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

Evolution of stars and neutron stars

The final stage of the evolution of stars

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


1.4 Solar mass

Neutron star mass

M ⇠ 1.4M�

= 2.78⇥ 1033g



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

Equation of state, Radius of Neutron Stars

R ⇠ 10km

Neutron star radius



Radiating periodic pulses (neutron stars)
Stable cycle

Pulsar

Hewish et ai.(1968)



credit: ARC Centre of Excellence for All-sky Astrophysics (CAASTRO)  



Extremely accurate clock

Beam radiating from neutron star

John G. Hartnett, Andre Luiten(2010)
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Pulsar
Astronomical equivalent of a lighthouse

→Pulsar Timing Array

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


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 (i.e. the hills and valleys in the green grid).  
http://candels-collaboration.blogspot.com/2013/11/galaxy-evolution-and-gravitation-waves.html

Pulsar Timing Array Hellings-and-Downs curve 

Hellings and Downs (1983)



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

Characteristic age

1 問題点
電流密度はオームの法則を用いて電磁場と電荷密度から決められる。しかし磁場に沿う荷電粒子の速

度の自由度があるため条件を課す必要がある。
電気伝導度を星の距離の関数とし、大きさごとに結果を得た。これを比較する。
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arXiv:1110.6669 プラズモイド構造は今回はないようにしている。
Force-Freeモデルでは電流密度の急激な変化が close field lineに生じる。近い状況からはじめるため

に関数型でおく必要がある。
ポテンシャルギャップのモデルを空間的に E0を導入することで調べる。電場の変化が非フォースフ

リーの磁気圏を特徴づけるとかんがえられる、
細かい振動について振動の速度と分散関係を取られる。フーリエ変換をするか、また時間ごとの変化

をプロットするかして調べる。
境界を十分に遠いものとする。ライトシリンダーをまたぐような場合についてまだシミュレーション

を行なっていなかった。

8 テストについて
各プログラムについてテストを行なっている。

9 astro

中性子星の周期

P ∼ 0.5 s (82)

Ṗ ∼ 10−15 ss−1 (83)

R ∼ 10 km (84)

M ∼ 1.4 M⊙ (85)

表面の磁場強度

BS = 3.2× 1019
√

PṖ G (86)

Force-Freeモデルについて

F = Q
v ×B

c
(87)

これを打ち消すように電荷が分布する

ρGJ = (88)

26

1 問題点
電流密度はオームの法則を用いて電磁場と電荷密度から決められる。しかし磁場に沿う荷電粒子の速

度の自由度があるため条件を課す必要がある。
電気伝導度を星の距離の関数とし、大きさごとに結果を得た。これを比較する。

σ(r) =
1

r
(1)

σ(r) =
3

r
(2)

σ(r) =
10

r
(3)

σ(r) =
1

r1/2
(4)

(5)

光度の関係

LVacuum =
2µ2Ω4

3c3
sin2 a (6)

LFFE =
µ2Ω4

c3
(1 + sin2 a) (7)

Ω (8)

B =
√
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Pulsar has strong magnetic field

 diagram

The observation of pulsar period

P � Ṗ
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Various pulse waveforms19 Emission from the Polar Cap and Slot Gap 537
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Pulse Phase

Crab Vela J1709-4429 J1952+3252J1513-5908 Geminga J1057-5226

Fig. 19.8 Profiles of seven γ-ray pulsars in six energy bands, as in [70]

emission occurs at high altitudes that are large fractions of their light cylinder radii,
RLC = 5× 109P−1 cm, which are also smaller. Their emission geometry is there-
fore expected to be different from that of longer period pulsars, whose high-energy
emission occurs closer to the neutron star surface and at altitudes that are very small
fractions of RLC.

19.6.1 Radio Emission Geometry

Because the mechanism responsible for the radio beams is not understood, and more
importantly because the radiation is coherent, it has not been possible to describe
this emission using a physical model. The emission has therefore been described
using empirical models, developed over the years through detailed study of pulse
morphology and polarization characteristics. The emission is also highly polarized,
and displays changes in polarization position angle across the profile that often
matches the swing expected for a sweep across the open field lines near the mag-
netic poles in the Rotating Vector Model [62]. Empirical models (e.g. [63]) char-
acterize pulsar radio emission as having a core beam centered on the magnetic
axis and one or more hollow cone beams outside of the core. The average-pulse
profile widths and component separations are measured to be decreasing functions
of radio frequency [66]. This is consistent with a hollow cone beam centered on
the magnetic pole, emitted at an altitude that decreases with increasing frequency

