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Pulsars are thought to be fast rotating neutron stars, synchronously emitting periodic
Dirac-delta-shape radio-frequency pulses and Lorentzian-shape oscillating X-rays. The
acceleration of charged particles along the magnetic field lines of neutron stars above
the magnetic poles that deviate from the rotating axis initiates coherent beams of ra-
dio emissions, which are viewed as pulses of radiation whenever the magnetic poles
sweep the viewers. However, the conventional lighthouse model of pulsars is only con-
ceptual. The mechanism through which particles are accelerated to produce coherent
beams is still not fully understood. The process for periodically oscillating X-rays to
emit from hot spots at the inner edge of accretion disks remains a mystery. In addition,
a lack of reflecting X-rays of the pulsar by the Crab Nebula in the OFF phase does not
support the lighthouse model as expected. In this study, we develop a physical model
of pulsars to quantitatively interpret the emission characteristics of pulsars, in accor-
dance with the author’s well-developed five-dimensional fully covariant Kaluza-Klein
gravitational shielding theory and the physics of thermal and accelerating charged par-
ticle radiation. The results obtained from this study indicate that, with the significant
gravitational shielding by scalar field, a neutron star nonlinearly oscillates and produces
synchronous periodically Dirac-delta-shape radio-frequency pulses (emitted by the os-
cillating or accelerating charged particles) as well as periodically Lorentzian-shape os-
cillating X-rays (as the thermal radiation of neutron stars whose temperature varies due
to the oscillation). This physical model of pulsars broadens our understanding of neu-

tron stars and develops an innovative mechanism to model the emissions of pulsars.

1 Introduction

Neutron stars are extremely compact objects, resulting from
supernova explosions of dying massive stars with 8 to 20 so-
lar masses. The theoretical prediction for the existence of
neutron stars in nature was proposed eight decades ago [1].
But the observational discovery of these compact objects was
only done in the middle of the 1960s from the measurement of
an unusual Dirac-delta-shape pulse-like radio emission from
the Crab Nebula [2,3] first observed by Chinese astronomers
in 1054. The mass and radius of neutron stars are mostly
around 1.4 solar masses and 10 to 20 km, respectively. The
recent measurement for the Shapiro delay of light from a bi-
nary millisecond pulsar has discovered a neutron star with a
mass of about two solar masses [4]; and other measurements
have found the radii of some neutron stars to be less than 10
km [5-7]. The mass-radius relation of these unusual neutron
stars has been modeled recently by [8].

The conventional interpretation for the observed Dirac-
delta-shape pulse-like radio emission was based on the light-
house model of pulsars as fast rotating neutron stars [9—12].
Figure 1 sketches a diagram for the lighthouse model of pul-
sars. Charged particles that are accelerated along the mag-
netic field lines of neutron stars above the magnetic poles pro-
duce or give off coherent beams of radio emissions, through
mechanisms which are, however, not yet entirely understood.
These beams are viewed as pulsing radio-frequency radiation

A

Fig. 1: A sketched diagram for the lighthouse model
of pulsars as fast rotating neutron stars (Credit:
www.pas.rochester.edu/afrank/A105). Charged particles, ac-
celerated by the magnetism of the neutron star, flow along the
magnetic field lines, producing radio radiation that beams outward.
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Fig. 2: A flashlight beam through the air (Credit:
www.youtube.com/watch?v=ggr5YQYqgDOI). One can see the
beam, even if it does not point to the viewer, because the air reflects
the beam of the flashlight.

when the magnetic poles sweep the viewers. Twenty years
after the discovery of neutron stars, quasi-periodic oscilla-
tions (QPOs) of X-rays were observed first from white dwarfs
and then from neutron stars [13-14]. The recent observa-
tions of pulsar PSR B0943+10 by combining the X-ray tele-
scope XMM-Newton and the radio telescope LOFAR have
shown that this pulsar synchronously emits periodic Dirac-
delta-shape pulses of radio-frequency radiation and Lorentz-
ian shape oscillating X-rays [15]. At present, pulsar quasi-
periodically oscillating X-rays are believed to come from in-
ner edges of the accretion disks of white dwarfs, neutron stars,
and black holes, but the physical cause still remains unsolved
and a detailed consistent theory of how these fascinating stars
work remains elusive.

