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DDI -MET TYPbS ..L..,(11-1,T0-1-1YDRODYNAI:.[I0 

by Ii. alfven

Like the whole of ;?hysic S the mt...L,neto hydroilynamics may be approached
f rom the physical or the mathematical side .

6een from the physical side the phenomena maj be descried as pro-
duced by the fact that magnetic lines of force are frozen into a medium
of high conductivity. The result of this is that in an infinitely conduc-
ting liquid or gas the magnetic lines of force L.iust share the. motion of
the whole :dedium. This has been pointed out man.; years ago by several
authors, among whom especially Cowling and I erraro should be mentioned.
In a series of parers connected with the question of the origin of the
solar and terrestrial magnetic field Cowling has discussed the importance
of the frozen-in lines of force. ierraro has shown that the non-uniform
rotation of the sun must in average occur in such a way that the manotic
lines of force lie on the isorotational surfaces (surfaces with constant
angular velocity). The last few years there has 321-)cared in the liter-
ature half a dozen different proofs, more or les. rigorous, that the
lines of force are frozen in.

among the ifiany different magneto-hydrodynamic phenomena we shall
here discuss the different types of waves. One of the vnost striking con-
sequences of the application of a iaagnetic field is that an anisotropy is
introduced so that transverse waves are possible. This can be described
by considering the magnetic lines of force as strings having a tension

• -- T1 and a mass fr per unit length. ..- -_ccording to elementary
formulae such a string can transmit '.'..avcs with the velocity

Taking also account of the fact that the strings exert a side presure,
this formula is changed into

t -Trr

witch is the velocity of magneto-hydrodynamic waves.

If we describe the same phenomena from the mathematical siC ,..e we
start with —axwalli s equations combined ',Atli the hydrodynamic equations

uri H = 4r t J 472

Guru C L,

LA H

if _

The terms

ci nci k. A a'
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m
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k
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o
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o
n
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fo
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v
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o
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 f
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u
e
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s 
th
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a
v

e
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c
it

y
 b
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o

m
e
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en
 b
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ca
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s.
 I

n 
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at
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 o
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tr
on

s 
(m

as
s 

m
e
, 

v
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c
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y
v
e
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 m
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e d

 v
v  
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 m
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 d
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 c
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er

y 
sm

al
l.
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 m
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 b
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 f
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 l
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b
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 p
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 l
ik

e 
to

 m
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 m
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is
 

n
v
e
st

ig
a
ti

o
n

w
a
s 

u
n

k
n

o
w

n
 t

o
 m

e
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c
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at
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 c
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ra
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 o
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 c
ap

il
la

ry
 w

av
es

 a
t 

th
e 

su
rf

ac
e 

di
sa

pp
ea

r.
In

 t
hi

s 
ex

pe
ri

me
nt

 t
he

 m
ag

ne
to

-h
yd

ro
dy
na
mi
c 
wa
ve
s 
we
re
 e
xp
er
im
en
ta
ll
y

de
mo
ns
tr
at
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at
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 m
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 d
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 c
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 c
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 m
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re
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 p
ro
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en
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in
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 c
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ve

rt
ed
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el
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al
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ne

rg
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pp
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ng
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n
th

e 
fo
rm

 o
f 
ma
gn
et
ic

 f
ie

ld
s 

an
d 

po
ss

ib
ly
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ou
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h
e
a
t

! 
li

m
y
 d
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cu
ss

io
n 
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th
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 s
ub
je
ct
 m
us
t 
un

fo
rt

un
at

el
y 

be
 m

ar
re

d 
by
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en
ce

 o
f 
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ny
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po
rt
an
t 

th
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ms
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fo
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th
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 h

av
e 

no
t 

b
e
e
n

 d
is

c
o

v
e
re

d
 y

e
t.
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t 

de
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de

 d
yn
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e 
of
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o
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d
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u
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in
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 d
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s
h
a
ll

 r
es

tr
ic

t
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se

lf
 t
o 
th
e 
fo
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ow

in
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ca
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s;

a
)
On

ly
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ne
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nc
om
pr

es
si
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e 

ho
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ge
ne
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mp
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pa
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a
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en
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Th
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me
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an
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of

 c
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ct

io
n 

of
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ty
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n 
th
e 
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um
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s 
su
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th
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 c
ur

re
nt

s 
fl

ow
 e

nt
ir

el
y 

in
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he
 d
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on
 o
f 

