braking index against the logarithm of age. Also shown
are the theoretical curves for alignment (solid lines), those for counteralignment (dotted
lines) and that given by the Standard n = 3 model (dashed line).The alignment curves
are labelled by alignment timescales, 7,; different values of the field decay timescale, 75,
in the range (10° — 107) year make no visible difference for these curves.The counter-
alignment curves are labelled by 7p, different values of the counteralignment timescale,
e, in the range (10% -107) year make little visible difference for these curves.Filled cir-
cles:measurements quoted with error bars as shown. Open circles: measurements quoted
without error bars.
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In each class, there is a strong correlation (indeed an almost ob-
vious linear relation) between log |n| and log 7.
The theoretical curves for alignment are consistent with the n > 0
data for 7, ~ 103 — 10° year (the effect on these curves of varying
7p in the range 10% — 107 year is negligible). The curves for counter
alignment are inconsistent with the n > 0 data. (The case of Crab
pulsar, which has n ~ 2.5, is a special one, and is discussed later).
The n < 0 data are in complete disagreement with either alignment
or counter alignment. It is thus clear from the braking index data
available at the present time that there is no evidence for general
counter alignment in pulsars. This is in contradiction with the con-
clusion of Nowakowski (1983b), who did not attempt a quantitative
comparison of theory with observation.

2.3 Slowing-down noise

The secular nature of the apparent second derivatives of pulsar pe-
riods has been questioned before (Cordes& Helfand 1980 and refer-
ences therein). The facts that almost half the known sample shows
unexplained large negative braking indices, and that both halves
show essentially the same strong correlation between the absolute
value of the braking index and the slowing-down age, make us re-
consider this point. Random walks in phase, frequency, or the first
derivative of frequency can give rise to apparent second derivatives.
For the last case, that of the so-called slowing-down noise, the ap-
parent second derivative, < Qr >, is related to the rms residual,
or(2,T), of a least squares second-order polynomial fit to the tim-
ing data over an interval of length through the inequality (Cordes
& Helfand 1980)

3 120V/7
< Qg >§ T3p 03(2,T) (231)
This immediately gives
-
na] < (L)? (2.3.2)
TR

where
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—1/2
TR = (120\/7‘73(2’T)> (2.3.3)

T3

is the random-noise age 7 is determined by the nature of the
noise processes and by the observation interval . or(2,7) and T
have been given by (Cordes & Helfand 1980) for 16 of the 19 pulsars
considered here. In Table 2, we give the values of 7z and < [nR| >
,and compare < [nR| > with the observed < |n| > in Fig. 2.2 and
Table 2. For all but the Crab and Vela pulsars, there is excellent
agreement, |n|.s always lying below the upper limit on < [nR| >
given by Eq.(2.3.2) with two slight exceptions. For Crab and Vela,
< |ng| >,,,., are far below the observed values. We thus arrive at the
conclusion that for aging pulsars (7 > 10° year) which show apparent
braking indices whose magnitudes are very much larger than 3, the
second derivative may very well be dominated by slowing down noise,
whereas for the young Crab and Vela pulsars, the second derivative
cannot be so dominated.

psr T(d) | or(2,T)(ms) | Tr(yr) | < |ng| > observed
0329 454 | 2859 | 2.31 1.44F5 | 5.95F5 (4.81 £0.18) E5
0531 421 | 1628 | 11.97 2.72F, | 8.4F;5 (2.515 + 0.005) Ey
0540 +23 | 1368 | 0.52 1.00E5 | 2.64F, 2.5+ 0.05E;
0611 422 | 1586 | 107.00 8.74F5 | 4.15FE5 (3.5)F5
0823 426 | 1834 | 12.55 3.17E, | 9.68E, (1)Ey
0833 -45 | 1000 | 4.2 -32.0 2.21F, | 1.06 — 8.05E | (4.2 +2.3)E,
0950 +08 | 1563 | 0.45 1.32E5 | 6.93F, (5.2 £0.4)E,
1508+55 | 2865 | 5.67 9.21F, | 2.56E3 (3.25)F3
1541 409 | 1669 | 0.95 1.00E5 | 3.04E5 (2.5 +0.2)F;
1604 -00 | 2134 | 0.33 2.53F5 | 3.00E, (1.8 £ 0.4)E,
1859 +03 | 1227 | 3.98 3.08E, | 8.13E5 (5.5 £0.05)FE5
1907 410 | 1107 | 1.40 4.45F, | 5.9F3 (5.5 +0.2)Fj3
1915 +13 | 1603 | 1.30 8.05F, | 1.13E, (4.2 £0.3)F;
1929 410 | 1334 | 0.38 1.13E5 | 3.03F3 (2.8 £0.1)F;3
2002 +31 | 1607 | 1.39 7.82F, | 1.32F5 (1.2 £0.05)E,
2020 +28 | 2047 | 0.51 1.86F5 | 9.6 E5 (1.24+0.1)E5
Table 2: slowing down noise.



