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Acceleration efficiency of the pulsar magnetosphere
and
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Figure 1. Left: energy spectrum of HE CRs obtained from air-shower measurements (Figure from [6]).
Right: proton spectrum measured by CALET, where the not “pure” PL behavior of the CR spectrum
before the knee is evident (Figure from [9]).
Cardillo, M. ¥& Giuliani, A.¥ 2023, Applied Sciences, The LHAASO PeVatron bright sky: what
we learned, 13, 11, 6433. doi:10.3390/app13116433
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Figure 9. LHAASO significance map within region 115° <7< 220° |b| < 12°. Top panel: WCDA (1 TeV < E < 25 TeV) TeV significance map. Middle panel:
Figure 8. LHAASO significance map within the region 10° </ < 115° |b| < 12°. Top panel: WCDA (1 TeV < E < 25 TeV) significance map. I KM2A (E > 25 TeV) significance map. Bottom panel: KM2A (E > 100 TeV) significance map.
KM2A (E > 25 TeV) significance map. Bottom panel: KM2A (E > 100 TeV) significance map. In this figure and in the following figure, the LHAAS
represented by gray crosses and white labels. The LHAASO sources for which the WCDA component has higher significance are plotted in the tc
LHAASO sources for which the KM2A component has higher significance are plotted in the middle panel. Meanwhile, UHE sources are shown again
panel.
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Figure 1. Left: energy spectrum of HE CRs obtained from air-shower measurements (Figure from [6]).
Right: proton spectrum measured by CALET, where the not “pure” PL behavior of the CR spectrum
before the knee is evident (Figure from [9]).
Cardillo, M. ¥& Giuliani, A.¥ 2023, Applied Sciences, The LHAASO PeVatron bright sky: what
we learned, 13, 11, 6433. doi:10.3390/app13116433
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Complex Filaments Aligned with the Directions of the Nebula’s Magnetic Field

(Credit: X-ray: NASA/CXC/Univ. of Hong Kong/S. Zhang et al.; Radio: ATNF/CSIRO/ATCA,;

H-alpha: UK STFC/Royal Observatory Edinburgh; Image Processing: NASA/CXC/SAO/N.
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Figure 3. Polarization of the entire nebula as a function of the inclination
angle i between the axis of the disc and the line of sight for b = 0.0, 0.2, 0.4,
0.6 and 0.8. The empirical curves P = 75.8(1 — b)(cos i)>®* are overlaid.
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Figure 8. Magnetic dissipation regions in 3D and 2D simulations. The images show the distribution of logjgen /e, for the models with « =45° and oy =1 at
t = 70 yr. From left to right: the yz slice for the run B3D, the data for B2D and B2Duhr (the B2Duhr run has eight times higher resolution inside the nebula
compared to B2D). The magenta line in plots for the 2D runs shows the locus of points where the magnetic flux changes its sign and the black contour shows

the termination shock. In the 2D cases, a strong polar jet develops, which is shielded from the rest of nebula by its backflow.

Three-dimensional magnetohydrodynamic
simulations of the Crab nebula

Porth, 0., Komissarov,
S.~S., ¥& Keppens, R.¥ 2014, ¥mnras, 438,
278
http://adsabs.harvard.edu/abs/2014MNRAS. 4
38..278P

Table 1. Overview of simulations. Designation 2D* means 2D axisym-
metric simulations with enforced equatorial symmetry, where only the
Northern hemisphere is simulated and the condition [By] = 2By is im-
posed at the equator. Designation 2D** is the same as 2D* but with
the boundary condition [By] = 0. The column labelled Ax shows the
resolution in the post-shock nebula flow in the units of 10'® cm.