th
e
 e
le
ct
ri
c 
fi
el
d.
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s 

th
e 

ap
pr

ox
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at
io

n 
wh
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h 
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 m
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e 
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r 
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bu

t 
a
lt

h
o
u
g
h
 i

t 
h
a
s
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e
c
o
m

e
 s

o
 f
am

il
ia

r,
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t 
is
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 c

ur
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ap

pr
oi

ma
ti

on
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un
ts
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ng
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ll
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l 
ef
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s 
so
 f
ar
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s
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e 
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el
d 
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on

s 
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e 
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nc
er

ne
d;
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ut

 o
ne

 d
oe

s 
no

t 
ig

no
re

 t
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fo
rc

es
 e

xe
rt

ed
 o

n 
th

e 
ma

te
ri

al
 t

hr
ou
gh
 t
he
 H
al
l 
ef
fe
ct
 (
th
e 
no
n-

c
o
i
n
c
i
d
e
n
c
e
 
o
f
 
j
 
a
n
d
 
E)

 f
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 t
he

se
 a
re
 t
he
 p
ri
nc
ip
al
 m
ag
ne
ti
c

fo
rc

es
 o

f 
th

e 
ty
pe
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 x
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In
st
ea
d 
of
 w
ri
ti
ng
 t
he
 e
qu
at
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 o
f

mo
ti

on
 f

or
 t

he
 d

if
fe

re
nt

 t
yp

es
 o

f 
ch
ar
ge
s 
in
 t
er
ms
 o
f 

th
e
 e
le
ct
ro
-

ma
gn

et
ic

 f
or

ce
s 

an
d 

fr
ic

ti
on

al
 r

es
is
ta
nc
es
, 
on
e 
me
re
ly
 w
ri
te
s 
th
e

e
q
u
a
t
i
o
n
 
J
 
=
 
0
-
 
E
,
 
w
h
e
r
e
 
i
j
 
i
s
 
t
h
e
 
e
l
e
c
t
r
i
c
 
f
i
e
l
d
 
i
n
 
a
 
f
r
a
m
e

at
 r
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t 
in
 t
he

 m
ed
iu
m.

Th
is

 a
pp
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ti
on

 b
re

ak
s 

do
wn

 w
he
n 
th
e 
de
ns
it
y 
of
 

th
e 

m
ed

iu
m
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 l
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 o

r 
th

e 
ma

gn
et

ic
 f

ie
ld

s 
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e 
st
ro
ng
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th
e 
pr
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en
t 
di
sc
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si
on
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 f

o
r
 t

h
is

 r
ea

so
n 

no
t 

ap
pl

ic
ab

le
 t

o 
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ic
al
 g
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 c
lo
ud
s 
of
 l
ow

d
e
n

si
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.
c
)
Th

e 
mo

ti
on
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f 
th

e 
me

di
um

 i
s 
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su
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d 
an
d 
on
e 
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 m
er
el
y 
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er
ne
d

w
i
t
h
 
t
h
e
 
m
a
g
n
e
t
i
c
 
c
o
n
s
e
q
u
e
n
c
e
s
.
 
T
h
i
s
 
g
i
v
e
n
 
f
i
e
l
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o
f
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i
s
 
o
n
l
y

di
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 b
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 n
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it
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 n
ot

co
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er
ne
d 
ho
w 

it
 c

ou
ld

 b
e 

se
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up
 o

r 
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in
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ed
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i
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p
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c
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 t
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 c
on
du
ct
iv
it
y

of
 t
he
 m

ed
iu
m 
is
 a
ss

um
ed

 i
nf

in
it

e,
 f

or
 t

ha
t 

ca
se

 w
il

l 
al

wa
ys

 d
es

cr
ib

e
wh

at
 h

ap
pe

ns
 i

n 
a 

s
h
o
rt

 i
nt
er
va
l 
of
 t
im
e,
 p
ro
vi
de
d 
th
e 
nu
mb
er
 c
r-
e
 
v
1
/
4

is
 s
uf
fi

ci
en
tl
y 
gr
oa

t;
 a

nd
 i

t 
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 l
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p
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e 

ca
se

 (
3a

) 
wh

er
e 

bo
th

 v
 a

nd
 I

i 
ar

e 
al

lo
we

d 
to

 v
ar

y 
in

 t
im

e,
an
d 
pe
rf

ec
t 
co
nd
uc
ti

vi
ty

 i
s 

as
su

me
d,

 i
s 

th
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h
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 t
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y
.