17

Figure 2.2: Same as Fig. 2.1, but comparing the observed braking indices (circles)
with those expected from slowing-down noise (triangles). Filled circles: measurements
quoted with error bars as shown. open circles: measurements quoted without error
bars. For vela, the slowing down noise component itself has an uncertainty as shown
(Downs 1981). Also shown are the noise-band (the area between the two solid lines
which corresponding to the maximum and minimum values of 7 in Table 2) and the
relation |n| — (;5syear)? (dashed line) which describes most pulsars adequately.



Chapter 3

Braking Mechanisms of Pulsars

3.1 Electromagnetic Radiation

As it is well known, the electromagnetic torque implies an evolution
of the pulsar rotation frequency given by the relation

Qem = —Kem Qe (3.1.1)

The electromagnetic index is ne, = 3 for pure dipolar magnetic
radiation (Ostriker & Gunn 1969 [34]; Manchester & Taylor 1977
[35]), in which case

2B?RS

fem = T3]

In this equation B is the strength of the magnetic field, R is the
neutron star radius, « is the angle between the rotation and the
magnetic axes, and [ is the moment of inertia with respect to the
rotation axis. An electromagnetic braking index different from 3
can be the consequence of pulsar winds, in which particles having

sin” o (3.1.2)

angular momentum are accelerated away from the pulsar (Goldre-
ich & Julian 1969[36];Kaspi et al. 1994) or can be produced if non
dipolar components of the magnetic field are present, or as a con-
sequence of strong magnetospheric currents (Blandford & Romani
1988)[38]. Another possibility is that the magnetic moment, and
then the torque applied to the star, varies in time (Blandford & Ro-
mani 1988; Cheng 1989[39]). (Muslimov & Page 1996)[40] consider
the time evolution of the surface magnetic field of the star, which
according to their model, is very low (10® + 10°G) for a new born
neutron star and then increases due to the ohmic diffusion of the
initially trapped inner magnetic field. The resulting electromagnetic

18
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braking index is given by

Bsurf Q
Bsurf Q

where By, s is the value of the surface magnetic field at the mag-
netic pole. Clearly, if Bswf > 0, Nem < 3. Other models based on
the secular variation of the magnetic field have been developed, for
instance, by (Blandford et al. 1983)[41] and by ( Camilo 1996)[42].
A different kind of model has been proposed by (Allen & Horvath
1997) and by (Link & Epstein 1997)[43], based on the growth of the
angle a between the magnetic moment and the rotation axis of the
star. In this case the electromagnetic braking index is

N = 3 + 2 (3.1.3)

a f (3.1.4)
tan o ()

In all these cases the general expression for the observed electro-

Nem = 3+ 2

magnetic braking index is simply

Rem §2

Sl 3.1.5
P (3.1.5)
which is easily obtained differentiatig Eq.(3.1.1) with respect to

time. From Eq.(3.1.2) we find

Nem = 3

o 2Bsin® a4+ Bsin 2aé — Bsin® ol
= ) L (3.1.6)
Kem Bsin® a
B CoS v I
=25 +2 - 3.1.7
B + sinaQ I ( )
B i
= QE + 2cot iy — 7 (3.1.8)

Assuming n,, = constant, from Eq.(3.1.5) we find

0 Nem —93
em = Kem, — 1.9
K Kem,0 X (Qo> (3.1.9)

where ke and €2, are the electromagnetic torque function and
the angular velocity at time ¢ = 0, i.e now. Then, the rate of varia-
tion of the angular velocity can be written as
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Qe = Femerf X Qem (3.1.10)

where Kemefp) = Qn(j:j,;o,)g is a constant, which is formally equiva-

lent to Eq.(3.1.1). Intégrating Eq.(3.1.1) we obtain the pulsar char-
acteristic time, due to the electromagnetic braking which is
2