ID o o Dim. Ax G a tend
A3D 45° 0.01 3D 1.95 0.0021 0.0063 106
B3D 45° 1 3D 1.95 0.12 0.22 74
B3Dhr 45° 1 3D 0.89 0.12 0.22 54
C3D 45 3 3D 1.95 0.19 0.31 74
D3D 10° 3 3D 1.95 147 2.38 54
A2D 45° 0.01 2D 1.95 0.0021 0.0063 8438
B2D 45° 1 2D 195 0.12 0.22 800
C2D 45 3 2D 195 0.19 0.31 138
D2D 10° 3 2D 1.95 147 2.38 63
B2Dhr 45° 1 2D 098 0.12 0.22 121
B2Dvhr 45° 1 2D 049 0.12 0.22 106
B2Duhr 45° 1 2D 024 0.12 0.22 74
B2Dehr 45° 1 2D 0.12  0.12 0.22 32
B2Deq 45° 1 2D* 1.95 0.12 0.22 112
B2Dhreq 45° 1 2D* 098 0.12 0.22 106
B2Dvhreq  45° 1 2D* 049 0.12 0.22 74
B2DhreqS  45° 1 2D** 098 0.12 0.22 106
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Figure 1. The nebular flow profiles that satisty vpwn = 1500 km s are
plotted. The horizontal axis is the distance from the termination shock
Ar =r — rrs. The adopted parameters are summarized in Table 1. 7 gjg is
10 yr for the thin and oo for the thick lines, and oy, is 103 (red solid lines), 10
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Table 1. Summary of the parameters and the boundary values for Figs 1-4.
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Figure 2. The resultant flow profiles as a function of Ar. Adopted parame-
ters are summarized in Table 1 and combinations of (o y, k) are different for
each line, where the thin and thick lines are v = 102 and 104, respectively.
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## Nebula Geometry
rneq 8.3 nebula_outer_boundary_at_equator 42|

rnpol 10.2 nebula_outer_boundary_at_poles
rsheq 0.8 shock_position_at_equator
rshpol 0.10 shock_position_at_poles

psiddeg 80.0 disc_boundary_in_colatitude

psijdeg 5.0 jet_boundary_in_colatitude

rp 15.0 stagnation_radius_of_the_stream_function
## flow speed model for disc, intermediate, and jet

#it disc middle jet

v_shock 0.10 0.30 0.20

v_infty 0.30 0.30 0.05

v_delta 2.0 20 20

## density parameters

xnl 1.0 preshock_density_at_the_equator

xn2 1.0 preshock_density_at_the_equator

rref 1.0 reference_distance_for_preshock_density
pn 3.0 power_index_for_particle_energy_dist.

## emissivity parameters

j_discO  1400.0 disc_emissivity_base_line

j_in_ring  33000.0 inner_ring_emissivity

j_out_ring 12000.0 outer_ring_emissivity

j_med0 500.0 emissivity_of_the_inermediate_region
j_jet0 3000.0 jet_emissivity

r_in 1.0 inner_ring_radius

r_outl 1.8 inner_radius_of_the_outer_ring
r_out2 3.0 outer_radius_of_the_outer_ring
del_region 0.010 transition_thickness_among_the_regions

del_in_ring 0.3 half_width_of_the_inner_ring
del_out_ring 0.4 skin_thickness_of_the_outer_ring
## magnetic field

fTF 0.4 fraction_of_the_turbulent_field

RHERTT )



j_disc0 =3900 7 4 R 7 NEBD —ERAN D
j_discl =300 T 4 A7 NEBTORIZR S
j_halo0=1100 /N A — D —Fk k7>

r2 =347 4 X7 DANERE(cut-off)
j_inring= 140 Inner Ring IN&E 1.0<r< 1.2
j_outring= 50 Outer Ring J1&E 2.0<r<2.8

11000

“fort.8" using 1:3
*fort 8" using 1:4
T A e
A =i
——
———

3y 25 R

Halo#&E

e

10000 f

bt
4% pre’

9000 |

8000 |-

7000

6000 |-

5000

4000 i

3000 -

R AR OHFIR
Nnaed &Il
doppler boostx
ANT=EHALD
fitting TR E 5
RS 55

Rt~y 75tBELTES

2000

0.5 1 25 3

35



ST, £ W TfFE BN S D 7

B2 57T —X

empirical (Z

"The Crab Nebula" model
ZESTH:H L DD

I ESE




B Chandra images (£ nebula flow OB IZFRETZA D,

M spatially resolved spectrum |Z cooling & IR D EZHTIZ D H
Z %, Chandra NuSTAR

M C(TeV) |TZEEDAEIFEIBL T EFHRIG IS o N5,

BIRCEmap (FELRBSE DI EZ 52 5. RICAMRIZF
Fi35 D 75 1A

BT RO LD AEELETTIILICHT 2@ EFEE

® optical filament (3D position can be known by doppler
shift);

