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Pulsar:
Rotation power
(spin-down power)



Magnetic rotating neutron star, which is
10km In size, Is an electric power
generator. As a back reaction of
emission, the NS spins down.

https.//fermi.gsfc.nasa.gov
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Unipolar Inductor

1821 M. Faraday




Unipolar inductor:

rotating magnet
produces emf

Note 0B /ot=0_ _







Model of the RPP

Simple understanding and standard model

By making a closed
current circuit, one <
can exiract energy, _?L_

lighting the lamp. @m

As a back reaction, electromagnetic breaking[on the
magnet causes spin-down: Thus rotational energy of
the neutron star

current

—2
Erot = 1 QQ = 2.0 x 10)0(\ > ( g ) erg

Is extracted. 2 10msec
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Equation of moftion: for a plasma in the pulsar
magnetosphere, the force balance on unit volume
may be represented by

1 x B
C
Because the electromagnetic force dominates,

(inertia) = p. E + + (non-electromagnetic forces)

F = EL, E|| — () (magnetic field lines are iso-potentials)

(EL x B causes rotation with the star)

This is almost perfect for most of

I //
/\/ astrophysical plasmas, except for
gL

3

V- E
m Do = 47TL ~10'2 parficles/cm?




Look at Poisson equation and
pay attention to how plasma is supplied
to the magnetosphere
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Prescription
E.=—(Qxr)x B/c

define corotation electric field

Pgj = V- E6/47T Goldreich-Julion charge density
E/ — E — EC the difference

/
V- E =4n(pe — pg;)

Y f the space charge density differs from
the GJ density, then E// apperas.’
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(plasma is sufficiently supplied),

FE.x B
vp =¢C sz — QO xr=Qrsinf
UV — C RL:C/Q

light cylinder is a singularity

’ym grows so large as centrifugal force drives
an out flow

E_L drives this singularity



current understanding
of the pulsar magnetosphere
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Flectrosphere

start
with surrounding

vacuum
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For the first time, the particle simulation 1s applied for this
situation by Krause-Polstorf and Michel (1985).
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oair creation

gamma-ray + B = e* + e-

gamma-ray + X-ray = et + e-

/7

—

Y

/ \
ccelerated particles emit curvature gamma-rays
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Because we have plasma sources, E// 1s screened out everywhere,
except for the outer gap where E// is just above Ec: necessary
minimum for pair creation.



.
LIGHT CYLINDER —'l

MAGNETIC FIELD LINE —

after Yuki, S., Shibata, S., 2012, PASJ,
64, 43

Dead zones along
“current-neutral zone” 1s
found. PC,SG locate
above 1t and OG below it.

The outer gap 1s
sandwiched by two dead
zones. Therefore, the
boundary conditions used
previously in the outer gap
1s correct.



force-free model

J X B
| — 0
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The Axisymmetric force-free Magnetosphere
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force-free model (1)
healthy approximation!!!(2)

1. structure: open/close region

+ current sheefts O |

Polar

2. Why Opeﬂ f'@lde cap |

3. BC: dipole at the center
open field at infinity
outward current +inward
current =0 (closed current system)
regular on the light cylinder so that
the current function is chosen

Rotation and magnetic axis

31
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force-free model (2) lc R=R,
healthy approximation!!!(2)

/S T
GJ/negcéfo//

J
— —— — ——
- -

4. separatrix,
surface charge

5. force-free solution is one parameter family w.r.t. X,.
As Xy=R|, volume of the return current increases, but
never Xy=1 due to plasma inerfiq.
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d surface with flat paper

covering a curve
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covering a curved surface with flat paper
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force-free Dissipation |ayer
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Figure 5 The magnetic field structure for the global model with ;
§ = 0877 and S = 09, The thin dissipation layer is located at  V1ESTEL L, & Shibata, 5. 1994,

% = LI, where the jump conditions are imposed. Within the layer  MNras, 271, 621
the field is approximated to be force-free, while beyond the layer

the dissipation-free wind with finite inertin is adopted. The poloidal

current emerges at low latitudes and returns at high latitudes. Some

of the current flows to infinity before returning 1o the star, but some

returns via the dissipation layer. The layer loses encrgy and angular

momentum via radiation. The layer has finite thickness with a B-fickd-

aligned clectric field component, so that the angular velocity of the

wind is less than that of the inner, force-free domain.
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force-free model (3)
healthy approximation!!!(2)

Voltage in open magnetic flux is utilizable:

