. p. ~ 0 (local charge neutrality)

i e
ey E, ®o t, _€0VOB

n—n_-~ = =
el, el, el,

Condition of local charge neutrality:

|n,—n_|<<n+n_=n,, (total number density)

€, VB 7 VoB
S S M g 6.7x10 Migrar
0 0

e=1.6x10"" C (electron charge)

e.g. solar corona: 72,,,,, ~ 10" m™, vo ~ 10" m/s, I, ~ 10'm B~10"T

voB

6.7x10’ S 6.7x10° << 10" satisfied

<<n

total
0

Coulomb'slaw V ¢ E = S is NOT used to determine electric field in MHD.
0

Ohm's law determines electric field in MHD from the state of plasma.




Magnetic energy density vs. electric energy density in MHD

Electric energy density... &, = 520E2

2

Magnetic energy density... &, = B
2 g
N J
E B
VxE=- % —> o~
The ratio is ly 1
l 2
E (r B) ’
V
c’;E/M_eo,u(; ~ (; ) - 02 <]

— electric energy density can be neglected in MHD



MHD induction equation

... represents the electromagnetic part

Faraday's law

__090B
VxE-= 5
EMHD . uMlIl) >
V < B = ,LLOjMHD

llllll

MHD

nJ

>
+

Ohm's law

M= é resistivity

Ampere's law

. MHD)

}aBz—Vx(—uMHDxB+nJ

8—B=VX

Ot

l eliminate juHD |

(uMHD X B — 1,V X B)

JL] magnetic diffusivity
0

MHD induction equation
... determines the evolution of magnetic field from the state of plasma




MHD equations

0
af? +Ve (p u) =0 ... mass conservation (=> density) Fluid part

ou . _ T
Plor T Vu|=-Vp+Ven+jxB  nomentum equation (=> flow velocity)

=Dy, Dy = % + % —% (V e u) 6, (deformation rate tensor)
gt(p€)+v'(pgu):—PV°u—V°.7+\I!+77j2
€= Yil £ =3 ==K % U=, (jl ... internal energy equation (=> pressure)
r—Pm |
TP, equation of state (=> temperature)

9B

ot - V X (u X B — 14V X B) ... induction equation (=> magnetic field)

E=—uxB+nj . Ohm'slaw (=> electric field) Electromagnetic part

._ 1
J= s VXB Ampere's law (=> current density)

V e B =0 ..magnetic flux conservation (=> initial configuration of magnetic field)



Shock wave



jet plane volcano

Behind a shock wave,
flow speed is lower than wave propagation speed;
density, pressure & temperature are enhanced

bow shock




Generating mechanisms of a shock wave



1) Thermal energy is deposited... (shock tube, blast wave)

associated with a highly dynamic event

)

high pressure
region

t=1p Pa
1%
high pressure low pressure
region region D
1
I
Xo
j
t=t1>1 PaA :
Shock wave D, '
| :
high pressure low pressure ) :
region region “— ' D,
: : —
Expansion XE Xo Xs
wave Expansion Shock wave front
wave front

Toward the low-pressure region... shock wave propagates
Toward the high-pressure region... expansion wave propagates




2) Supersonic flier exists...

associated with a highly dynamic event

A flier (green triangle) travels at a supersonic
speed (v > c,).

A sound wave generated at t1, {y and {3 forms
a spherical wave front (blue, orange, pink).

v - flier's speed The envelop of these spherical wave fronts

¢, = sound speed forms a cone-shaped shock wave front (red).

The inclination angle 0 is given by

v sin 0 = ¢ eCLEM: 1 >1)
S

When the Mach number M is much larger than 1, the shock wave front forms a sharp cone (small 6).

=

When the Mach number M is not much larger than 1, the shock wave front is detached from the flier
and forms an arc-shaped bow shock in front of the flier. >)
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