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Abstract

Discovery of high magnetic radio pulsar PSRJ1119-6127 and its follow up observations after its July’2016 X-ray bursts suggest
that it exhibited characteristic of magnetar-like activity. Discovery of Cosmic babylike. Swift J1818.0-1607, in 2020 hints that
(a) it is a “triaxial star”, (b) triaxiality phase starts from its early phase (i.e. birth) and will continue for a long period of at
least 760 years, (c) its core magnetic field strength is ~ 8.924 x 1017G (Parui 2023). Introducing the strong internal magnetic
field in nuclear matter equation of state (EoS) Watanabe et al (2022) showed that it is possible for a rotating neutron star
(with surface dipole field strength Bsurface = 1012G) may have an ultra-strong magnetic field ~ 2.5 x 1018 G in its interior.
Based on these [ have estimated the internal magnetic field strength of PSR]J1129-6127 which is ~ 1017 G and ellipticity (€) ~
5.0091 x 10- 8. These findings show that although PSR]J1119-6127 is a pulsar (i.e. rotating neutron star) but its internal strong
magnetic field hints PSRJ1119-6127 is a “Triaxial Star” (which will continue for next ~ 212kyr) and can be considered as a
magnetar and capable of exhibiting magnetar-like activities. Possible (which nature of other radio pulsar Kyr)18and Canhas
been discussed. This author suggests of elf exhibiting to give attention towards the triaxial nature during their observation of

radio pulsars.
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Abbreviations

EoS: Equation of State; RPPs: Rotation Powered Pulsars; DM:
Dispersion Measure, RM: Rotation Measure; RPP: Rotation
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AXPs: Anomalous X-ray Pulsars; BAT : Burst Alert Telescope
and RRAT: Rotational Radio-transient.

Cosmic Baby —Does it hint at PSR]1119-6127 a Triaxial Star?: A possibility

Introduction

A compact star is, basically, a system inside which a
continuous struggle between gravity and the degenerate
pressure is created by its constituents. One side, gravity tries
to crash the star’s material by pulling towards the centre
of the star while on other side the degenerate pressure
due to compactness among the materials tries to overcome
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the gravity pull through counter act. In the year 1969 S.
Chandrasekhar [1] theoretically first proposed a new kind
of compact star, so called “Triaxial Star”. Note that, in 1967
Jocelyn Bell, a Ph.D. Scholar of Cambridge University, UK,
detected a peculiar type of rhythmic signal with unknown
origin. Later, this unknown origin is identified as “Neutron
Star”. With the advancement of observational technology
various types of neutron stars (such as isolated; rotating
neutron star or pulsar; magnetars etc.) have been identified
which turns the neutron star as a “gold mine” to the
astronomers and scientists.

Triaxial star plays an important role in the evolution
of astrophysical compact objects. In the case of “Standard
Model” of physics, or precisely particle physics [2-6], a
theoretical framework is constructed based on empirical
observations and then it is utilized to make prediction and
establish correlation between elementary particles and
forces — what matter is made and how it holds together by
utilizing three of the four fundamental forces. This means
that the standard model rests on two basic ideas: “all matter
is made of particles” and “these particles interact with
each other by exchanging other particles associated with
the fundamental forces, i.e. electromagnetic force, strong
force and weak force “ So, gravity or gravitational force
contributes very little in the standard model. In Einstein’s
General Relativity gravity is the main most effective force and
other three forces have very small contribution. As a result,
standard model treats several abstract variables as external
inputs, boundary conditions, or “incomplete concept” rather
than driving them from the first principle.

This implies that there are the limitations of this
standard model regarding the abstract nature of “Mass”,
“Time”, “Temperature” and “Triaxiality” [7-12]. For example:
¢ In the case of “Mass” — the standard model relies on

the Higgs mechanism to generate or create mass for

elementary particles, but it cannot predict — why
particles have their specific mass value (it is like the case

of assigned, not explained). Similarly, other problems.

¢ In the case of “Time” — ‘Time’ is treated in the standard
model as a classical, absolute background parameter
(i.e. a continuous coordinate) rather than a dynamical
variable. The other problems are — (i) “The Problem
of time” i.e. background dependent view directly makes
a clash with the General Relativity in which the time is
dynamic, local in the fabric of space-time. The standard
model has no required framework to resolve it. (ii)
“Arrow of time” — the standard model does not have any
explanation why the thermodynamic arrow of time or
simply ‘time” flows forward.

e In the case of “Temperature” — The problem is “Not

Parui RK. Cosmic Baby —Does it hint at PSR]J1119-6127 a Triaxial Star?: A possibility. Open ] of

Astro 2026, 4(2): 000172.

Open Access Journal of Astronomy

Fundamental” i.e. temperature is a macroscopic property
arising from statistical mechanics (particle’s average
kinetic energy). It does not exist as a fundamental
property of a single, isolated subatomic particle.

e In the case of “Triaxiality” — “The Problem of Scale
Mismatch” i.e. triaxiality refers to the three-dimensional
(3D) shape deformation of the system along its three
unequal orthogonal axes. In other words, it can be said
as a collective, structural property. Such type of property
is used in nuclear physics to describe the deformed
atomic nuclei, and in astrophysics to describe “elliptical
shapes” off galaxy, compacts like high-speed rotating
neutron stars, pulsars, highly magnetic neutron star i.e.
magnetars. The main problem: “asymmetric macroscopic
geometry”— it is phenomenological nuclear collective
model emerges purely from fundamental quarks and
leptons and to study this triaxial shape scientists use
effective field theories, but the standard model is too
rigid to handle such type of geometric asymmetry.
This asymmetric shapes thus implies that although
the triaxiality described an object in which all three
principal spatial axes have different lengths but it
breaks the traditional axial symmetries and finally
exhibit a collective parameter (i.e. ellipticity €) which
is used to describe the composite systems rather than
a fundamental property of the standard model. It can be
said that triaxiality reveals the “true value of a prevailing
shape driven by specific components of the strong
nuclear forces” However, the triaxial stars were confined
in theoretical works only. It was believed that neutron
stars could be a good, reliable source of gravitational
waves. As a result, in searching the ideal gravitational
wave sources the isolated neutron stars, millisecond
pulsars became an efficient gravitational wave source.
Not only that, but many theoretical studies also [13-15]
suggested that the triaxial neutron stars, i.e. triaxially
deformed neutron stars, are the most significant
gravitational wave sources. So, triaxially deformation in
stars (not only for neutron stars, other stars also) gave
an impetus to the astronomers, scientists to search for
a triaxial star.

More than 50 years have been passed after the proposed
theoretical concept of triaxial star but till date it has remained
undetectable. The main reason is that these configurations
or shape of the star. According to the classical solution of
Maclaurin spheroids and Jacobi ellipsoids for self-gravitating
and uniformly rotating, incompressible fluids in equilibrium
offers two models of rapidly rotating stars. The situation
is: When the rotation of an equilibrium configuration is
increased, then the sequence of triaxial Jacobi ellipsoids
diverges from that of the axisymmetric Maclaurin spheroids,
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and the ratio of kinetic (T) to gravitational (W) energy
reaches T/IWI| ~ 0.14 [16].