Thompson D. J. In Cosmic Gamma-Ray Sources, Ed. K. S. Cheng & G. E. Romero. New  
York: Kluwer, ApSS, 304, 149 (2004)   13
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∼100 s (calculated starting from 24 Hz) in the detectors’
sensitive band, the inspiral signal ended at 12∶41:04.4 UTC.
In addition, a γ-ray burst was observed 1.7 s after the
coalescence time [39–45]. The combination of data from
the LIGO and Virgo detectors allowed a precise sky
position localization to an area of 28 deg2. This measure-
ment enabled an electromagnetic follow-up campaign that
identified a counterpart near the galaxy NGC 4993, con-
sistent with the localization and distance inferred from
gravitational-wave data [46–50].
From the gravitational-wave signal, the best measured

combination of the masses is the chirp mass [51]
M ¼ 1.188þ0.004

−0.002M⊙. From the union of 90% credible
intervals obtained using different waveform models (see
Sec. IV for details), the total mass of the system is between
2.73 and 3.29 M⊙. The individual masses are in the broad
range of 0.86 to 2.26 M⊙, due to correlations between their
uncertainties. This suggests a BNS as the source of the
gravitational-wave signal, as the total masses of known
BNS systems are between 2.57 and 2.88 M⊙ with compo-
nents between 1.17 and ∼1.6 M⊙ [52]. Neutron stars in
general have precisely measured masses as large as 2.01#
0.04 M⊙ [53], whereas stellar-mass black holes found in
binaries in our galaxy have masses substantially greater
than the components of GW170817 [54–56].
Gravitational-wave observations alone are able to mea-

sure the masses of the two objects and set a lower limit on
their compactness, but the results presented here do not
exclude objects more compact than neutron stars such as
quark stars, black holes, or more exotic objects [57–61].
The detection of GRB 170817A and subsequent electro-
magnetic emission demonstrates the presence of matter.
Moreover, although a neutron star–black hole system is not
ruled out, the consistency of the mass estimates with the
dynamically measured masses of known neutron stars in
binaries, and their inconsistency with the masses of known
black holes in galactic binary systems, suggests the source
was composed of two neutron stars.

II. DATA

At the time of GW170817, the Advanced LIGO detec-
tors and the Advanced Virgo detector were in observing
mode. The maximum distances at which the LIGO-
Livingston and LIGO-Hanford detectors could detect a
BNS system (SNR ¼ 8), known as the detector horizon
[32,62,63], were 218 Mpc and 107 Mpc, while for Virgo
the horizon was 58 Mpc. The GEO600 detector [64] was
also operating at the time, but its sensitivity was insufficient
to contribute to the analysis of the inspiral. The configu-
ration of the detectors at the time of GW170817 is
summarized in [29].
A time-frequency representation [65] of the data from

all three detectors around the time of the signal is shown in
Fig 1. The signal is clearly visible in the LIGO-Hanford
and LIGO-Livingston data. The signal is not visible

in the Virgo data due to the lower BNS horizon and the
direction of the source with respect to the detector’s antenna
pattern.
Figure 1 illustrates the data as they were analyzed to

determine astrophysical source properties. After data col-
lection, several independently measured terrestrial contribu-
tions to the detector noise were subtracted from the LIGO
data usingWiener filtering [66], as described in [67–70]. This
subtraction removed calibration lines and 60 Hz ac power
mains harmonics from both LIGO data streams. The sensi-
tivity of the LIGO-Hanford detector was particularly
improved by the subtraction of laser pointing noise; several
broad peaks in the 150–800 Hz region were effectively
removed, increasing the BNS horizon of that detector
by 26%.

FIG. 1. Time-frequency representations [65] of data containing
the gravitational-wave event GW170817, observed by the LIGO-
Hanford (top), LIGO-Livingston (middle), and Virgo (bottom)
detectors. Times are shown relative to August 17, 2017 12∶41:04
UTC. The amplitude scale in each detector is normalized to that
detector’s noise amplitude spectral density. In the LIGO data,
independently observable noise sources and a glitch that occurred
in the LIGO-Livingston detector have been subtracted, as
described in the text. This noise mitigation is the same as that
used for the results presented in Sec. IV.

PRL 119, 161101 (2017) P HY S I CA L R EV I EW LE T T ER S week ending
20 OCTOBER 2017

161101-2

Abbott et al.(2017)

Gravitational wave detection of binary neutron coalescence

1.36M⊙ ≤ m2 ≤ 1.60M⊙

1.16M⊙ ≤ m1 ≤ 1.36M⊙

Neutron star mass

Chirp mass
M = 1.188+0.004

−0.002

GW170817

Tidal deformation rate
Λ̃ = 320+420

−230

The radius is over 13 km or 
under 9 km is not suitable

credit: T. Dietrich
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When the magnetic dipole rotates, an electric 
field can be generated by unipolar induction
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|E⃗| = |B⃗|のとき

j⃗ = σ⊥E⃗ (8)