Vo ~ BLRL — ,LLQQ/C2
Yo = eVp/mc?

pc ™~

Open flux determines polar cap size: R, 1/2
R, =~ 7 R,
L

force balance determines the current: Io ~ R%jp — ,LLQQ/C |

Iu2 94

Rotation power is thus determined as [, &~ 3
C




fime-dependent
force-free
simulafion for
obligue rotators
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time-dependent force-free simulation for oblique
rotators

pE+ jxB=0 <«— pe=V E/in
C

\, E x B ¢c B-VxB—-FEF -VxXFE
J = CPe

B2 +47T B2 B
\
1 0F A
—-—— = VxB—-—3
c Ot . c‘7
1
108 = —VXFE
c Ot

current sheets are formed, but numerically dissipates.



Fig. 5 Snapshots of time-dependent force-free simulations of the aligned (left) and oblique
(right) rotators (from Spitkovsky 2006). The oblique rotator magnetosphere is shown in the
2 — p plane; the inclination angle is x = 60°. Solid lines represent magnetic field lines, and
color shows the strength of the magnetic field component perpendicular to the plane of the
figure (the toroidal field in the aligned rotator case).

,U2 Q4
63

L & (1 + sin® o)
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Non force-free
magnetosphere

toward
the realistic model



L |
Acceleration



—> 1. Assuming no pair production, one may obtain

E// accelerationwith . g _ 47 (pe — py;)

2. once E// accelerate particles, pair creation
follows and in the next step, E//will be screened
Ouft.

3. Because pair-creation stops and flows out, the
— situation turns back to the initial state.

particle acceleration and pair-
creation will be intermittent.
maybe mild acceleration persistently?

42



V- E' = 4m(pe — pgj)

The difference of the space charge
density from the GJ density produces

E//.

The space charge density is linked to
the current density which is
determined by the global dynamics.
Thus the problem is somewhat
complicated,....
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Possible E// acceleration, pair creation sites

Polar cap
core
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Numerical
global particle
simulation
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Fig. 11 Top: Spatial distribution of the high-energy synchrotron radiation from an oblique
rotator obtained with a 3D PIC simulation. The grey scale shows the isotropically integrated
flux, while the color scale shows the emitting regions at the pulsar phase 0.17 as seen by an
observer looking along the equator. The angle between the rotation axis (blue arrow) and
the magnetic axis (red arrow) is x = 30°. Red curves are the magnetic field lines. Bottom:
Reconstructed high-energy pulse profile of radiation received by the observer. Figure adapted
from Cerutti et al. (2016b).
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Fig. 1.2 Lightcurves from the wind. A distant observer can detect a pulse of emission when the
expanding current sheet passes the radius rg along his line of sight. The emissivity of this sheet
quickly diminishes afterwards. Depending on the viewing angle, the observer can detect up to two

pulses per rotational period of a pulsar.

Pulsar striped winds
¥bibitem[Mochol(2017)]{2017arXiv170200720M} Mochol, 1.¥ 2017, arXiv:1702.00720
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FIGURE 16. Sample of synchrotron emission light curves for different power law indices
p ={1,2,3,4} with I, = 10 on the left and for different Lorentz factors Iy = {2, 5, 10, 20, 50}
with p = 2 on the right. Intensities are normalized to Imax = 1.
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FIGURE 17. Sample of inverse Compton emission light curves for different power law indices
p =1{1,2,3,4} with I, = 10 on the left and for different Lorentz factors I, = {2, 5,10, 20,50}
with p = 2 on the right. Intensities are normalized to Imax = 1.
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Fe(r, 1) = Ko(r,t) vy~ P~ D/2 pp+3)/2 gr+1)/2 (8.244) X 5 v — (t c
e, 1) = K (r,t) v~ P02 D2y (c) (8.24b)
Relativistic beaming effects are symbolised by the usual Doppler factor
po— 1L (8.25)
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Summary in Jan. 2018

1.

W

N o O

Rotation power is approximately given by
2 N4

L ~ ;LC;()Z (1—|—Sin2x).

particle acceleration by E// (non-ideal-MHD) is
essential.
Simulations by non-MHD and PIC are strong tool, but
Acceleration site is still unidentified

- Y-point - equatorial current sheet - outer gap

- separatrix gap - polar caps
Radio emission mechanism: open guestion
Pulsar Wind: open question
Link between radio/timing and high-energy emission

should be investigated.
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thank you