The reason is these configurations are no longer a
precise ellipsoidal in relativistic gravity or for compressible
fluids the triaxially deformed rotating compact stars (i.e.,
simply triaxial star) are rather than “ellipsoids”. It means
that this triaxial star model is very important in relativistic
astrophysics because fluid compressibility is included in
modelling the relativistic neutron stars as an axisymmetric
and uniformly rotating configuration associated with the
equation of state (EoS) of high-density nuclear matter
[17,18].

In the year 2000 two high magnetic field pulsars i.e.
PSRJ1119-6127 (with surface dipole magnetic field (Bs) =
4.1x 1013 G and characteristic spin down age (tc) of only ~
1.6 kyr) and PSRJ1814-1744 (with Bs =5.5x 1013 Gand tc =
85 kyr) were discovered [19,20]. But their apparent normal
radio emission in the regime of magnetic field (with some
models predict no discernible x-ray emission) as well as their
unusual attribution of underwent a magnetar like outburst
transition from a magnetar to pulsar make them puzzling
creators that remain unsolved till date.

Cosmic babylike. Swift J1818.0 - 1607, was discovered in
2020 through Swift (a space-based satellite X-ray Telescope)
Observatory [19]. It is the youngest magnetar (detected so
far) with characteristic age (tc) ~ 240 years and surface
magnetic field (Bs) ~ 2.7 x 1014 G. Recently, Parui [21]
suggested that this cosmic baby is the first detected triaxial
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star. It offers the astronomers/ scientists as an important
probe for studying the magnetar’s evolution.

In this paper, [ study the unusual behaviour of PSR]J1119-
6127 in the light of cosmic baby and other high magnetic
pulsars having peculiar properties like that of PSRJ1119-
6127. The manuscript is organized as follows: Sec.1 covers
the introduction. In Sec. 2 deformation of a star has been
explained. Sec.3 deals with the discovery of two high
magnetic radio pulsars PSR]J1119-6127 and PSR]1814-1744
with their observed parameters and unusual behaviours
observed so far. In Sec.4 discovery of Cosmic Baby and its
observed parameters are mentioned. The significant findings
of Watanabe et al for internal magnetic field of neutron
stars have been discussed in Sec. 5. The details of possible
triaxiality and deformation of PSRJ1119-6127 due strong
internal magnetic field are expressed in Sec.6. In conclusion
section 7, itis suggested that PSR]1119-6127 is a Triaxial Star
as well as PSR J1814-1744, in realistic case, also exhibiting
its triaxiality.

Deformation Due Rotation and Triaxiality of a
Star

Deformation of a star in the form of a “Triaxial Star” was
first proposed by Chandrasekhar. In fact, it is a deformed
phase of a stable star which can be considered as a new type
of compact star. This deformation in a stable star may arise
due to its high-speed rotation or its internal strong magnetic
field [Figures 1A&1B].

(A)

Figure 1: Schematic diagram showing (A) oblate, prolate and (B) triaxial shape of the star. (Courtesy: Wikipedia)

(B)

Now, i)if all the three semi-axes are same, i.e. a = b = ¢, then
itis a sphere;
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ii) if the length of two axes of an ellipsoid is same, then the
figure is spheroid i.e. an oblate spheroid or a prolate spheroid
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depending on whether c < a or ¢ > a, respectively [figure:1A];
iii) if a # b # c then the spheroid shows its triaxiality
[figure:1B].

In Case of Rotation

Classically, the figure of equilibrium of uniformly,
rotating homogeneous mass suffers various sequences
of ellipsoidal figures under its rotation. Here, Maclaurin
sequence is a sequence of oblate spheroids such that along
which the eccentricity “e” of the meridional section increases
from zero to one. Note that, it was initially thought that the
sequence of the square of the angular velocity of rotation (i.e.
Q2) is not the parameter of unrestricted range implying that
for each value of Q2 (except less than a certain determinate
maximum value) there are two permissible spheroidal
figures of equilibrium. In this context, Jacobi first showed
the appearance of a sequence of genuine triaxial ellipsoids
of equilibrium diverges from the Maclaurin sequence. For
example, in the case of general ellipsoid it’s quadratic surface
can be expressed in Cartesian coordinates by

where ‘@) ‘b’, and ‘c’ are the semi-axes of lengths a, b, c.

Thus, divergence from the Maclaurin sequence means
that there is a bifurcation point which clearly distinguishes
the permissible sequences of figures of equilibrium from
Maclaurin spheroidal sequence to Jacobi ellipsoidal sequence.
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So, bifurcation ofthese two models, i.e. the sequence of triaxial
Jacobian ellipsoids diverges from that of the axisymmetric
Maclaurin spheroids in the case of increasing in rotation of
an equilibrium, appears when the ratio of kinetic energy
(T) to gravitational energy (W) reaches T / IWI| ~ 0.14 [16].
Under this situation, the configurations are no longer a
precise ellipsoid in relativistic gravity or for compressible
fluids, but a triaxially deformed rotating compact star (or
simply “Triaxial Star”) rather than the ellipsoids.

In Case of Strong Magnetic Field

Deformation of a star due to its internal strong magnetic
field means dominant magnetic field is more effective than
the rotation. Instead of kinetic energy magnetic energy will
be considered.

Discovery of High Magnetic Radio Pulsars
PSRJ1119-6127 and PSR]1814-1744

The Radio Pulsars PSR]J1119-6127 and PSR]1814-1744
were discovered on 23rd August'1997 and 24th August 1997,
respectively when a survey of the Galactic plane was carried
out using the 64m Parkes Radio Telescope in Australia [20].
The observational measured and estimated (i.e. inferred)
parameters are shown in Table 1. The radio pulsar PSRJ1119-
6127 showed different peculiar behaviours following the
magnetar like bursts from the system in July 2016. With the
help of advanced radio telescopes and space observatories
astronomers have observed the puzzling facts time to time
during its evolution. These facts are noted in Table 2.

Parameters PSRJ1119-6127 PSRJ1814-1744
Spin Period (P) 0.407 s 3975s
Spin Period Derivative (P) 4.0x101%ss? 74x10B3ss?
Surface Magnetic Field strength (B) 41x108BG 55x108% G
Characteristic Age (t ) ~ 1.6 kyr 85 kyr
Luminosity (spin down) 2.3x10%%erg.s? 4.7x10%erg. st
Distance (d) 2.4 -8kpc 10 kPc
Radio Luminosity (sd?) ~ 25 mJykpc? ~ 80 mJykpc?
Rotational Frequency (v) 2.4531601130s! 0.251519741
Frequency derivative (v*) -2.4207996 x 101! s -4.7002 x 10* 52

Table 1: Measured and Estimated Parameters of Discovered Pulsars PSR]J1119-6127 and PSR]1814-1744 [20]s.
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Period

Observational facts

Inferences/ Implications

Reference

30th' 31st
October 1998

At 1384 MHz observed frequency the pulsation was
brightest at that time position of the pulsar

Gonzalez et
al. [28].

On about
M]D51,398
MJD 50850-

50940

A small rotation occurred. Another Glitch of similar
magnitude occurred with uncertainty. The Glitch
appears cubic in shape with much reduced amplitude in
comparison to the parabolic residuals.

23-28
February
2006

VLT / NACO observation

Infrared (IR) observation of PSR J1119-6127 with the
help of NAosCOnica 4th unit telescope of VLT shows the
IR flux upper limit can be excluded in the presence of a
disk with accretion rate (Me) 2 3 x 1016g s-1 but lower
limit cannot be rule out with the presence a substantial
disk torque on this pulsar. This means that magnetars
are intrinsically more efficient IR emitters than rotation
powered pulsars.