In
 a

 m
u

lt
ip

ly
 c

o
n
n
e
c
te

d
 b

o
d
y
 t

h
e
 e

x
te

rn
a
l 

fi
e
ld

 i
s 

n
o

t 
g

iv
e
n

 w
h

e
n

th
e
 n

o
rm

a
l 

c
o
m

p
o
n
e
n
t 

o
f 

h
 o

v
e
r 

th
e
 s

u
rf

a
c
e
 i

s 
sp

e
c
if

ie
d
; 

b
u
t 

h
e
re

in
te

g
ra

ls
 o

f 
H

 a
ro

u
n

d
, 

ir
re

d
u

c
e
a
b

le
 p

a
th

s 
h

a
v

e
 a

ls
o

 t
o

 b
e
 g

iv
e
n

. 
T

h
e

m
o
ti

o
n
 M

a
y
 i

n
c
re

a
se

 t
h
o
se

, 
a
n
d
 h

e
n
c
e
 t

h
e
 e

x
te

rn
a
l 

fi
e
ld

, 
w

it
h

o
u

t 
li

m
it

.

In
 t

h
e
 c

a
se

 (
3

b
) 

it
 m

u
st

 a
g

a
in

 b
e
 p

o
ss

ib
le

 t
o
 f

in
d
 m

o
ti

o
n
s 

w
h
ic

h
st

re
n
g
th

e
n
 o

r 
w

e
a
k
e
n
 t

h
e
 m

a
g
n
e
ti

c
 f

ie
ld

s,
 f

o
r 

it
 m

u
o
t 

b
e
 p

o
ss

ib
le

 t
o

m
o

v
e
 t

h
e
 f

lu
id

 a
g

a
in

st
 o

r 
w

it
h

 t
h

e
 m

a
g
n
e
ti

c
 f

o
rc

e
s.

 I
t 

se
e
m

s 
th

a
t 

th
e
o
r-

e
m

s 
re

g
a
rd

in
g
 t

h
e
 e

x
te

rn
a
l 

fi
e
ld

 o
u

g
h
t 

to
 e

x
is

t,
 b

u
t 

h
a
v
e
 n

o
t 

b
o
o
n
 f

o
u
n
d

y
e
t.

 T
h

u
 d

iF
ti

n
c
ti

o
n
 m

a
d
e
 p

re
v
io

u
sl

y
 r

e
g
a
rd

in
g
 t

h
e
 c

o
n
n
e
c
ti

v
it

y
 c

a
n
n
o
t

b
e
 v

a
li

d
 h

e
re

, 
fo

r 
a
 b

o
d
y
 o

f 
a
n
y
 c

o
n
n
e
c
ti

v
it

y
 c

a
n
 b
e
 
re

d
u

c
e
d

 t
o

 a
si

m
p
ly

 c
o
n
n

e
c
te

d
 o

n
e
 w

it
h
o
u
t 

c
h
a
n
g
in

g
 i

ts
 e

le
c
tr

ic
a
l 

p
ro

p
e
rt

ie
s:

 t
h
in

sh
:l

u
ts

 m
a
9
e
 o

f 
th

e
 s

a
m

e
 m

a
te

ri
a
l 

c
a
n

 a
lw

a
y

s 
b

e
 s

tr
e
tc

h
e
d

 a
c
ro

ss
 a

ll
h

o
le

s,
 a

n
d
 w

it
h
 a

 f
in

it
e
 c

o
n
d
u
c
ti

v
it

y
 t

h
e
y

 c
a
n

 a
lw

a
y

s 
b

e
 t

h
in

 e
n

o
u

g
h

to
 h

a
v
e
 n

o
 e

le
c
tr

ic
a
l 

e
ff

e
c
ts

.