MAIN PULSE
PULSAR IN THE C

Fig. 3: X-ray images of the Crab Nebula. The left panel is the case
when the pulsar turns on and the right panel is the case when the pul-
sar turns off. When the beam of X-rays points away, why we cannot
see the radiation beam formed by the nebula reflection (Einstein Ob-
servatory image, Smithsonian Institution Photo No. 80-16234).

T. X. Zhang. A Physical Model of Pulsars as Gravitational Shielding and Oscillating Neutron Stars

It is well known or experienced that a beam of flashlight
is visible from the side because part of the light is scattered
by the tiny particles like dust in the air (Figure 2). A beam
of radio waves can bend or change the direction of propaga-
tion due to ionospheric reflections and refractions. However,
the similar case does not happen for the beam of emissions
(including radio waves through gamma rays) from the pul-
sar in the Crab Nebula. In visible light, the Crab Nebula
consists largely of filaments with ionized gases of tempera-
ture ~ 10 — 100 times higher than ionosphere and density
~ 1 — 1000 times lower than ionosphere. The Crab Nebula,
though behaving unlike the air or ionosphere, should be able
to reflect or scatter the beams of radio waves or X-rays from
the pulsar. But the observations have not shown such events
occurring when the pulsar is in the OFF phase (see the right
image of Figure 3). Figure 3 shows the X-ray images of the
Crab Nebula taken by the Einstein Observatory when the pul-
sar is in the ON (the left panel) and OFF (the right panel)
phases. According to the lighthouse model, the ON phase of
the pulsar refers to the beam of radiation pointing to the Earth
or the viewer; while the OFF phase refers to the beam of ra-
diation pointing to other directions. The X-ray image of the
entire Crab Nebula in the ON phase is significantly brighter
than that in the OFF phase, especially the region above the
lighting pulsar. This indicates that the Crab Nebula does re-
flect/scatter some X-rays of the pulsar when the pulsar is ON.
However, there is not any reflection/scattering happened and
perceived when the beam points to other directions through
the Nebula in the OFF phase. This fact strongly implies that
our conventional lighthouse model may not work. The lack of
reflecting/scattering X-rays of the pulsar by the Crab Nebula
in the OFF phase does not support the lighthouse model as
expected. In the OFF phase, the pulsar is more likely to turn
the radiation off entirely rather than just to direct the radiation
away from the Earth or the viewer. In addition, the lighthouse
model may not be able to theoretically form, except for when
the deviation of the rotating axis from the magnetic poles is
negligible, a stable accretion disk and jets, which were clearly
seen in the X-ray images recently captured by the Chandra
Observatory. It is also hard to explain why some pulsars are
gamma rays only [16,17].

Recently, the author has developed a new mechanism for
supernova explosion caused by gravitational field shielding
[18], in accordance with his five-dimensional (5D) fully co-
variant Kaluza-Klein theory with a scalar field [8,19,20]. Ac-
cording to the gravitational field shielding theory, a supernova
explosion takes place when its core collapses to a critical den-
sity where the gravitational field suddenly disappears or is
shielded by the strong scalar field. At this moment, the ex-
tremely large pressure of matter immediately stops the core
from collapsing and then the core quickly expands to power-
fully push the mantle part of the supernova moving radially
outward as a supernova explosion. As the core expands, the
gravity resumes. After the mantle explodes out of the super-
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nova, the core is left as a neutron star and starts to oscillate
about its equilibrium of gravity and pressure. Rather than the
rotation, acoustic wave and neutrino driven mechanisms of
supernova explosions, this new mechanism is driven by the
extreme pressure of the core when the gravitational field is
suddenly weakened by the strong scalar field.