® EELHRI BRI DIFMIIRES (filament,
bay etc);

® BiE~ Dk > | (optical & X-ray)(discs, jets, wisps,
knots, bay etc);

_ B REEY
® U
o flow paterns (shocks, discs, jets, turbulent);

® 2178l Z @ 7= 9" (number, momentum, energy)



B Chandra images |3 nebula flow DB ICFREZA D,
B spatially resolved spectrum |Z cooling & IR D EZHTIZ D H
Z %, Chandra NuSTAR

pile up fIEZ L 7 #EE & photon index “3'%h

Mori, K., Burrows, D.~N., Hester, J.~J., et al.¥ 2004, ¥apj, 609, 186




B Chandra images |3 nebula flow DB ICFREZA 5,
M spatially resolved spectrum & cooling & IR D EZHTIZ D H
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Fic. 3.—Plot of photon index against surface brightness, as Fig. 2 (right).
The data points of the torus, the jet, the umbrella-shaped northwest region, and
the faint peripheral region are color-coded as red, blue, yellow, and green,
respectively. The inset shows the definitions of the four regions. The black
contours represent surface brightness. The red dashed circle encloses data
points with unusually small photon index compared to others (see § 4.3). The
corresponding positions in the nebula are shown in black in the inset, also
enclosed by a red dashed circle.
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Figure 3. The poloidal current distribution in the open field line zone nor-
malized to the poloidal current from the corresponding Michel solution.
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in force-free model
Bp divergesasr=>r L
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Figure 11. Poloidal magnetic field strength in the equatorial plane as the
function of x. B is normalized to p/ Ric. By the dashed line the theo-
retical prediction for B pol(x, 0) is shown for the solution with xo = 0.992,
equation (66).
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ideal-MHD =¥ iso-rotation law
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

t\2
N (Bp")” Ry By _ ymax Ry By
drnmc? A B(Out) 2M A B(Out)
P P

MA T

Yc

multiplicity 1/71,,;




ML A VFAN |

WA RL

Figure 3. Two types of field-alined flows. The solid curves indicate the
magnetic field lines. The dashed curves are field-aligned flows; Flow A locates
outside of the current layer, while flow B runs inside the current layer. The
r-axis indicates the axial distance. The thin dashed line x4 is the Alvéen
surface. The thin dotted line @ = R\ is the ligh cylinder.
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field-agigned equation

Bernoulli function

(6(5, v) )
mc?

Nk = g(y) = const. HERF (4.18.96)
v, = KB, K = %; = EH (4.18.97)
mywu, — 47Tgl(¢) ((¢)) = const. MAEEIELRIF (4.18.98)
mcy — ﬁ(gzp(zb]) (1)) = const. TR ILF —{R1F (4.18.99)
(1— (2 +02)/) V= + EH (4.18.100)
Q)w+kl/w = v, iso-rotation (4.18.101)
2
P (tup) [1-282 - (1= )vg?)?
(1= (1-v&2)? —282(1-v)>
& = w/wp v Mp/MA Up = ——— 0V,

e(£,v) =constant AR
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Figure 5. Models of B(x) « B, @? for the flow A, B and C.
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Hu, R. ¥& Beloborodov, A.~M.¥ 2022, ¥apj, 939, 42. doi:10.3847/1538-4357/ac961d
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Figure 12. Average ¢ velocity of an emitted photon.
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Figure 13. Plasmoids formed by magnetic reconnection in the equatorial outflow. The snapshot was taken at 1 =213.2 R, /c, at the end of the simulation. Top:
electron density n,. Bottom: contours of the normalized magnetic flux function f/f ...
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trans-field equation + B4 # 8 = pulsar equation (force free model)

ETHRITHTC

Contopoulos, I., Kazanas, D., ¥&
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