B
a
tc

h
e
lo

r 
h
a
s 

c
o
n
si

d
e
re

d
 t

h
e
 c

a
se

 o
f 

u
n
st

e
a
d
y
 m

o
ti

o
n
 f

o
ll

o
w

in
g

th
e
 s

ta
ti

st
ic

a
l 

la
w

s 
o

f 
tu

rb
u

le
n

c
e
, 

a
n

d
 h

a
s 

g
iv

e
n

 t
h

e
 c

o
n

d
it

io
n

s 
w

h
ic

h
a
r.

 n
e
c
e
s
s
a
ry

 f
o

r 
m

a
g

n
e
ti

c
 f

ie
ld

s
 t

o
 b

e
 b

u
il

t 
u

p
. 
I 

h
o

p
e
 i

t 
w

il
l 

b
e

p
o
ss

ib
le

 t
o
 e

x
te

n
d

 t
h

is
 s

o
 t

h
a
t 

o
n

e
 c

a
n

 c
o

n
c
lu

d
e
 w

h
a
t 

w
o

u
ld

 h
a
p

p
e
n

 i
n

a
 b

o
u
n
d
e
d
 m

e
u
iu

m
, 
a
n
d
 i

n
 p

a
rt

ic
u
la

r 
w

h
e
th

e
r 

fi
e
ld

s 
c
o
rr

e
sp

o
n
d
in

g
 t

o
 l

o
w

o
rd

e
r 

m
o
d
e
s 

si
z
e
 i

n
 a

s 
g

e
n

e
ra

l 
d

ip
o

le
 f

ie
ld

s 
w

o
u

ld
 b

e
 l

ik
e
ly

 t
o

 r
e
su

lt
.

In
 c

o
n
s
id

e
ri

n
g

 t
1

 c
a
s
e
 (

2
a
) 

w
h

e
re

 t
h

e
 v

e
c
to

r 
fi

e
ld

 o
f 

v
 i

s
n
o

t 
a
 f

u
n

c
ti

o
n

 o
f 

th
e
 t

im
e
, 
it

 i
s
 h

o
w

e
v
e
r 

u
s
e
fu

l 
to

 c
o
n
s
id

e
r 

th
is

 n
o
t-

io
n
 t

o
 h

a
v
e
 o

c
tu

m
a
n
c
e
d
 a

t 
a
 t

im
e
 w

h
e
n

 a
 p

a
rt

ic
u

la
r 

m
a
g

n
e
ti

c
 f

ie
ld

 w
a
s

p
re

 s
e
n

t.
m

o
ti

o
n
s
, 
if

 t
h
e
y
 c

o
n
ti

n
u
e
 f

o
r 

a
 s

u
ff

ic
ie

n
t 

le
n
g
th

 o
f 

ti
m

e
,

w
il

l 
in

c
re

a
se

 m
a
g
n
e
ti

c
 f

ie
ld

s,
 -

a
lt

h
o

u
g

h
 t

h
e
y

 m
a
y

 i
n

it
ia

ll
y

 d
e
c
re

a
se

th
e
m

 (
e
x

c
e
p
t 

if
 v

 i
s
 e
ve
ry
wh
er
e 
pa
ra
ll
el
 t
o 
H 
).
 T
hu
 i
nc
re
as
e 
is

th
e
n
 s

u
c
h
 t

h
a
t 

th
e
 a

ff
c
ie

d
 c

o
m

p
o
n

e
n

t 
o

f 
H

 i
n

c
re

a
s
e
s
 l

in
e
a
rl

y
 w

it
h

th
e
 t

im
e
.

In
 t

h
e
 c

a
se

 (
2

b
) 

th
e
re

 a
re

 t
h

re
e
 p

o
ss

ib
le

 c
o
n
se

q
u
e
n
c
e
s 

o
f 

th
e

m
o
ti

o
n
: 1
?
 T

h
e
 f

ie
ld

 m
a
y

 d
e
c
a
y

.
2
) 

T
h
e
 f

ie
ld

 m
a
y
 i

n
it

ia
ll

y
 i

n
c
re

a
s
e
 a

n
d
 t

h
a
n
 d

e
c
a
y
 t

o
 z

e
ro

. 
T

h
is

h
a
p

p
e
n

s 
w

h
e
n

 a
 c

o
m

p
o

n
e
n
t 

o
f 

th
e
 s

ta
rt

in
g

 f
ie

ld
 i

s 
n

e
c
e
ss

a
ry

fo
r 

th
e
 d

y
n
a
m

o
 a

c
ti

o
n
 b

u
t 

is
 n

o
t 

it
s
e
lf

 s
tr

e
n

g
th

e
n

e
d

 b
y

 i
t.