The possible main reason is the
possession of their high magnetic
field which makes the relatively
low IR emission efficiency of
PSRJ1119-6127. This implies
that having a magnetic field ~
4.1 x 103 G it is expected to be
a magnetar like IR emission
from this pulsar, but lower limit
suggests the scenario is more
similar to the rotation powered
pulsar than to the magnetar.

Mignani et al.
[24].

Chandra X-ray Observatory’s Observation

Analysis of X-ray counterpart (emitted from this pulsar)
observed data, obtained through the Chandra Director’s
Discretionary Time Observation, indicates the magnetar-
like activities first observed from a rotational radio
pulsar. This fact supports a Pulsar Wind Nebula (PWN)
interpretation via the spectral index of PSRJ1119-
6127 and suggests the similar one as seen around SGR
1935+2154.

This provides the evidence for a
compact pulsar wind nebula of ~
3”x 6” in angular size. Follow up
observations suggest that PWN
exhibits an elongated jet like
features. The observed change
in PWN morphology features
shows that it could be somewhat
related to a new source of energy
powered by the magnetar bursts

Gonzalez,
Safi-harb
[25], Blumer
etal. [26].

26%, 28 July
2016

(a)Timing and energetics of the12 bursts from
PSRJ1119-6127 during its burst active phase.
(b)In a post burst episode a spectral softer X-ray flux
enhancement had occurred.

Nature of this unusual high
field radio pulsar firmly take
a position within the typical

magnetar population.

It is evidence that global dipole
fields above the quantum critical
magnetic field strength are not
essential to operate the magnetar
rust trigger mechanism.

Gojus et al
[22].
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During July
2016

Spin Frequency Evolution

a) Analysis of Parkes Observatory’s observed data after

the x-ray burst it was found a smooth and fast spin down

process resulting which a net change in pulsar rotational

frequency amounting Av= - 4 x 10-4 Hz and also increase

in net spin down rate (Ave) % -1 x 10-11 Hz s-1.

b) Radio pulsations disappeared after the x-ray bursts

but reappeared about two weeks later with flux density

at 1.4 GHz increased by a factor of 5. As per observation

this flux density then decreased but came back to
normal following through a slow recovery.
c) The integrated profile of the pulsar shows its

underwent dramatic and short-term changes in total

intensity, polarization and position angle.

Multiwavelength observation

The first magnetar-like outbursts from PSR]1119-6127
was observed in July 2016. Considering the 0.5 - 10 Kev
X-ray observed data, measured during the period August
2016, and analysis of these data through phase-resolved
spectral process indicates that
a) On- and off-pulse spectra show the characteristics
of two blackbody component indicating power law
component which is similar one to that of hard X-ray
spectra of magnetar (in fact this power-law component
was non-distinguishable in the earlier data measured
from Dec’2016).
b) No substantial shift was found between the radio and
x-ray pulse peak in X-ray burst after the occurrence of
the 2016 x-ray bursts.
) Findings from X-ray data confirm the gamma ray
pulsation was occurred after the X-ray outbursts.

d) The pulse structure and phase difference between
the gamma ray and the peaks (i.e. ~ 0.4 cycle) are also
consistent with those available before the X-ray bursts.
e) This result show a large lag with a single gamma ray
peak of PSR]1119-6127 means that it is very difficult to
reproduce if the origin of gamma ray emission is polar

cap region i.e. consistency of the gamma ray emission
from the outer magnetosphere of PSR]J1119-6127 with
the observed relation between the phase lag and gamma

ray peak separation.
f) This analysis suggests the reconfiguration of the
global magnetosphere model of the high magnetic

PSRJ1119-6127 to match the magnetar- like outbursts
exhibited from this pulsar during the last 6 months after

As per observation, although

the evolution of this pulsar is

complex but hints a correlation

exists between the spin down

rate, pulse profile shape and
radio flux density.

The origin of such peculiar

but smooth spin frequency

evolution arises due to either (i)

reconfiguration of the surface

magnetic field, or (ii) the particle

winds that was triggered by the
x-ray bursts.

The facts of the recovery of spin
down rate and also in pulse
profile normalization suggest
a link or connection between
high magnetic field pulsar and
magnetar.

The inferred results from the
multi-wavelength observations
suggest that (i) the X-ray and
radio peaks are from different
epochs.

(ii) After the X-ray bursts
the radio and X-ray emission
properties as well as spin-down
properties of PSRJ1119-6127
are similar with those of the
magnetar XTE]1810-197

Dai et al. [23].

Wang et al.
[27].

the 2016.

Table 2: Important observed facts of PSR]1119-6127.

Parui RK. Cosmic Baby —Does it hint at PSR]J1119-6127 a Triaxial Star?: A possibility. Open ] of
Astro 2026, 4(2): 000172,

Copyright© Parui RK.


https://medwinpublishers.com/OAJA/

From the above one can suggest that the similarities
regarding emission properties (such as X-ray bursts and
gamma ray bursts) of the radio pulsar PSRJ1119-6127 and
the radio magnetar XTE]J1810-197 support the identification
of the 2016 X-ray burst of PSRJ1119-6127 as magnetar-
like activity. This implies that although PSR]J1119-6127 is a
radio pulsar with high surface dipole magnetic field ~ 4.1
x 1013 G but it exhibits the characteristics of a magnetar
having surface dipole magnetic field strength ~ 1014 G with
possible internal magnetic field strength ~ 1016 - 1018 G
(i.e. magnitude two order more than the surface) or even
more.

Discovery of Cosmic Baby

The Swift J1818.0 - 1607 was discovered by the Swift
Burst Alert Telescope (BAT) on board the NeilGehrels
Swift (a space satellite-based X-ray telescope) Observatory
through the detection of a typical characteristics of short
burst from magnetar on 12th March 2020 at 21:16:49 UT
[29]. This detection of a new un-catalogued X-ray source is
presently known as Cosmic Baby. Astronomers coined the
term “Cosmic Baby” in the sense that till date all the detected
magnetars were almost of million years aged while this
Swift J1818.0 - 1607 was only 240 years old which is like
a baby compared to other magnetars. Following a series of
observations through multiple telescopes (including TMRT
and NICER) the confirmed and estimated parameters are
shown in Table 3.

Spin period 0.7333920 s
Spin Period derivative ~82x10M"ss!
Characteristic age ~ 240 years [30]
Surface magnetic field ~2.7x1014 G
Dipolar magnetic field at poles ~7x1014 G
Coherent periodicity of X-ray signal 1.36s
Luminosity ~8x 1034 erg. s-1
Spin down Luminosity ~1.4 x 1036erg.s-1

Table 3: Various Observed / Measured Parameters of Swift
J1818.0-1607 at the Time of Discovery.

Based on the observed data Parui [21,31] estimated
the core magnetic field and ellipticity of the cosmic baby
and found 8.924 x 1017 G and 9 x10-3, respectively. The
estimated ellipticity is within the range of realistic value i.e.
ellipticity will be within 10-3 - 10-4 and core magnetic field
strength 2 order magnitude more than the surface dipole
field. Parui [21] suggested that this cosmic baby provides us
with a “Triaxial Star” and will exhibit its triaxiality for next at
least 760 years. The significance of this detection is that it is
the first detected young magnetar which can be considered
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as Triaxial Star.