(1 = 120m) e 1— (%) neml] (3.1.11)

; being the initial angular velocity of the pulsar. Eq.(3.1.11)
would give the true age if only the electromagnetic emission was re-
sponsible for the pulsar spin-down. From Eq.(3.1.1, 3.1.2) and from
rotation energy loss the strength of the magnetic field, for n.,, = 3, is

Tem —

. . 2B2R% sin? aN?

Ero — [Qeerm — em 3.1.12
' 3c3 ( )

3310
B* = = 3.1.13
2R6sin” a3 ( )
The angular velocity of rotation of the neutron star €2, = 27“,

can be used, these being related by

Qem Zbem
= 3.1.14
Qem pem ( )

33T 0um

Bsina = | —5—— 3.1.15
Sin «v ZRGng ( )

. IBCSIpempem
Bsina = W (3116)

Bsina = 3.2 x 10"\/pempPem (3.1.17)

where « is the angle between the magnetic and the rotation axis,
Pem 18 the rate of variation of the pulsar period due to the electro-
magnetic torque, and we have assumed I » 103%kgm?.
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3.2 Electromagnetic plus Gravitational Radia-
tion

In this section we show that the observed braking indexes can result
from the combined action, in a pulsar, of the magnetic and gravi-
tational torques. We assume that the emission of electromagnetic
and gravitational radiation are the only mechanisms acting on the
pulsar. The observed spin-down rate can be expressed as

O =— Z Ko™ = Qo + Qg (3.2.1)

where a stands for em and gw processes respectively

Q== kT =) Ko< ng >Q777Q) (3.2.2)

A== FQT7Q = kg <ng >Q777IOQ (3.2.3)

Q0 == [T =Y k< ng >Q7) (3.2.4)
O’ =—QY kO (3.2.5)

Q0 =3k Qe T =S k< ny SO Q)
02 O K QY<na>

(3.2.6)

QQ 3Tk Q<e> T | 2ata< M >Q<ne>()

. . (3.2.7)
02 S K Q<na>() S KaQ<ma>Q)
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QQ Remﬂ<nem>+l + /%ngQ<n9“’>+1

QQ (K/B’I’I’LQ<nem> + /{/ng<ngw >)Q

Kem< Mem > 4 Ky < Mgy >0

/{emQ<nem> _|_ ngQ<ngw>

(3.2.8)

we expected as K, Q"> > kg, Q"> for 7 > 10° years

QO gy Q [ 4 Q00>

"iem

) A <Nem> Egw O)y<ngyw>
Q Kem ) | €2 + Q<"

em

K Q<ngw>
Ko Q<Mem™> | < Ny > + Hi’:< Ngw > Gnem

3.2.9
/‘{,em Qnem 1 + ng_wQ<n9“’> ( )

Kem O <nem>

. Fgw Q<ngw>
Fem O <nem> 1+ tm

= < Ny >+ fom 007 (3.2.10)
Kem, Q<nem> 1 4 —a

Kem O <nem>

= <y o e STy g X o YT R B g 2
Kem ()<Nem> Kem (Q<nem> Rem (Q<nem> Kem Kem
(3.2.11)
where
QQ e Q Foguw Q">
Ny > = e Bem 2 P—Jﬁ———] (3.2.12)
0?2 Rem |Q| Rem (Q<nem>
But,
o g

02
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and
Symmetry of neutrino emission cooling behavior with respect to ex-
changing proton and neutron superfluidities (kaminker et al. 2004)[45].
The magnetic field at any time based on neutrino emission is

o=

B(t) = Bo)[1 + 1]

Differentiating with respect to time. We obtain

bom 2 1 8
Fem |2 6L |

substitut in to eq.(3.2.12) which follows

1 Q K $2<"ow>
em =3 — —— |1 ——= 3.2.13
" 6t |0 { nemQ<nem>] (3:2.13)
where Q<"em~ is given by Eq.(3.1.1) or Eq.(3.1.10), while
. 2200 2
Qg = SiTE = b (3.2.14)

where € is the ellipticity of the pulsar.