5
)
 

T
h

e
 f

ie
ld

 m
a
y
 i

n
c
re

a
se

 e
x
p

o
n

o
rg

in
ll

y
, 

T
h

is
 h

a
p

p
e
n

s 
if

 t
h

e
 e

ss
-

e
n
ti

a
l 

p
z
'.
rt

s
 o

f 
th

e
 s

ta
rt

in
g
 f

ie
ld

 a
re

 s
tr

e
n
g
th

e
n
e
d
 b

y
 t

h
e

m
o

ti
o

n
. 
T

h
is

 c
a
se

 i
s 

c
a
ll

e
d
 t

h
e
 "

se
lf

-e
x
c
it

e
d
 d

y
n
a
m

o
"
. 
In

th
is

 c
a
s
e
 t

h
e
 r

e
s
is

ti
v

it
y

 o
f 

th
e
 m

a
;c

ri
a
l 

is
 a

n
 e

s
s
e
n
ti

a
l

fe
a
tu

re
; 

fo
r 

a
 p

e
rf

e
c
t 

c
o
n
d

u
c
to

r 
o

n
ly

 a
 l

in
e
a
r 

in
c
re

a
s
e
 w

it
h

ti
m

e
 w

a
s 

p
o
ss

ib
le

.

T
w

o
 g

e
n
e
ra

l 
p
ro

p
e
rt

ie
s 

o
f 

se
lf

 e
x
c
it

e
d
 d

y
n
a
m

o
s 

m
u
st

 b
e
 m

e
n
ti

o
n
e
d
.

li
rs

tl
y
 i

t 
w

il
l 

b
u

il
d

 u
p

 e
it

h
e
r 

s
e
n

s
e
 o

f 
m

a
g

n
e
ti

c
 f

ie
ld

, 
d

e
p

e
n

d
in

g
on
ly
 u
po
n 
th
e 

ar
bi

tr
ar

il
y 

we
ak

 s
ta

rt
in

g 
fi

el
d.

 T
he

 s
ec

on
d 

co
nc

er
ns

th
e 

ex
is

te
nc

e 
of
 a
 c
ri
ti
ca
l 
sp
ee
d:
 I
f 
th
e 
ve
ct
or
 f
ie
ld
 o
f 

v 
is

 g
iv

en
as
 
c
t
 
.
 
f 

(x
,y
,z
),
 t
he
n 
th
er
e 
is
 a

 c
ri
ti
ca
l 
va
lu
e 
fo
r 
oe
..
 ,
 b
el
ow

V.
-d
oh
 t
he
 s
ys
te
m 
ca
nn
nt
 g
en
er
at
e 
ma
gn
et
is
m,
 a
nd
 a
bo
ve
 w
hi
ch
 t
he
 m
ag
-

ne
ti
c 
fi
cl
d 
mu

st
 i
nc
re
as
oe
xp
rr
ie
rl
t-
al
y

. . 
Pr
ec
is
el
y 
at
 t
hi
s 
cr
it
ic
al
 s
pe
ed

th
e 
sy
st
em
 p
ro

vi
de

s 
th

e 
on

ly
 c

as
e 

of
 (

lb
),

 t
he

 s
te

ad
y 

sa
te

 d
yn

am
o.

(T
he
 c
as
e 

(l
a)

 i
s 

of
 c

ou
rs

e 
tr

iv
ia

l,
 a

nd
 w

as
 i

nc
lu

de
d 

on
ly

 f
or

 c
om

-
pl
et
en
es
s 
of
 c

la
ss

if
ic

at
io

n)
.

It
 i

s 
in
 t

hi
s 

ca
se

 o
f 

th
e 

st
ea

dy
, 
re
si
st
iv
e 
dy
na
mo
 t
ha
t 
on
e 
is

mo
st
 a
nx
io
us
 t

o 
kn

ow
 w

ha
t 

th
e 

ne
ce

ss
ar

y 
co

nd
it

io
ns

 a
nd

 r
es

tr
ic

ti
on

s
ar
e.
 T
he
 e
ng
in

ce
rs

1  
dy

na
mo

s 
of

 t
hi

s 
ty
pe
 a
re
 m
ul
ti
pl
y 
co
nn
ec
te
d,
 b
ut

we
 h
av
e 
se
en
 t

ha
t 

th
is

 c
an

no
t 

be
 a

 n
ec

es
si

ty
. 