Relevance of Comic Baby

In searching the triaxial star, deformation due rotation is
important. i.e. deformation of a stable star will be dominated
/ prominent with its faster rotation. Cosmic Baby i.e. Swift
J1818.0-1607 is the youngest magnetar amongst the so
far detected 31 magnetars and its age is 240 years i.e. the
youngest comparing with the others whose ages ~ few
million years. Astronomers expected that it rotates faster.

As the magnetar’s age is ~ 240 years only w.r.t. other
magnetars with ages ~ million years, for this reason the
Swift J1818.0 - 1607 is called cosmic baby. So, parameters,
characteristics of this cosmic baby can be considered as
reference. Secondly, it's ellipticity (calculated from the
observed parameters) ~ 8.924 x 10-3 which is within the
detectable range 10-3 -10-4.

Significant Findings of Watanabe et al. 2000

An isolated pulsar is a rapidly rotating and highly
magnetized neutron star with a spin period of ~ 1 msto~10s
and a surface dipole field strength (Bs) ~ 108 - 1015 G. More
than 2600 pulsars have been detected. Out of these, a small
sub-class with only 31 members [31] are so called magnetars
having bright and variable emission in the X-ray and gamma
ray bands [32]. As the observed radiation emitted from the
magnetars is more than the spin-down power of the pulsars,
it is suggested that the decay of an ultra-high magnetic field
that exceeds the quantum critical magnetic field Bc = me2 ¢3
/eh~4.4x1013 G Becomes an important energy source of
emission [33]. The only four radio magnetars are PSR]1745-
2900, PSRJ1622-4900, XTE J1810-197 and 1E1547.0 - 5408
[34] which are exceptionally rare and constitute only <
0.2% of the pulsar population. Not only that, but they also
have large dispersion measure (DM) and Faraday rotation
measure (RM) values in comparison to the ordinary radio
pulsars implying that they have extreme magneto-ionic
environments [35].

The most remarkable characteristic of magnetars is
exhibit of short, bright burst, sudden release of energy
from star’'s magnetic field [36], i.e. in particular bursts
accompanied by long duration out-burst phase. For example,
analysis of observational data confirms that some rotation
powered pulsars (RPPs) with their high surface magnetic
field strength (i.e. Bs> 1013 G show magnetar -like X-ray
bursts indicating a connection between magnetar and
normal rotation powered pulsars [37,38].

Neutron star is a unique object of super-dense hadronic
matter such that its central density might be several times
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larger than the nuclear saturation density i.e. equation of
state (EoS) for the nuclear matter inside the neutron star
depends on the energy density of the star. To study the
characteristics of neutron star, millisecond pulsars (having
short rotation period of less than 10 ms) Watanabe et al. [39]
introduced the extremely rapid rotation and strong magnetic
field in the EoS. They considered twelve equation of states
(i.e. GM1, GM3, TM1-a, TM1-b, TM2 wp-a, TM2 wp - b, NL3
- a, NL3-b, NL3 wp -a, NL3 wp - b, DDME2 - and DDM2 - b:
for details see the text of the reference [39]) by employing
coupling constants of hyperons with meson and fitting the
properties of hyper nuclei in the quark model [40].

In fact, neutron stars can be considered as massive
because of the pressure produced by the interior magnetic
fields. Thus, investigation of neutron stars with a strong
magnetic field inside it can be performed with the known
observed parameters i.e. observed strength of the magnetic
field on the surface (known parameter) and the assumed
strength and the functional form of the magnetic field inside
the neutron star. They adopted the density dependent
magnetic field strength expressed as [41,42].

B (p)=Bs+Bo[1-exp{-a(p/po)y}] (1)

where Bs = strength of magnetic field on the surface of
neutron star. In general, the value of Bs = 1012 G.

Bo = the strength of magnetic field inside the denser region
than that of the saturation density po (i.e. 0.153 fm- 3); Bo =
2.5x1018 G at po = 0.153 fm-3.

Here the free parameters are Bo, «, y but the value of
Bo varies for fixed values of «, y. Here, «, y are the two free
parameters which are the indicator of fast or slow magnetic
field changes from centre to the surface of the neutron star
(i.e. magnetar). Note that, considering the core magnetic
field of neutron star (i.e. magnetar) Bcore = 1.75 x 1018 G
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and 4.38 x 1018 G and using the density dependent magnetic
field parameterization Equation (1) Mallick et al. [46]. found
that (i) an increase in magnetic field shows the increase in
mass of the neutron star (i.e. magnetar) but at Bcore = 2.6
x 1018G no maximum mass is observed. This implies that
the neutron star (i.e. magnetar) has no maximum mass for
a strong enough magnetic field at the core. (For this reason,
the mass of neutron star (i.e. magnetar) increases only 3 - 4
% for higher magnetic field).

The energy density (g) and the pressure of hadronic
matter in the presence of magnetic field are

e=em+B2/2 (2)
p=pm+B2/2 3)
where em and pm are the energy density and the
pressure of hadrons such that the contribution of B2 / 2 from
the magnetic field are negligible.

The realistic frequency range parameters of observed
millisecond pulsars show a variation in the neutron star
mass from 1.89MQ® to 2M(@®. Here two noted observational
findings are:
¢ Constraint on surface magnetic field of a magnetar type

neutron star:
¢ Observation of 30 magnetars shows the maximally

~ 1015G on the surface magnetic field. In the case of
31stmagnetar (i.e. cosmic baby) surface magnetic field

is~2.7x1014 G [43].

Constraint on the EoS arises from neutron star radius:

Observational data of the gravitational wave event
GW170817 shows the upper limit for radius is 13.76 km
[44] at neutron star mass M = 1.4M(Q©. NICER observation
of PSRJ0030+0451 provides the upper limit of neutron star
radius is 13.02+1.24-1.06km at M = 1.44+1.5-0.14 MQO [45].
A summary of the results, as obtained by Watanabe et al [39],
is shown in Table 4.

B(p,) y=1 Y=2 y=3 y=4
o G M M R1.4Mg) M M R1.4MC) M M R1.4M(~) M M R1.4Mg)
max O km max O km max QO km max O km
0 2.59 x 1016 2.177 13.63 2.188 13.63 2.268 13.63 2.485 13.64
0 5.05x1016 2.182 13.66 2.22 13.65 2.394 13.67 2.664 13.7
0 7.79x1016 2.19 13.71 2.262 13.69 2.5 13.72 2.782 13.78
0 9.90x 1016 2.2 13.78 2.31 13.74 2.589 13.79 2.869 13.86
0.1 1.23x1017 2.212 13.87 2.359 13.89 2.665 13.86 2.939 13.95
0.1 1.47 x 1017 2.227 13.98 2.409 13.88 2.731 13.94 2.997 14.05

Table 4: Strength of Magnetic field B (po) at saturation density (po) = 0.153 fm-3 for different values of Maximum mass (Mmax)

«w,_n

and corresponding radius for various values of “a” for a considered Equation of State (EoS) with the surface magnetic field Bs =