In this paper, we develop a physical model of pulsars,
through which we propose an alternative explanation for neu-
tron stars to emit the Dirac-delta-shape pulse-like radio fre-
quency radiation and the Lorentzian shape oscillating X-rays,
in terms of the 5D gravitational field shielding theory and the
self-gravitating oscillations of neutron stars. We will also dis-
cuss how the frequency of emissions depends on the mass of
the neutron star, the initial conditions, the equation of state,
and the frozen magnetic field. In contrast to the conceptual
lighthouse model, this physical oscillating model is based on
the simple physics of thermal and accelerating charged par-
ticle radiation and the 5D gravity, and predicts power-time
profiles of pulsars that are highly consistent with the mea-
surements and observations.

2 Emissions of oscillating neutron stars

As described above, a neutron star starts to oscillate about
its equilibrium of gravity and pressure once the mantle is ex-
ploded out of the supernova. The oscillation of the neutron
star oscillates or accelerates inside particles. At the surface or
in the crust, the acceleration of particles can be simply given
by the following equation of motion,

_d*R(1)

1 dP(p)
a(t) = dr?

=—g(R) - EW’

ey

where a(?) is the acceleration of the particle; R(¢) is the radial
distance of the particle or simply the radius of the neutron
star; p(R) is the density of neutron star; P(p) is the pressure of
neutron star, which in this study is given by the Skyrme model
for the Equation of State (EOS) of neutron stars [21,22],

P=532x10°0" +1.632x 1075p%3 — 1.381 x 10°0%, (2)

in the cgs unit system; and g(R) is the gravitational field or ac-
celeration, which in this study is determined according to the
five-dimensional fully covariant Kaluza-Klein gravitational
shielding theory with a scalar field that the author previously
developed [18],

¢ (do dv) _,
= a5 (7o)

in the Einstein frame. Here the scalar field ¢, the metric 00-
and 11-components e” and e* were solved as ([19] and refer-
ences therein)
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in the Jordan frame, where ¢, B, and « are given by
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This solution does not have an unknown parameter and re-
duces to the Schwarzschild solution in the Einstein frame
when fields are weak and matter that generates the fields is
neutral [8,18,23]. The weak field tests of general relativity are
also the tests of this 5D gravity. In the case of strong fields,
especially charged, the 5D gravity gives new effects such as
the space polarization [24,25], electric redshift [19], gravita-
tional field shielding or spacetime flattening [18], gravitation-
less black hole [23], and so on. The new effects are results of
the strong scalar field, which significantly reduces the local
gravity or, in other words, decreases the equivalent gravita-
tional constant [20].

Figure 4a plots the radial distance as a function of time
that is obtained from numerically solving (1). The result in-
dicates that the neutron star nonlinear periodically oscillates,
non-uniformly with quick stop and bounce by the pressure
force when the gravity loses its dominance. It is in a dy-
namic equilibrium state rather than a static one. According
to the gravitational shielding model [18], a supernova explo-
sion takes place, due to the extremely large pressure push-
ing outward, when its core collapses to a critical density, at
which the gravitational field suddenly disappears or is shed
by the strong scalar field. Once a supernova or a dying star
has exploded its mantle, the core as a stellar remnant forms
a neutron star, located at the center of the supernova progen-
itor, with a relative large initial radius where the gravity is
resumed. Then, the formed neutron star starts to gravitation-
ally compress from its initial state. As it squeezes, the scalar
field increases and reduces the gravitational field or flattens
the spacetime again. To about the critical density, the gravi-
tational field is disappeared or shed again by the strong scalar
field. At this moment, the extensive pressure immediately
stops the neutron star from the further collapse and extremely
drives the neutron star to rapidly expand. Particles are ex-
tremely accelerated by the extensive pressure when the grav-
itational field is shed. After the neutron star is sufficiently ex-
panded, the gravity resumes because the scalar field is weak-
ened. When the gravity becomes dominant, the neutron star
collapses again. This periodic switching of the dominance be-
tween the gravity and the pressure force leads to a nonlinear
oscillation of the neutron star. Here in Figure 4 as an example
we have chosen the mass of the neutron star to be about 1.5