理想MHD条件について

E⃗ · B⃗ = 0 (9)

星の表面温度について Usov(1985)より

Te = 3.6× 105K

(
Z

26

)0.8 ( B0

1012G

)0.4

(10)

Ti = 3.5× 105K

(
B0

1012G

)0.73

(11)

星のポーラーキャップ上では

E∥ > 0 (12)

E∥ < 0 (13)

パルサーの表面の電位差は

V =

∫ rpc

0
Φsurface(r)dr = 6× 1012 [V]

(
B0

1012[G]

)(
P

1[s]

)−2

(14)

2

The magnitude of the Potential drop

  Charged particles inside the star affected by 
Lorentz forces and polarize -

+

-- -

- -- -
+
+ +++Pulsar power supply

Unipolar induction
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Electron and positrons are 
generated one after another 
in an avalanche manner

The whole star is filled with charged particles

Electrons emit high energy photons by curvature radiation

A photon generates an electron 
positron pair because of a strong 
magnetic field

Electron and  positrons emit radiation

Electron positron cascade
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Ṗ ∼ 10−15 ss−1 (83)

R ∼ 10 km (84)

M ∼ 1.4 M⊙ (85)

Force-Freeモデルについて

F = Q
v ×B

c
(86)

これを打ち消すように電荷が分布する

ρGJ = (87)

ライトシリンダー
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Goldreich & Julian(1969)

+
-

Open magnetic field lines and closed field lines

Open field line

 19

Structure of pulsar magnetosphere

Closed field line

Light cylinder radius (LC)



----

Positive and negative charged particles are 
polarized because the plasma co-rotates with 
the star
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2013年 5月 21日

ideal MHDのとき電場は E∥ = 0

E⃗ = − v⃗ × B⃗

c
= − (Ω⃗× r⃗)× B⃗

c
(1)

GJ電荷密度波

ρGJ =
∇ · E⃗
4π

(2)

ρGJ =
∇ · E⃗
4π

(3)

= − Ω⃗ · B⃗
2πc

(
1− Ω2R2

c2

) (4)

ρGJ = − Ω⃗ · B⃗
2πc

+O
(
Ω2R2

c2

)
(5)

ρGJ ≃ − Ω⃗ · B⃗
2πc

(6)

磁場に平行な電場の定理は

E|| =
E⃗ · B⃗
|B⃗|

(7)

Spitkovsky(2006)の問題点

1

Current sheet

Structure of pulsar magnetosphere

Light cylinder radius (LC)



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

 21

Global current structure

Because it does not deal with dissipation in the force-free 
approximation There is no result about global current 
structure result including the outside



Approach to Resistive Pulsar Magnetosphere

Advantage Drawback
Force-Free 
approximation 　　Calculation cost is 

Small
Can not answer 
about acceleration

PIC
Track the movement of 
charged particles

Insufficient particle 
numbers, and pair 
creation 
assumptions 

MHD 
（Two-field）

Include information 
about the velocity of the 
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

Spitkovsky(2006)

Cerutti et al.(2016)

Komissarov(2006)

Philippov et al.(2015)

Chen & 
Beloborodov(2014)



E2
0 �B2

0 = E2 �B2.

E0B0 = E ·B.

B2
0 =

1

2

⇣
B2 �E2 +

p
(B2 �E2)2 + 4(E ·B)

⌘

E0 =
q
B2

0 �B2 +E2

B0 = sign(E ·B)
q
B2

0

Parallel electric field to the magnetic field and 
Lorentz invariant
Relation between the Lorentz invariant



j =
⇢ecE⇥B+

q
B2+E2

0

B2
0+E2

0
�E0 (B0B+ E0E)

B2 + E2
0

Lyutikov(2003)
Ohm's law jfluid ⌘ �Efluid.

� Electrical conductivity

�(r) =
�0

rn

Electrical conductivity of surface�0

Radial dependence parametern n = 1, 2

On the outer side, the electric conductivity become small

Current density model

cf. FFE regime inside light cylinder  
and dissipative regime outside (FIDO)  
  Inside of light cylinder σ→∞ 
  Outside of light cylinder σ High & Finite  
Kalapotharakos et al.(2016)
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The dotted line indicates the dipole polar magnetic field G
The solid line indicates the polar magnetic field G, the 
color indicates the torsional magnetic field S

n = 2,�0 = 50
Time evolution of magnetic field

Become steady state with time
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Current circuit structure
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Schematic current circuit diagram

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.

A large current circuit is formed beyond the light cylinder



Radial dependence of Poynting flux

On the outside, the Poynting flux decreases
And Poynting flux decreased more greatly when the electric 
conductivity       is small�0
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→ Because, as the electric conductivity increases, the global 
current circuit structure expand to the outside



　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.  

   I 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.

Conclusion