1012G (Parameters taken from ref [39]).
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Considering the basic idea of massive neutron star
which arises from the pressure offered by its strong internal
magnetic field Watanabe, et al. [39] estimated the internal
magnetic field for various EoS with the known observed
surface magnetic field Bs = 1012 G and core magnetic field Bo
=2.5x 1018 G and found the maximum mass of the neutron
star fora=0.06,y=1, 2, 3, 4 are{ 2.227 MO, radius R1.4MQ©
= 13.98 km }, {2.409 MQO, radius R1.4MQ® = 13.88km},
{2.731 MQ, radius R1.4MQ©® = 13.94km} and {2.997 MQ,
radius R1.4MQ© = 14.04km}, respectively. For considered EoS
the credibility is 68% w.r.t. maximum mass and radius at 1.4
MQ@® in the cases

y=2,a=0.03, 0.04, 0.05 and 0.06
y=3,a=0.01, 0.02, 0.03 and 0.04
y=4, a=0.01

Regarding variation of internal magnetic field for surface
magnetic field Bs = 1012 G and core magntic field Bo = 2.5 x
1018G the internal magnetic field varies from 2.59 x 1016G
to 1.47 x 1017G. In the case of normal neutron star (i.e.
magnetar) the magnitude of internal magnetic field is one or
two order magnitude more than the surface magnetic field.
So, in the case of normal rotating neutron star (i.e. magnetar)
i.e. PSR]J1119-66127: as the surface magnetic field Bs = 4.1 x
1013 G so one can expect its internal magnetic field may vary
~ 2.59 x 1017G to 1.47 x 1017G (for one order magnitude
more) or ~ 2.59 x 1018G to ~ 1.47 x 1019G (if two order
magnitude more) with possible core magnetic field ~ 1019G
to ~ 1020G.

On argumental basis, if one assumes that there will be
no such drastic change in internal magnetic fields due to the
change in surface magnetic field from Bs = 1012G to 1013G
then it can be considered that the minimum value of the
internal magnetic field would be as that of Bs = 1012G i.e. the
magnetic field configuration of PSRJ1119 - 6127 would be:

Surface magnetic field Bs = 4.1 x 1013 G, Internal
magnetic fields strength (at least or minimum) =2.59 x
1016G to =1.47 x 1017G, Core magnetic field strength = 2.5
x 1018G.

This means that althoughPSR]J1119 - 6127 is a radio
pulsar but realistic sense it is a magnetar- like due to its
internal magnetic field configuration resulting which this
pulsar is capable to exhibit the characteristics as magnetar
does.

Triaxiality and Deformation of PSR]1119-6127
due internal strong magnetic field

Introducing the strong magnetic field in the equation
of state (EoS) Watanabe et al. [39] show the possibility to
have a strong internal magnetic field ~ 1016G to 1017G and
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core magnetic field strength ~ 1018G in a rotating normal
neutron star. This means that (i) internal magnetic field and
core magnetic field are 4 to 5 order and 6 order magnitude,
respectively more than the surface magnetic field which is
feasible in realistic case as such high order magnetic fields
are observed in magnetars. (ii) A normal rotating neutron
star or pulsar with surface magnetic field Bs ~ 1012 G
can be treated as magnetar-like star and can exhibit those
characteristics as observed from a magnetar.

Estimation of Core Magnetic Field Strength of
Pulsar (i.e. Neutron Star)

The general picture on the structure of a neutron star
interior is divided into four regions: the surface or outer crust,
the inner crust, the outer core and the inner core or central
core. The precise region of the quantum chromodynamics
(QCD) phase diagram inside the neutron star matter is not
yet known. As a result, there are three popular models of
neutron star structure:
¢ One possible model —is the neutron star baryon density

is low enough such that it is composed of hadrons;

e The second one (quark star) model — the neutron star
may exist in the region beyond the deconfined boundary
i.e. neutron stars are primarily composed of “quarks” (so
called “quark stars”);

e The third one (hybrid) model — is near their surfaces
the density of neutron star is low enough to hold hadrons
but may be high enough in the deep interior to support
deconfined quarks i.e. “hybrid stars”.

In the core of hybrid model, at mass density greater than
the drip density p = 4 x 1011g/cm3, neutrons begin to leak
out of the nuclei so that the matter at highest densities of the
inner crust is composed of primarily a neutron superfluid
accompanied by some protons, electrons and a few muons
[46]. With the increase of density, the outer core appears
where matter is expected to be fluid containing various
hyperons in stable form amongst the neutron fluid. Finally,
the inner core at densities several times of the saturation
density ps = 2.8 x 1014 g/cm-3 which is leading to quark
deconfinement i.e. the equilibrium composition and the
equation of state (EoS) formed by an absolutely stable phase
consisting of roughly equal numbers of up (‘u”), down (‘d")
and strange (‘s’) quarks plus a small number of electrons
to guarantee charge neutrality [47-49]. The main problem
is in determining the phase of the quark matter inside the
neutron star. Because the QCD is very difficult to solve at
that temperature and high densities expected to arise in the
neutron star core. As the neutron stars are expected to exist
at moderate energies and finite densities there remain many
questions (such as stiff EoS to attain larger maximum mass)
to be answered.
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One of such important features of neutron star is
the presence of strong magnetic fields. Studies of EoS in a
uniform magnetic field [50,51] show an anisotropic i.e.
with different pressure arising in the different directions
along and transverse to the magnetic field, respectively. This
implies that the transverse and longitudinal pressures were
found when the quantum-statistical average of the energy
momentum tensor is considered.

But in the case of realistic situation, the contribution of
charged particles to be considered in calculating the EoS for
many particle systems in a magnetic field. These charged
particles will be affected (i) by the Landau quantization of
their transverse momenta and (ii) by the interaction between
the magnetic field with the particles’ anomalous magnetic
moment (AMM), while for (iii) neutral composite particles
i.e. neutrons the contribution of AMM is present implying
that neutrons in a magnetic field do not contribute towards
the softening in the pressure whereas stiffen the system’s
EoS, if the pressure anisotropy and the Maxwell pressure are
not considered.

Considering the facts:
¢ longitudinal pressure vanishes at sufficiently high
magnetic fields;
e star’s gravitational pressure is in magneto-hydrostatic
equilibrium; and
e neutron matter pressure is anisotropic in the presence
of a magnetic field,
recent investigations [52-55] show the maximum magnetic
field strength inside the core of neutron star is ~ 1017 G. This
value is an order of magnitude smaller than one obtained
by considering the equipartition of the gravitational and
magnetic energies in the framework of the scalar virial
theorem which gives the maximum amount of the average
magnetic field inside a star is ~ G M2 /R ~ B2 R3 /6 or B ~
2x 1018 G for a neutron star with mass M = 1.4 M® andR =
10 km [56].

It is to be noted that neutron stars are considered as one
of the possible remnants of supernova explosions and due to
conservation of angular momentum and magnetic flux, the
rotation frequencies and magnetic fields of these stars are
amplified exceptionally reaching values of period (P) ~1s
and surface magnetic field (Bs) ~ 1012G, respectively. Even,
the surface magnetic fields of some radio pulsars reaching
of the order of 1013 - 1014 G [57] and for some special
compact objects like magnetars this values are of the order of
1014 - 1015 G (inferred from spectroscopic and spin down
studies of soft gamma repeaters (SGRs) and anomalous X-ray
pulsars (AXPs) [58].