T. X. Zhang. A Physical Model of Pulsars as Gravitational Shielding and Oscillating Neutron Stars



Issue 2 (April)

PROGRESS IN PHYSICS

Volume 11 (2015)

&
X 20
7] o)
=
5 10
[&] = =
o =
—~ ( 2
[a
300
o 250F
o
=
O
o
0
o
O
® 5 0 1 2 3
o
5
<4
o 3
8 2
= 1
® 0
o

0 1 2 3
Time (ms)

Fig. 4: Oscillation of a neutron star with 1.5 solar masses versus
synchronous emissions of the Dirac Delta shape radio pulses and
the Lorentzian shape X-ray oscillations. The radial distance (a), the
power of radio emission (b), and the power of X-ray emission (c)
are plotted as functions of time. The initial conditions for the radial
distance and velocity of oscillation are chosen to be Ry = 22 km and
Vo = 0.

solar masses; and the initial radial distance and velocity to be
about Ry = 22 km and vy = 0, respectively.
The accelerating particles, if electrically charged, gener-
ate radio emissions. According to the Larmor equation [26],
the power of radio emissions generated by the accelerating
charged particle is proportional to the square of the magni-
tude of the acceleration,
q’a’(n)

P,(f) = (1),
6] brencd oc a(t)

(10)

where ¢ is the particle charge; ¢ is the dielectric constant in
the free space; and c is the speed of light in free space. Figure
4b plots the power of radio emissions normalized to the power
at the initial state, in terms of the Larmor equation (10) and
the acceleration (1). The result indicates that the radio emis-
sions by the nonlinearly oscillating neutron star are periodi-
cally pulse-like radiation with the Dirac delta shape, which is
consistent with the general observations of pulsars. A neutron
star could be possibly charged as a consequence of holding
some certain amount of net protons or nuclei. The fraction
and effect of protons in neutron stars have been considered
for years [27,28]. To explain the observations of Geminga,
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a model of a dense neutron star with localized protons was
proposed [29,30]. In [28], the maximum amount of charge in
a compact star can be ~ VGM , which is ~ 2.5 x 10%° C for a
neutron star with 1.5 solar masses.

On the other hand, a hot neutron star can emit thermal or
blackbody radiation in the frequency range of X-rays. For in-
stance, according to Wien’s law, the frequency of blackbody
radiation at the maximum or at the peak of the power by a hot
body with surface temperature of 100 million Kelvins is about
10" Hz, which is in the frequency range of X-rays. The total
power of X-rays emitted by a hot neutron star can be given by

Px(t) = 4nR*(t) o T* (1) < R(1), (11)
where o is the Stefan-Boltzmann constant. Here we have
also considered that the surface temperature of the neutron
star varies as the neutron star oscillates, or in other words,
the temperature is a function of the radius or density. Fig-
ure 4c plots the power of X-rays normalized to the initial
power, in terms of the blackbody radiation or (11). Here
we have chosen the index 6 = 3/2, which corresponds to
T o R-0*2/4 = R77/8_ Choosing a larger § does not alter the
shape of the radiation, but can lead to a more significant os-
cillation of X-ray emissions, because the variation of temper-
ature responding to the oscillation of neutron star increases
with the index 6. The result shown in Figure 1c indicates that
the X-rays emitted by the nonlinearly oscillating neutron star
are synchronous periodically oscillating blackbody radiation
with the Lorentzian shape, which is also consistent with the
general observations of pulsars.