It
 s

ee
ms

 t
ha

t 
so

me
 o

h-

2.
Go

ld



je
st

s 
an
d 
st
ea
dy
 
m

o
ti

o
n
s 

c
a
n
 d

o
 t

h
e
 t

ri
c
k

) 
a
n
d
 o
th
er
s 
ca
nn
ot
; 
an
d 
we

ha
ve
 n
ot
 f
ou
nd
 a
nd
 p

ro
ve

d 
wh

at
 t

he
 n

ec
es

sa
ry

 c
on

di
ti

on
 i

s.

Th
e 

pr
bl

em
 h

as
 b
ec
om
e 
ou
ts
ta
nd
in
g 
fo

r 
it
s 
ap
pl
ic
at
io
n 
to
 g
eo
-

ma
gn
et
is

m 
an
d 
st
el
la

r 
ma

gn
et
ic
 f
ie
ld
s

) 
an
d 
ha
s 
be
en
 g
iv
en
 

m
u

ch
 i

m
p

et
u

s
th

e 
wo
rk
 o
f 

- 1)
1.
 B

ul
la

rd
.

re
st
ri
ct
io
n 

is
 f

ur
ni

sh
ed

 b
y 

Co
wl

in
g'

s 
fa

mo
us

 p
ro

of
 t

ha
t 

ax
ia

l
sy
mm
et
ry
 i
s 
ad
mi
ss
ib

le
 f

or
 t

hi
s 

dy
na

mo
 a

ct
io

n.
 S

ev
er

al
 m

or
e 

sy
mm

et
ri

es
c
a
n
 b

e
 i

n
d

iv
id

u
a
ll

y
 e
xc

lu
de

d.
 I

t 
ca

n 
al

so
 b

e 
sh

ow
n 

th
at

 i
f 

th
e 

sh
ap

e
of
 t
he
 b
od
y 
is
 l
ik
e 

it
s 

mi
rr

or
 i

ma
ge

, 
th

en
 i

t 
ca

nn
ot

 f
un

ct
io

n 
wi

th
 a

mo
ti

on
 w

hs
e 

re
ve

rs
al
 i
s 
id
en
ti
ca
l 
wi
th
 i

ts
 m
ir
ro
r 

im
a
g
e
. 
Bu
t 
wi
ll
 i
t

be
 p

os
si

bl
e 

to
 s

ho
w 

th
at

 n
o 

s
te

a
d
y
 f

lu
id

 m
ot
io
n 
wi
th
in
 a
 h
om
og
en
eo
us

fl
ui
d 
sp
he
re
 c
an
 r
es

ul
t 

in
 t

hi
s 

ty
pe

 o
f 

dy
na

mo
 
a
c
ti

o
n
, 
pr
od
uc
in
g 
an
 e
x-

te
rn

al
 f
ie
ld
 w
it
h 

a 
di
po
le
 m
om
en
t?

I 
be
li
ev
e 
th
at

 i
t 

wi
ll

 b
e 

po
ss

ib
le

 t
o 

sh
ow

 j
us

t 
th

is
. 

Th
e 

ex
is

te
nc

e
of
 a
 d
ip
ol
e 
mo
me
nt
 w

ou
ld

 i
mp

ly
 t

ha
t 

a 
ne

t 
co

up
le

 i
s 

ap
pl

ie
d 

to
 a

ll
 c

ha
r-

ge
s 

of
 o

ne
 s

ig
n,

 b
y 

th
e 

to
ta

l 
el

ec
tr

ic
 f

ie
ld
 g
iv
en
 b
y 
('
4

. 
T 
x 
H 
).

In
 a
ll
 t
he
 c
as
es
 o
f 

wh
ic

h 
I 

am
 a

wa
re

 w
hi

ch
 

w
o

u
ld

 c
e
rt

a
in

ly
 r
es
ul
t 
in

dy
na

mo
 a

ct
io

n,
 i

t 
is
 t
he
 B
' 
te
rm
 w
hi
ch
 c

au
se
s 
th
is
 c
ou
pl
e;
 b
ut
 
in

 t
he

ca
se

 o
f 

a 
sp

he
re

 t
he

 E
' 