Regarding inner magnetic field strength, the estimated
value varies ranging from 1018G for nuclear matter stars to
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1019 - 1020G for quark stars [59]. The effect of such strong
magnetic fields on the equation of state (EoS) of neutron star
matter has been studied by various authors under different
formalisms. Significant findings are:

1. Sotani & TAtsumi 2015 [59]— For a rapidly rotating
neutron star (i.e. pulsar) its spin down or spin up
produces strong stresses and strains in the stellar crust.
If the inner magnetic field strength is > 1018G or more,
say 1019 - 1020G, then the resulting magnetic dipole is
nearly orthogonal to the stellar spin which contrasts the
situation of a spatially much more extended equatorial
orthogonal moment ( as expected in a spinning down
millisecond pulsars) resulting which the stresses
associated with the internal magnetic field (i.e. B2 / 8)
exceeds the yield strength of the solid crust which finally
leads to much more frequent glitches and outbursts.

2. Pais et al. 2021 [60] — They studied the structure of
the bottom layers in the presence of a strong magnetic
field and found the extension of the neutron star’s crust
is directly related when a liquid-gas type transition is
present in the nuclear matter [61]. Their result confirms
the extension of the inner crust and this extension may
be larger than expected in the presence of magnetic field
intensities of the order of 5x 1016 Gto 5x 1017G.

3. Scurto et al. 2023 [62]— the purpose of their study
is to determine the geometry and characteristics of
the neutron star’s crust inhomogeneity arises due to
presence of strong Internal magnetic fields and observe
through numerical simulation that the inner crust is
almost unaffected for the field below 1016 G but only
marginally affected for higher order fields.

4. Gomes et al. 2019 [63] — Their study was concentrated
on the structure of neutron star because of poloidal
magnetic field and to determine the limiting value of the
largest magnetic field strength that induces a deformation
between the polar and equatorial radii. They found
a limiting magnetic moment ~ 2 x 1031Am2 (i.e. the
corresponding magnetic field of the order of ~ 2 x 1016
G at the surface and ~ 8 x 1016G at the centre of the star)
above which the deformation of neutron star is more
than 2%. They have also found same effect for a dipole
magnetic moment of ~ 5 x 1031 Am2 (i.e. corresponding
to a surface magnetic field of the order of ~ 5x 1016G and
a central magnetic field of ~ (2 -4) x 1017 G.

Finally, it can be said that the dipole magnetic moment
of ~5x 1031 Am?2 is very crucial and the allowable core
magnetic field strength is ~ (2 - 4) x 1017G that can produce
a measurable deformation more than 2% of the star.

Estimation of Ellipticity

Ellipticity arises from strong magnetic field inside a
rotating neutron (i.e. magnetar) can be estimated in different
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ways. For example:

The best fitting expression relating the ellipticity (€) to
the surface dipole magnetic field (Bs or Bdipole) of a neutron
star (i.e. magnetar) (Xie et al [64]) is:

Log € = - 22.50+2.15-2.22 + (1.29+0.15-0.14) log
Bdipole 4)

While neutron star deformation (€) induced by strong
internal magnetic field (Binternal) in the stellar core (Majid
et al [66], Rizaldy and Suloksono [66], Parui [21,31,67]) via
the expression

€ 10 - 8 (Binternal / 1012) (5)

In this study I use the expression in calculating the
ellipticity of a Magnetar like pulsar PSRJ1119-6127
(following de Araujo et al [67], for details see the text of this
ref [67]) as

31c? :
g=——"—_ _PPK 6
47°GM*R? ©

31c’B,,2
&=-"" 52m o7 K
47°GM"R°{3.2x10"}

where fiducial standard neutron star properties of I = 1045
gcm2, M = 1.4 MO, R =10 km are taken; P, P are known
parameters, the distortion parameter k = 10 for realistic
case. Bcs = the corresponding surface magnetic field for that
dipole magnetic moment which produces core magnetic field
strength ~ 1017G o of the star and measurable deformation
more than 2%. Applying the above fiducial values and Bcs =
5x 1016 G in the relation (7) the values of the ellipticity for
PSRJ1119-6127 and PSR]J1824 -1744 are e = 5.0019x 10 - 8
and € = 1.30331682 x 10 - 7, respectively.

(7)

Estimation of the Time Scale of Triaxiality

If we consider the model of uniform density ellipsoid
with axis a1, a2 and a3 (parallel to the rotational axis ) then
the limit can be expressed as one on the ellipticity(€) as

€=(al-a2) /al whichis<10-7-10-81[68] (8)

In this case, the sequence of equilibrium configuration of
the object can be characterized by the single parameter i.e.
the angular momentum (J) such that for small values of ‘], the
configuration is axisymmetric (al = a2) which is known as
Maclaurin spheroid (having eccentricity e 2 = (1 - a22/al2);
With the increasing ], the sequence will be changed, and the
new will be [68]

eb=0.81267, and

the term (i.e. ratio of kinetic energy to gravitational energy)
02 / Gp =0.37423,

for Jb = 0.30375 (GM3<a> % 9
where G = Gravitational constant, M = the mass, p = density
and <a>=(al2a3)1/3;
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(c) If the sequence is bifurcated into two [according to
Chandrasekhar [1] i.e. the previous or original axisymmetric
(i.e. Maclaurin sequence) and the new one i.e. triaxial one
(known as Jacobian ellipsoid). This means that when an
object can be able to spin up to beyond the bifurcation value
Jb (i.e. Qb, eb) before breaking up (for example via equatorial
mass shedding) at the critical value Jc (effective for a triaxial
shaped object).

It is to be noted that these Jacobian ellipsoids have a
special property (which makes remarkably different from
Maclaurin spheroid) i.e. they spin up with the loss of angular
momentum.

Now, in the case of newborn pulsar with a period ‘P’ the
bifurcation ratio term is
02/ Gp=42/p2Gp ~ 0.3768 Pms- 2 p*- 1
(10)
where P= the bifurcation point, Pms = in millisecond and p*
=5x1014g.cc-1.

As the millisecond pulsars are very nearly axisymmetric
with a very small value of ellipticity € then at the exact
bifurcation point

(Q2/ Gpb=0.37423, (11)

which gives the value of p = 1.003p* - %2 MS implying that
millisecond pulsars are located just in the neighbourhood of
the bifurcation point.

As our requirement is duration of triaxial shape (i.e.
] >Jb) and under such situation gravitational radiation
would remove angular momentum that leads to decrease
in ellipticity but consequently an increase in angular
momentum. Thus, the triaxial phase of this object will cover
a time scale (t) (assuming € will remain constant)

Q4 (t) = Qo4 / (1 + ki) (12)

where k ~ Q4 (256/25) GM/c5. € 2<a>2 = 2.763 x 10 - 7 (e-
82 / po*4) yr- 1(13)

Using the fiducial values of pulsars i.e.

M=2x1033gm,

<a>=10km,

Qo ~ 6.8x103 rad s - 1 at critical point, and

Q(t) ~4.2x103 rad s - 1 at bifurcation pointforp ~4x 1014
g. cc - 1 (i.e. for stiff equation of state) one can obtain

t~5.53x106(1/€82)yr-1 (14)
In fact, in realistic case the ellipticity € will change with Q1

(i.e. Jacobi ellipsoid) but the value of “t” will give a plausible
estimate for the time that the object would spend on the
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Jacobi sequence.