For the crab pulsar known current parameters are () = 186.96s5 1,
Q= —233x10% 2 ] = 10, R = 10km , t = 951 year and
e = 1.8 x 10~* magnetic field of the crab pulsar is B v 4 x 10"2@
.From these, we obtain

B 2B2R%sin? o

om = 3.2.15
" 331 ( )

=0.395 x 1071 (3.2.16)
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and 32G1¢2
€
= 0.569 x 102! (3.2.18)
then
1 Q Koy $2Tow”
<Ny > =3 — — - 3.2.19
n il s (3.2.19)
= 3 — 0.45 4 0.45(0.0050) (3.2.20)
=3 —0.45+ 0.00226 (3.2.21)
~ 2.55 (3.2.22)

We note that, in analogy with Eq.(3.1.11), the pulsar character-
istic age, due to the gravitational braking, is
Q

O\
%11 = <_0)
40, 97

In the following, we will consider the torque functions k., and
Kgw constant in time. The braking index n can be obtained differen-
tiating Eq.(3.2.1), and using Eq.(3.1.1, 3.2.14):

Tem -

(3.2.23)

Q0 nen +5Y

3.2.24
T T T4y (3.2.24)
where we have introduced
Q w w
y = 29w _ v 5one, (3.2.25)

Qem Rem
This quantity is the ratio between the gravitational and the elec-
tromagnetic contributions to the pulsar spin-down rate and we will
see in the next that its present values are always less than 1. Note
that, in terms of (2 and its derivative,
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Ny = =2 (3.2.26)

Figure 3.1: Y(n) = ggw as a function of the braking index n for different values of the

electromagnetic braking index nem. Nem varies in the range [1, 3] with step 0.2.

Inverting Eq. (3.2.24),

n — Nem
Y(n) = =, (3.2.27)
which implies n., < n < 5. In Fig.3.1 we have plotted the
functionY (n) for different values of nem in the range [1,3]: As we
expect, for each ne,, Y(n) = 0 when n = n,(i.e. no gravitational
torque) while Y (n) — +oo for n — 5 (i.e. negligible electromag-
netic torque). We see that a braking index less than 3 can be ob-
tained combining the effects of the electromagnetic and gravitational
torques. For instance, for the Crab pulsar we have n = 2.51 and if
we assume, say, N, = 2.55, then it immediately follows Y ~ 0.016,
that is the gravitational radiation contribution to the spin-down rate
is about ~ 2 percent of the electromagnetic one. On the other hand,
if nem = 3, then Y ~ 0.19. The spin-down of a pulsar in which both
the electromagnetic and gravitational torques are acting, Eq.(3.2.1),
can be expressed as
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Q = ke p(Q)Q"Y (3.2.28)

where both the effective k.ry and n are function of the angular
velocity {2 As a consequence of its dependence on, the braking index
n is not constant in time. From Eq.(3.2.14) we can express the
ellipticity of the pulsar as

e = 1.9 x 10°y/pgup? (3.2.29)

Combining Eq.(3.2.14, 3.2.25) we can re-write Eq.(3.2.29) as a
function of the observed pulsar period and its derivative, and of the
ratio Y between the gravitational and electromagnetic spin-down
rates:

Y, O Y
= 1.9 x 10°, | ppp—2— = 7.55 x 10%; [ — 3.2.30
€ X pp 1+Y(n) X Q51+Y(n) ( )

Equ.(3.2.30) plays a basic role in the determination of the upper
limits of the pulsars ellipticity. Then solving for Y (n)

Y (n) = % (3.2.31)

where the expression A is equal to

€ 0’
A= ———— 3.2.32
5.70 x 1013 ( )
We finally can calculate a lower limit for the electromagnetic brak-

ing index n,,, using eq.(3.2.27)
Nem =n(1+Y,)(5 —n) (3.2.33)

3.2.1 Ratio of energy loss due to gravitational versus elec-
tromagnetic radiation

Once the spin down limit for a particular pulsar has been reached,
we can conclude, that in the absence of a positive detection of grav-
itational waves, the star is spinning down through a combination of
braking mechanisms .For example [21], we can adopt a model that
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involve gravitational and electromagnetic braking . In this case the
energy loss will be given by

E =199 = IQQm + Qgu) (3.2.34)
The energy loss due to gravitational waves is given by :
. . 9
By = 190, = %%126296 (3.2.35)
c

while the energy loss due to dipole radiation and other electro-
magnetic processes is given by

B = 1900, (3.2.36)
Y, 0.016 | upper limit
Nem 2.55 | lower limit

E,, (in percentage) | 1.6 | upper limit

E., (in percentage) | 98.4 | lower limit

Table 3. upper and lower limits of energy ratio Y,, between grav-
itational radiation and electromagnetic braking index n.,, and lower
limit of gravitational and electromagnetic radiation contributions
ng and F,,, to the total energy loss.

