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Outline
Background

¢Neutron Star - Pulsar

¢Force-Free pulsar magnetosphere

Contents of this research

¢Pulsar magnetosphere including dissipation

¢Simulation method

¢Simulation results and discussion



Evolution of stars and neutron stars

ars

chandra.harvard.edu/resources/illustrations/stellar evolution.ntml


http://chandra.harvard.edu/resources/illustrations/stellar_evolution.html

Neutron star mass
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Equation of state, Radius of Neutron Stars

Lattimer JM, Prakash M. ApJ. 550:426 (2001)

Neutron star radius
R ~ 10km : > <

Mass (Mg)
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Pulsar

Radiating periodic pulses (neutron stars)

Stable cycle
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Hewish et ai.(1968)
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Pulsar

Astronomical equivalent of a lighthouse
Beam radiating from neutron star
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http://arxiv.org/find/astro-ph/1/au:+Hartnett_J/0/1/0/all/0/1
http://arxiv.org/find/astro-ph/1/au:+Luiten_A/0/1/0/all/0/1
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Diagram of a pulsar timing array such as NANOGrav. Each line of sight

to a particular pulsar (yellow) functions as a "lever arm” with which to
measure waves in space-time (1.e. the hills and valleys in the green grid).

http://candels-collaboration.blogspot.com/2013/1 1/galaxy-evolution-and-gravitation-waves.html




Pulsar

Assumption of rotating magnetic dipole has a constant magnetic
field, and the observation of the period P and the time differential
dP/dt

Surface Magnetic field

R 2M294 . 9
C

Characteristic agen

d |Inclination angle
() Rotation angular velocity

1 Magnetic dipole moment




The observation of pulsar period

P — P diagram

dP/dt (s/s)
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Phenomenoloc

Observation

)

Numerical simulation
Multi-wavelength electromagnetic wave

Magnetosphere structure

Polar Cap

Outer Gap Equation of state

Cosmic rays

Gravitational waves Neutron star shape

Theoretical research is more needed



Varlcus pulse waveforms
J1513-5908 ela J1709-4429 J1952+3252 eminga J1057-5226

?

Radio

Optical

Soft
X-Ray

Hard
X-ray

y-ray >
100 MeV

Yy

y-ray >
5 GeV

Thompson D. J. In Cosmic Gamma-Ray Sources, Ed. K. Sﬁﬂnge&Fg;hE Romero. New

York: Kluwer, ApSS, 304, 149 (2004) ase



Geometric structure of radiation

Pulsar emission geometry
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Gravitational wave detection of binary neutron coalescence

¥ GW170817 L —
Chirp mass
— 0.004
M = 1.188+0004 -
Neutron star mass >0
500
1.16M, <m; < 1.36M, £
1.36My <m, < 1.60My =
=50
Tidal deformation rate 500
A 420
A = 320+42

100

50 -

credit: T. Dietrich

The radius is over 13 km or
-30 -20 -10

under 9 km is not suitable Time (seconds)
Abbott et al.(2017)



Phenomenoloc

Observation
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Numerical simulation
Multi-wavelength electromagnetic wave

Magnetosphere structure

Polar Cap

Outer Gap Equation of state

Cosmic rays

Gravitational waves Neutron star shape

Theoretical research is more needed



Unipolar induction

When the magnetic dipole rotates, an electric

field can be generated by unipolar induction
Charged particles inside the star affected by

Lorentz forces and polarize

Pulsar power supply

The magnitude of the Potential drop

[ bt () ()
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Electron positron
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Electrons emit high energy photons by curvature radiation
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A photon generates an electron
positron pair because of a strong

magnetic field '

Curved
magnetic
field

Electron and positrons emit radiation
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The whole star is filled with charged particles.
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Structure of pulsar magnetosphere

Open magnetic field lines and closed field lines

Light cylinder radius (LC)

LIGHT CYLINDER i C
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Goldreich & Julian(1969)
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Structure of pulsar magnetosphere