Estimated Triaxial Time Scale for Pulsar PSR
J1119- 6127

Putting the ellipticity value € = 5.0019 x 10 - 8 in the
equation (14) it gives t = 0.221031983 x 106yr = 2.21032 x
105 yr. This means that by allowing € to be changed with ()
(Jacobian ellipsoid) the plausible estimated time scale is t =
2.21032 x 105 years implying that the objecti.e. PSR]J1119 -
6127 would spend on the Jacobian sequence with exhibiting
its triaxial phase for a period of 2.21032 x 105 years. Since
the characteristic age of this pulsar is t = 1.6 kyr meaning
is there is a possibility that the PSR J1119 - 6127 would
possess its triaxial phase for the next period of 212432 years
(i.e. 221032 - 1600) or ~ 212.432kyr. Another point to be
noted that the average value of the radius i.e. <a> will be =
0.68 km (the observed data) instead of considered value
10km. Thus, the value of time scale will be changed by a very
small amounting that can be neglected.

Estimated Triaxial time scale for Pulsar PSR
J1814 - 1744

Using the value of ellipticity € = 1.30331682 x 10 - 7 in
equation (14) one will obtain the value of t =32515.55 yr. i.e.
the possible period for exhibiting triaxiality is 32.51555 kyr.
As the characteristic age of the pulsar PSR 1814 - 1744 is 85
Kyr implying that this PSR has already crossed the estimated
time. In realistic case, a pulsar can exhibit its triaxial phase
for a period of ~106yr [68]. So, if one considers such
situation then there is a possibility that the pulsar PSR ]J1814
- 1744 have a time of 15,000 year (i.e. 1000,000 - 85,000) to
continue further its triaxiality.

Open Access Journal of Astronomy

Transitional Time Period

In the realistic case a magnetar will show its triaxiality
for a period of ~103 years while a high magnetic radio pulsar
exhibits for a period of ~106 years [68]. This means that in
the case of PSRJ1119-6127 it will exhibit its triaxiality for
the next ~ 212 Kyr and the PSR]1814-1744 will continue its
triaxial phase for next 15000 years in realistic case Table 5.

Analysis of the observed data indicates that for a
millisecond pulsar the spin down rate via gravitational wave
radiation imposes the limit of ellipticity should be € < 10 -
7 - 10 - 8. According to Chau et al . [68] if a young pulsar,
assumes a triaxial shape, and gravitational radiation reduces
its ellipticity which drives the € to change from Jacobian
sequence to Maclaurin sequence then time period of its stay
in Jacobian sequence ~ 106 years i.e. duration in triaxial
phase ofa pulsaris ~ 106 years. This means that a millisecond
pulsar will exhibit its triaxiality with its ellipticitye ~ 10 -7 -
10 - 8 for a period of ~ 106 years Table 6.

As the ellipticity (€) of the millisecond pulsar PSRJ1119-
6127 (with age ~ 1.6 year) and PSR]1814-1744 (with age
85kyear) are within the range of triaxial phase i.e. 10 - 7 -
10 - 8 then their triaxial phases will continue for the next
~212kyear and 15kyear, respectively. In other words, one
can say that PSRJ1119 - 6127 and PSR]J1814-1744 are
triaxial star. Note that, in the case of cosmic baby its aegis
~ 240 years. As the magnetar will exhibit its triaxial phase
with ellipticity e ~ 10-3 - 10-4 for a period of few thousand
years, Parui [32,42] suggested that cosmic baby will pass
through its triaxial phase for at least next 760 years. Below a
comparison is given for present studied high magnetic radio
pulsars and magnetars.

: . Condition
Spin | Surface dipolar Internal core fulfilled for
Name of the Object (Type) | Period | magnetic field Age magnetic field |Ellipticity (€) Mg
(P) (@) [Eintenal) Triaxial phase
PSRJ1119-6127 (High magnetic >~25x1018G (at| 7.216057 x -
Radio Pulsar) 0.407 s 4.1x1013 1600 years least for one order) 10-8 Satisfied
PSRJ1814-1744 (High magnetic) ;g 55x1013  85000years ~25x1018G | 1203316X | o iified
Radio Pulsar) 10-7
Magnetar of GRB 1303104 | g6 s | 10141015 | 2 weeks 3.95x 1017 4.0x10-3 Satisfied
(magnetar)
Cosmic Baby Swift ]1818.0 - -
1607 (Magnetar) 1.36s 2.7x1014 240 years 8.5x1017 4.48x10-3 Satisfied
SGR1806-20 (Magnetar) 7.547s 20x 1014 240 years 54.39x1017 5.439x10-2 Satisfied
1E1547.0-5408 (Magnetar) | 2.0721s 3.2x1014 690 years 11.4x1017 1.14x10-2 |  ----m-----
PSRJ1846-0258 (Magnetar) | 0.3265s 0.49x1014 730 years 1.77x1017 1.77x10-3 |  ----------

Table 5: Various parameters of High magnetic Radio Pulsars and Magnetars.
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Initial Initial core At the
Operative Mode mangetic | temperature considered Effective on core temperature
field (Bo) (v time
40 % higher than that if there is
no decay.
o) s
(a) Ambipolar diffusion decomposed att=103 year Neutronlgo/:n}ilrllga}tleeg coolin
intosolenoidal component i.e. 1016 G 109K att=106 year 18
) era leaves and photon emission
solenoidal mode att=105 year . . .
dominated cooling begins. Core
is heated but core decay is slow
slightly.
Cooling is more active
(b) Irrotational mode i.e. decay is more 106 G 10°K att = 106 year and temperature re.duces
slowly more. Neutron star is more
pronounced.
Heating by magnetic field
(c) Hallll dr.lft is actlye , Ambipolar 10%5 G 10°K at t = 10° year dec_ay an(_i .coc.)hng by neutrinos
diffusion is unimportant attainequilibrium aslong as B >
10% G. Photon cooling is active.
Significant finding: Decay of magnetic field through ambipolar diffusion turns
a new source of surface heating. In the case of ultra-magnetized neutron star i.e.
magnetar thermal conduction is affected by magnetic field decay.

Table 6: Important Results of Magnetar’s Magnetic Field Decay as Obtained Heyl nd Kulkarni [77].

Preservation of Strong Magnetic Field by
Millisecond Pulsar for Magnetar-like Activity

The important birth parameters fo studying the
neutron star properties are rotation period (P), strength of
magnetic field (B) and the velocity of neutron star. Based
on the observation of Crab pulsar it was first thought that
if neutron stars were born with their initial period of tens
of millisecond, then their magnetic field strength would
be confined within a narrow limit range of 1011 - 1012 G
[69]. The next improved idea arose in 1996 when Usov and
Melrose [70] proposed that pulsar wind dominated bound
pair, rather than freely streaming electrons and positrons,
would be capable to produce magnetic field more than 0.1
Bcer (where Ber is the critical magnetic field ©4.4 x 1013 G).
In 1995 Thompson and Duncan [71] suggested the existence
of a new form of neutron star (beyond millisecond pulsars),
so called magnetar, with magnetic strength more than Bcr.
Observational evidence of soft gamma repeaters (i.e. avariety
of magnetar) and long-period pulsars in young supernova
remnants [72,73] offered the following consequences:

e Soft X-ray emission is possible through magnetic field
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decay [74] and by neutron star cooling [75];

¢ In the case of magnetar the primary source of energy
stored in magnetic field i.e. magnetic field decay leads to
potentially detectable soft X-ray emission [74].