A neutron star may have a temperature as high as thou-
sand billion degrees (10'? K) at the moment of its birth by an
explosion of a supernova and then quickly cools down to a
hundred million degrees (10% K) because of its strong radia-
tion and neutrino emissions [31]. Therefore, for an early-aged
neutron star, if the temperature is above 10'° K, the domi-
nant thermal or blackbody radiation can be gamma rays. In
other words, a younger pulsar as a hotter neutron star can
emit gamma-rays mainly, which may explain the gamma ray
only pulsars recently measured by NASA’s Fermi Gamma
Ray Telescope [32,33].

The frequency of the pulses shown in Figure 4 is about
2000 Hz (with a period of about 0.5 milliseconds), which de-
pends on (1) the mass of the neutron star, (2) the initial kinetic
and potential energy of the neutron star (or initial conditions
of Ry and vp), and (3) the applied EOS. In general, at the
same initial conditions with the same applied EOS, the pulse
frequency is higher if the mass of the neutron star is greater
because a larger mass, and thus larger gravity, collapses the
neutron star quicker. Figures 5 and 6 show, respectively, the
radial distance and the radio emission power for oscillating
neutron stars with four different masses under the same ini-
tial conditions and the same applied EOS. It is seen that the
frequency decreases with decreasing neutron star mass. For a
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Fig. 5: Oscillations of neutron stars. The radial distance is plotted
as a function of time for neutron stars with mass equal to 2, 1.5, 1,
and 0.5 solar masses, respectively, from (a) through (d). The initial
conditions and applied EOS are the same as in Figure 4.

neutron star with mass four times smaller, the pulse frequency
will be twice lower. The oscillation model of pulsars also
gives very precise intervals between pulses as shown in Fig-
ures 3 to 5. Different pulsars can have quite different periods
of pulses because they have different masses and start their
oscillations from different initial states. Given a neutron star,
the periodic switch between gravity and pressure dominant
forces does not vary the period or frequency of oscillation.

3 Discussions and conclusions

For neutron stars with the same mass and the same applied
EOS, the frequency of pulses is lower if the initial Ry or vy
is greater, because it takes a longer time to make one oscil-
lation not only due to the longer course for the oscillation
but also due to the weaker initial gravity. For neutron stars
with the same mass and at the same initial state of motion,
the frequency is greater if the density dependence of the pres-
sure determined by the EOS is harder, because the pressure
gradient push is greater and thus the oscillation is faster. On
the other hand, the oscillation of the neutron star compresses
and relaxes the frozen magnetic field of the neutron star as
well as varies the particle radial speed of motion. The mag-
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Fig. 6: Radio emissions of oscillating neutron stars. The power of
radio emissions for neutron stars with mass equal to 2, 1.5, 1, and
0.5 solar masses, respectively, from (a) through (d). The initial con-
ditions and applied EOS are the same as in Figure 5. The powers for
all cases are normalized.

netic pressure and speed gradients also play some role in re-
sisting the oscillations and thus decreasing the frequency of
the oscillations, but not changing the emission characteris-
tics. Therefore, oscillation periods of neutron stars can be in
a wide range [34,35], when all these effects are considered.
Details on these effects will be studied next.

The oscillation of a neutron star will be damped and thus
slowed down due to the loss of energy or mass. Neutron stars
can speed up their oscillations when they accrete more energy
or mass than they lose. They may also twitch or glitch their
pulses when their states of matter suddenly change [36,37].
Very hot neutron stars (e.g. 10'® K) may emit oscillating
gamma rays [38,39]. Sufficiently cooled down neutron stars
(e.g. 10° K) can emit oscillating ultraviolet radiation [40]. All
the temperature-related emissions are periodically oscillating
with the Lorentzian shape. Only the acceleration-related ra-
dio frequency emissions are pulse-like with the Dirac delta
shape. Since electrons have much smaller inertia than nu-
clei, the pressure gradient buoyant forces accelerate them in
different strengths with time lag. Therefore, the radio emis-
sions from electrons and nuclei in the neutral crust of an os-
cillating neutron star are not completely destructed. Net ra-
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dio emissions from the electrons and nuclei in the neutral
crust of a neutron star can be generated by the self-gravitating
oscillating neutron star. Due to the time lag, each primary
pulse, which is produced by electrons, may follow a sec-
ondary pulse, which is produced by nuclei.