We can also write an expression for the ratio of the contribution
of the electromagnetic and gravitational braking to the total energy
loss Ey

B _ 1 (3.2.37)
Etot B (1 + Yn) o
and
E.. Y,
v — (3.2.38)

Erp  (14Y)

Using the crab pulsar observational parameters n = 2.51, Q =
186.96571, Q= —2.33 x 107252 and latest ellipticity e = 1.8 x 1074
from the Lsc(Laser Scientific Collaboration), we obtain current val-
ues for the upper and lower limit for the ratio Y,,, the electromagnetic
braking index n.,, and an upper limit on the contribution of gravi-
tational radiation to the total energy loss as illustrated in table 3.



Chapter 4

Discussion and Conclusion

The braking indices of pulsars are different for different pulsars either
old or young. Pulsars are powered by rotational kinetic energy and
lose energy by emitting electromagnetic radiation at their rotational
frequency, 2. The rotational frequency decreases with time and leads
to spin down rate equation and usually described by the eq.(2.1.1).
To estimate the contribution alignment and counter alignment of
braking indices of pulsars we conclude the following.

e There is no evidence for general counter alignment in the present
data on the braking indices of pulsars.

e pulsars with n > 0 are consistent with alignment time scales
103 — 10° year and field decay on time scales 10°% — 107 year.

e for all but the crab and vela pulsars, the data can be accounted for
by the hypothesis that slowing down noise dominates the measured
second derivative of frequency .

In view of the last conclusion do not give consideration to the short
alignment time scales found from braking indices (10° — 10° year) .
However, it is now clear from eq.(2.2.7) and fig 2.1 .Why short field
decay time scales 10% year were inferred by Nowkowski(1983 a) on
the hypothesis that the large values of n were entirely caused by field
decay effects. It is also disturbing to note that short alignment time
scales imply a near alignment, and therefor a difficulty in the pulse
generation, in the older pulsars. Thus, even for n > 0, alignment
is not a particularly active mechanism for producing large braking
indices .

Braking indices diagnostics can become most useful in studying the
basic processes underlying pulsar braking torques when the random
noise age 7p can be made greater than the age of the pulsar (see
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eq.2.3.2), since different physical processes will give characteristi-
cally different 'tracks * on fig.2.1. Increasing the observation interval
T increases Tp (see eq.2.3.3).

In fact, we can now free the constraint that all the energy loss is
due to the emission of gravitational radiation and assume a mixed
braking mechanism with contributions from different physical phe-
nomena (gravitational radiation, electromagnetic dipole radiation,
winds, magnetosphere currents, fall back disk torques, etc). Dif-
ferent models can be adopted. One of the models we have studied
assumes that the electromagnetic braking index is different from the
conventional n = 3.

In this thesis we show that considering the simultaneous action, in
a pulsars of gravitational radiation and electromagnetic one, the ob-
served braking indices can be recovered. The gravitational torque is
always a small correlation to the total torque acting on the pulsar.
A consequence of the model is that the braking index is not constant
in time. We can use the upper limit on the ellipticity to calculate
the contribution to the energy loss due to gravitational radiation and
calculate the parameter n.,,, the braking index due to electromag-
netic processes. Our current result for the crab pulsar is that the
ratio between the energy loss due to gravitational radiation to the
energy loss due to electromagnetism is 0.016. This implies that the
contribution of the gravitational radiation to the total energy loss
has to be less than 2 percent. Finally, the electromagnetic braking
index is 2.55 (this is a lower limit).

Alternatively, we can use a model that allows for aclassical electro-
magnetic dipole but assumes other braking mechanisms to account
for a overall braking index different from n = 3.
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