te
rm

 
(a

 p
ot

en
ti

al
 f

ie
ld

 d
ue

 t
o 

fr
ee

 c
ha

rg
es

)
ca
nn
ot
 a
pp
ly
 a
 c
ou
pl

e,
 a

s 
in

de
ed

 i
t 

ca
nn

ot
 a

pp
ly

 a
ro

un
d 

th
e 

ax
is

 i
n

an
y 

ax
ia
ll
 y
 s
ym
me

tr
ic
 o
bj
ec
t.
 I
t 
se
em
s 
to

 m
e 
th
at
 t
hi
s 
wo
ul
d 
ad
eq
ua
te
ly

ma
ke
 t
he
 d
is
ti
nc
ti
on

 b
et

we
en

 t
he

 o
bj

ec
ts

 w
hi

ch
 c

an
 a

nd
 t

ho
se

 w
hi

ch
 c

an
-

no
t 
wo
rk
 a
s 
dy
na
mo

s.
 T

hi
s 

th
en

 s
ug

ge
st

s 
wh
at

 w
ou

ld
 h

av
e 

to
 b

e 
pr

ov
ed

,
na

me
ly

 t
ha

t 
th

e 
v 

x 
H 

te
rm

 c
an

no
t 

re
su

lt
 i

n 
a 

co
up

le
 e

it
he

r.
 S

o 
fa

r
as
 I
 c
an
 s
ee
 t
hi
s 

wo
ul

d 
le

av
e 

al
l 

wo
rk

in
g 
dy

na
mo

s 
wo

rk
in

g,
 b

ut
 w

ou
ld

pr
ev

en
t 

th
e 

co
re

 o
f 
th
e 
ea
rt
h 
an
d 
he
 s
ta
rs
 f
ro
m 
be
in
g 
st
ea
dy
 s
ta
te

dy
na
mo
s:



wh
ic

h 
gi
ve
s 
-

()
V

as
 t

he
 c

on
tr

ib
ut
io
n 
fr
om

rh
l
 
,
 
r
e
p
_

L'

,

Vo
lu

me
 o

cc
up

ie
d

by
 g
as

ET
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2,

J 
1.

11
Gz

. :8
1Z

.

by
 I

. 
Ho

yl
e.

di
ff

us
e 

ga
s,

 i
n 

th
e 

se
ns

e 
of

 t
he

 p
re
se
nt
 p
ap
er
, 
me
an
s 
a 
ga
s

in
 w
hi

ch
 t

he
 a

ve
ra

ge
 t

im
e 

be
tw

ee
n 

su
cc

es
si
ve
 c
ol
li
si
on
s 
of
 a
 c
ha
rg
ed

pa
rt

ic
le

 (
de

fi
ne

d 
ac

co
rd

in
g 

to
 s

om
e 

s
u
it

a
b

le
 c

ri
te

ri
o

n
) 

is
 l

o
n

g
 c

o
m

-
pa

re
d 
wi
th
 t
he
 L
ar

mo
r 
pe
ri
od
,
 

ai
rr

 n
i
c
/

Ie
	,
 

w
h
e
r
e
 
a
 
i
s
 
t
h
e
 
m
a
s
s

o
f
 
t
h
e
 
p
a
r
t
i
c
l
e
,
 
e
 
i
t
s
c
h
a
r
g
e
,
 
o
 
t
h
e
 
v
e
l
o
c
i
t
y
 
o
f
 
l
i
g
h
t
,
 
a
n
d
 
7
3
 
t
h
e

ma
gn

et
ic

 i
nt

en
si

ty
. 

It
 i

s 
wo

rt
h 

no
ti

ng
 t

ha
t 
th
e 
qu
es
ti
on
 o
f 
wh
et
he
r 
a

ga
s 

is
 d

if
fu

se
 o

r 
no
t 
in
 t
hi
s 
se
ns
e 
de
pe

nd
s 
on
 t
he
 e
ag
ni
tu
de
 3
3 
of
 B
,

as
 w

el
l 

as
 o

n 
th

e 
de
ns
it
y,
 c
om
po
si
ti
on
, 

tm
pe
ra
tu
re
, 
et
c.
, 
of
 t
he
 g
as
.

s 
ex
am

pl
es

 o
f 

di
ff

us
e 

ga
se

s 
we

 m
ay

 i
ns
ta
nc
e 
io
ni
se
d 
in
te
rs
te
ll
ar

g
a
s
 
if
 t
he
 m
ag
ne
ti

c 
in

te
ns

it
y 

sh
ou

ld
 r

is
e 

ab
ov

e 
ab

ou
t 

10
-
1
2
 g
au
ss
, 
th
e

so
la

r 
co

ro
na

 a
nd

 c
hr

om
os

ph
er

e 
if

 t
he

 m
ag

ne
ti
c 
in
te
ns
it
y 
sh
ou
ld
 r
is
e

a
b
o
v
e
 
a
b
o
u
t
 
1
 
g
a
u
s
s
,
 
a
n
d
 
t
h
e
 
e
l
e
c
t
r
o
n
s
 
i
n
 
t
h
e
 
I
.
 
a
n
d
 
E
 
l
a
y
e
r
s
 
o
f

th
e 

te
rr
es
tr
ia
l 
io

no
sp
he
re
.