Studies [76,77] of magnetic field decay in isolated

neutron stars showed three possible modes:

¢ Ohmic decay — dominates in weakly magnetized decay
in neutron star (B < 1011 G);

e Hall Drift —effective for intermediate field decay (B ~
1012 -1013 G);

¢ Ambipolar diffusion — active for mostly strong magnetic
field (B< 1014 G).

In this context, Thompson and Duncan [74] suggested
that an equilibrium between neutrino cooling and heating
arises due to magnetic field decay is possible for magnetic
field B~ 1015 G and temperature T ~ 108 K.

Considering individual decay mode of magnetar’s (i.e.

neutron stars) core magnetic field Heyl and Kulkarni [77]
obtained significant findings shown in Table 7.
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Initial Initial core At the
Operative Mode magnetic field | temperature | considered Effective on core temperature
(B,) (®) time
(a) Ambipolar att=10%year 40% higher than that if there is no decay.
diffusion decomposed att=10*year 10% higher.
intosolenoidal 10 G 10°K Neutron dominated cooling era leaves and
component 1.e. att =10 year photon emission dominated cooling begins.
solenoidal mode : : :
Core is heated but core decay is slow slightly.
.(b) Irrot.atlonal mode ) 10°K att = 106year Cooling is more active and temperature reduces
i.e. decay is more slowly 10°K more. Neutron stars are more pronounced.
(c) Hall drift is active, Heating by magnetic field decay and cooling by
Ambipolar diffusion is 105 G 10°K att=10%year | neutrinos attain equilibrium as long as B > 10
unimportant G. Photon cooling is active.

Significant finding: Decay of magnetic field through ambipolar diffusion turns a new source of surface heating. In the case
of ultra-magnetized neutron star i.e. magnetar thermal conduction is affected by magnetic field decay.

Table 7: Important Results of Magnetar’s Magnetic Field Decay as Obtained Heyl And Kulkarni [77].

In another investigation of magnetar’s magnetic field
decay Soni et al. [78] considered high temperature phase
transition that occurs in the inner core of magnetar. This
causes the following important results: This phase transition
dynamically aligns the magnetic moments of all the neutrons
resultiis unimportantnated cooling begins. Core is heated but
core decay is slow slightingng which a large magnetic field
is produced in the core. A large change of flux gives rise a
situation such that it acts as a shielding or screening currents
in the surrounding high conductivity plasma (i.e. envelope
attached with the magnetar’s surface) that do not allow the
flux or field to exit to the surface.

On the other hand, ambipolar diffusion assists the
field to transport or to reach to the crust that is capable to
dissipate energy through neutrinos and X-rays. As a result,
due to ohmic dissipation in the crust, the upwelling field
cleaves in the form of flares and X-rays radiation until the
screening currents are damped and the surface dipole field
reaches to its final value (i.e. new one which is more than the
earlier one).

Significant Findings of this Model

This model, considering ambipolar diffusion in the core,
is capable to create large magnetic field strength than that
of at the initial. The strength of the surface dipole magnetic
field increases w.r.t. the dynamo and other models in which
the strength of surface polar magnetic field decreases with
time. This model is feasible at least in the aspect that in a
millisecond pulsar (i.e. neutron star) its surface dipole
magnetic field strength and core magnetic field could reach
at the level of that of the magnetar to explain magnetar-like
activities.
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Significance of (Triaxial) PSR J1119 - 1627

The millisecond pulsar PSR]J1119-6127 draws attention
to the astronomers for the following reasons:

1. Astronomers detected peculiar behaviour of magnetar-
like activities from this millisecond pulsar as rotational
radio-transient (RRAT).

2. These peculiar behaviours make the pulsar PSR J1119-
6127 as an important source which may provide the
possible clues for the missing link between the pulsars
and magnetars.

3. As a radio transient this pulsar PSR J1119-6127 may
provide valuable information regarding transient phase
i.e. possible phase journey from pulsar to magnetar.

4. Astronomers believed that rotation powered pulsars
have high surface magnetic field strength (B) >4.4x 1013
G. Recent detection of glitch and other pulse profiles
originated from this pulsar PSR J1119-6127 confirm it.

5. A gamma ray source: In a study Johnston and Romani
[80] found that few young energetic pulsars exhibiting a
relatively strong individual pulses (not related to glitch),
in particular to the trailing edge which can be dubbed
as “giant micro pulses”, a similar one as observed
as the trailing edge of PSR B1706-44. The common
characteristic of these micro-pulses observed in PSR
J1119-6127 and PSR B1706-44 is that they are both
detected at y-ray energies [80]. Not only that the E of
PSRJ1119-6127 suggests that it might be a y-ray source.

6. PSRJ1119-6127 and PSR B0656+14 both share a link by
exhibiting rotating radio transient (RRAT)-like emission
i.e. both pulsars provide a link between the “Normal
“pulsar and the RRAT-like pulsars. The characteristics
exhibited by the pulsar PSR J1119-6127 are like that of
the other pulsars: A chart is given below in Figure 2.
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Spin parameters (1c = 0.8 kyr, B =4 — 5 x 10'* G) are very similar for PSR J1119-6127 and

d PSR J1846-0258 (Yuan et al. [81])

2 Young pulsars normally exhibit smaller glitches which is applicable for Crab pulsar and PSR
J1119-6127 (Wang et al. [82])

5 Shows anomalous glitch recoveries for very large glitches as in the case of PSR B0355+54, PSR

B2334+61, PSR B1800-21

Anomalous recovery the glitches having a single connected event for PSR J1846-0258, PSR
J1819-1458

Glitch model involving the Physics of the interior i.e. glitches produced by a sudden transfer
\ of angular momentum from the inner neutron superfluid to the solid crust: for PSR B1737-30
(Johnston, Wisberg [83])

Glitch Model: Pulse profile in double peak mode has striking similarities with a group of young
pulsars, energetic wide beam pulsars i.e. relatively wide double peaked profile with steep
inner edge and a high degree of linear polarization. For example: PSR J1015-5719, PSR J1105-
6107, PSRJ1420-6048

Figure 2: Shows Various Parameters / Properties are Similar between PSR J1119-6127 and other Pulsars Indicating a Possible
Link that Need Further Investigation Possibly based on Triaxiality.

PSRJ1119-6127 \
and its Triaxiality

Conclusion

The evolution of magnetic field in millisecond pulsars
is not clearly understood. But these stars have relatively
small surface magnetic field (Bs) ~ 10 8 G compared to the
young population of radio pulsars i.e. 1011<Bs< 1013 G.
Study of tantalizing population [84] shows as evidence that
millisecond pulsars have a minimum ellipticity ofe ® 10 -9
around their spin axis, and spin down arises due to mostly
through gravitational wave emission. Regarding triaxial
nature of this PSRJ1119 - 6127 Chau et al. [68] suggested
that ellipticity would be ~ 10 - 7 - 10 - 8 (which is above
the value of minimum ellipticity) and duration of exhibiting
of the triaxiality’s ~ 212kyr. Discovery of cosmic baby shows
evidence of youngest magnetar with age ~ 240 years in
comparison to the detected other magnetars whose ages
around ~ million years. This magnetar is suggested as “first
evidence of Triaxial Star” [21] and its triaxial phase will
continue for next ~ 760 years. In this context, the estimated
values hint that PSRJ1119 - 6127 will exhibit its triaxial
nature for the next ~ 212kyears and in realistic casePSR]1814
- 1744 for 15k years following the behaviour of cosmic baby.
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