Positive and negative charged particles are
polarized because the plasma co-rotates with

the star Light cylinder radius (LC)
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Global current structure

In the vicinity of the
pole, the electrons flow
from the outside

In the vicinity of the
equator, positrons flow
outward

Current does not flow in the closed region

Because It does not deal with dissipation in the force-free
approximation There is no result about global current

structure result including the outside
21




Approach to Resistive Pulsar Magnetosphere

Advantage Drawback

Force-Free

approximation Calculation costis |Can not answer

Spitkovsky(2006) Small about acceleration
PIC Insufficient particle

Chen & Track the movement of |numbers, and pair

Beloborodov(2014) : :

Philippov et al.(2015) |Charged particles creation

Cerutti et al.(2016) assumptions

MHD Include information
(Two-field) |about the velocity of the

Komissarov(2006)  |Plasma

Large calculation
cost

In this paper, the Force-Free approximation is extended and the defects are improved
Introduce radial dependence of current density model



Parallel electric field to the magnetic field and
Lorentz invariant

Relation between the Lorentz invariant
E; — B = E* — B~
EoyBy = E - B.

B2 — (32 _E24 /(B2 _E2)2 1 4(E - B))

DO | —

Eo = \/Bi — B? + E?

By = sign(E - B)y/ B2



Current density model

(O Electrical conductivity ~ Lyutikov(2003)
Ohm's law jﬂuid = oEquiq.

B2+ E¢?
 pecE X B+ [ 80 Ey (BoB + EoE)

1 B? + E

On the outer side, the electric conductivity become small

cf. FFE regime inside light cylinder
and dissipative regime outside (FIDO)
Inside of light cylinder 0 —w
Outside of light cylinder o High & Finite
Kalapotharakos et al.(20106)

0o Electrical conductivity of surface
n Radial dependence parameter n =1,2




Equations B=— VG xe,+

Time evolution of magnetic ﬂe]I;JI_ 52 sind ( . 8>
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Poisson equation
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Current density model
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Boundary condition(1/2)

Spherical coordinate system (i ¢)

Star surface

2ufdcosfsin b
By = — 12222
To
Ey=0
B. — Q,ucgosé’
To

{ 2042 i1, [ sin” 6 } (0 <6,
Bqﬁ — 7“0 S111 D
0



Boundary condition(2/2)

Outside
Out going condition

Rotation axis, magnetization axis

G(r,0) =0, S(r,0)=0, F(r,0)=0, 8@5(92, 0) _ 0
Equatorial plane
S(rm/2) =0, Flr.a/2) =0, 220m2)

00



Time evolution of magnetlc field
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Become steady state with time

The dotted line indicates the dipole polar magnetic field G
he solid line indicates the polar magnetic field G, the
color indicates the torsional magnetic field S




Current circuit structure

n=2 00=50 Jp r? Time:=81.8123  Schematic current circuit diagram
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A large current circuit is formed beyond the light cylinder

Even in the area where the magnetic field lines are open, the
direction of the poloidal current is opposite , and the current
across the magnetic field lines in region C.



Radial dependence of Poynting flux

n=2,00=50 Time:=61.3592
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On the outside, the Poyntiﬁg flux decreases
And Poynting flux decreased more greatly when the electric
conductivity 0 Is small

— Because, as the electric conductivity increases, the global
current circuit structure expand to the outside



Conclusion

At present, the structure of the actual pulsar magnetosphere is not
clear.

Since it does not include dissipation in the magnetospheric model
based on the ideal MHD and Force Free approximation.

| Introduce an electrical conductivity dependent upon distance from
the star. A steady state Is obtained by combining Maxwell equations and
the boundary condition. These resistive force-free solutions show that
the current has width and circuit shape. The large-scale current circuit
Including the outside of light cylinder is formed.

Taking into account the global pulsar magnetosphere structure is
Important.