The sudden disappearance of gravitational field due to the
shielding by the strong scalar field is significant for the ra-
dio emissions of neutron stars to be pulses with the Dirac
delta shape. Under the Newtonian and Einsteinian gravita-
tional theories, the gravitational oscillations of neutron stars
may also produce the observed Dirac delta shape radio emis-
sions, but need the neutron star to be over compressed in order
for the pressure gradient push to dominate the non-shielding
strong gravity. On the other hand, it should be noted that (1)
and (2) are valid only for non-relativistic motion. According
to the calculation done in Figure 1, we can see that the max-
imum speed of the oscillation is less than about one third of
the light speed in vacuum. In this case, we have a relativistic
factor vy < 1.1, which means that the relativistic effect is not
significant and thus negligible. The shape of radio emissions
depends on the acceleration of charged particles and the shape
of X-ray emissions depends on the surface temperature or ra-
dius of the neutron star. This physical model quantitatively
explains the emission characteristics of pulsars.

The energy dissipation deficiently decreases the neutron
star’s total energy, mass, amplitude of oscillation, EOS (or the
bounce of the neutron star), magnetic field strength, and thus
slightly changes or reduces both the power and frequency of
pulses. The small energy dissipation or loss due to radiation
(or damping) can only weakly slow down the pulses. The
measured polarizations of pulsars can be considered as the
causes of particles flowing, electromagnetic activities, and
unevenly distributed surface temperatures. This paper has
only addressed the radio emission of charged particles that
are accelerated due to the oscillation of the neutron star. If
we also consider the radio emission of charged particles that
are accelerated due to particle flowing and electromagnetic
activities, the pulse profiles should be polarized with multi-
ple components [41-43] and complicated pulse profiles. The
Dirac-delta shape and Lorentzian shape are only the main
characteristics (i.e. periodicities) of radio pulses and X-ray
emissions. The emissions of pulsars are gravitation-powered
with effects of rotation, accretion, and/or magnetism, respec-
tively. The gravitational (or oscillatory) energy dissipation
provides the power for the pulsar-nebula system. The radio
emissions are coherent with high brightness temperature be-
cause charged particles are coherently accelerated along with
the oscillation of neutron stars. The X-ray emission of a pul-
sar is thermal but with the temperature varying in a range
rather than a single temperature. To obtain the energy spec-
tra of X-rays, we must integrate the flux of emission over a
temperature range. The result of integration should be non-
thermal as measured. All these aspects will be explored in
details in future.
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As a summary, we have developed a physical model of
pulsars to quantitatively interpret the emission characteristics
of pulsars, in accordance with the five-dimensional fully co-
variant Kaluza-Klein gravitational shielding theory and the
physics of thermal and accelerating charged particle radia-
tion. With the significant gravitational shielding by the strong
scalar field, a neutron star nonlinearly oscillates and produces
synchronous periodically Dirac-delta-shape pulse-like radio-
frequency radiation as well as periodically Lorentzian shape
oscillating X-rays. The oscillating or accelerating charged
particles produce the Dirac-delta-shape pulse-like radio fre-
quency radiation, while the thermal/blackbody radiation of
neutron stars that oscillate and thus vary the temperature pro-
duces the Lorentzian shape X-rays. This physical model of
pulsars as gravitational shielding and oscillating neutron stars
broadens our understanding of neutron stars and develops an
innovative mechanism to disclose the mystery of pulsars.
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