Br
ev

it
y 

re
st

ri
ct

s 
me

 t
o 

tw
o 

pr
ob

le
ms
; 
na
me
ly
, 
th
e 
re
la
ti
on
 b
e-

tw
ee
n 

th
..

.;
 e

le
ct

ri
c 
cu
rr
en
t 
de
ns
it
y 
J-

an
d 

th
e 

fi
el

d 
ve

ct
or

s 
xj

, 
3,

an
d,

 s
ec

on
d,

 t
he

 o
ri

gi
n 

of
 h

ig
hl

y 
ac

ce
le

ra
te
d 
pa
rt
ic
le
s.
 T
he
 f
ir
st

st
ep
 i
n 
co
ns
id
er
in

g 
th

e 
cu

rr
en

t 
is

 t
o 

di
vi

de
in
to
 t
wo
 p
ar
ts

ei,
, 
k J
_ 

, 
th

es
e 

be
in

g 
th

e 
co

mp
on
en
ts
 o
f

pa
ra
ll
el
 a
nd

IT
6

rp
e
n
d
ic

u
la

F
re

sp
e
c
ti

v
e
ly

 t
o
 B
. 

We
 h

av
e

•

wh
er

e
E 

i1
is

 t
he

 c
om

po
ne

nt
 o

f 
th

e
 e

le
c
tr

ic
 f

ie
ld

 p
a
ra

ll
e
l 

to
8

, 
a
n
d
 
Or

is
 t

he
 c

on
du

ct
iv

it
y 

th
at
 t
he
 g
as
 w
ou
ld
 h
av
e 
in
 t
he

ab
se

nc
e 

of
 a

 m
ag
ne
ti
c 
fi
el
d.
 I
t 
fo
ll
ow
 f

ro
m 
th
e 
fo
rm
 o
f 
(1
) 
th
at

d-
1

ca
n 

ha
ve
 l

it
tl

e 
im

po
rt

an
ce

 i
n 

ma
ny
 a
st
ro
ph
ys
ic
al
 p
ro
bl
em
s.

Co
Mi

dc
:r

, 
fo

r 
ex

am
pl

e,
 t

he
 i

mp
or

ta
nt

 q
ue

st
io
n 
of
 w
he
th
er
 o
r 
no
t 
th
e

mo
ti

on
 o

f 
io

ni
se

d 
in

te
rs

te
ll

ar
 g

as
 c

an
 g

en
er
at
e 
a 

m
a
g
n
e
ti

c
 f

ie
ld

 (
o
f

or
de

r 
10

-
6
 g

au
ss

) 
wi

th
 e

ne
rg

y 
co

mp
ar

ab
le

 t
o 
th
at
 o
f 
th
e 
en
er
gy
 o
f

mo
ti

on
 o
f 
th
e 
ga
s.

 T
hi
s 
ce
rt
ai
nl
y 
ca
nn
ot

 a
ri
se
 t
hr
ou
gh
 d
- 
1

, 
as

we
 c

an
 e

as
il

y 
se

e 
fr

om
 t

he
 e

qu
at

io
n

(r
at

e 
of
 i
nc
re
as
e 

of
 m
ag
ne
ti
c 
en
er
gy
)

- 
(r

at
e 

of
 r

ad
ia

ti
on

 b
y 

ga
s)

E
 

c
 V

V
o

lu
m

e 
oc

cu
pi
ed
 b
y 
ga
s

re
se

nt
in

g 
a 

 
d
e
c
a
y
 o
f 
ma
gn
et
ic
 e
ne
rg
y 
no
t 
an
 i
nc
re
as
e.

We
 a

re
 t

he
n 
lo
ft
 w
it
h 
j'

i
	,
 
a
n
d
 
i
t
 
i
s
 
h
a
r
e
 
t
h
a
t
 
d
i
f
f
i
c
u
l
t
i
e
s

ar
is
e,
 f
or
 n
o 
co
mp

le
te

 r
el

at
io

n 
be

tw
ee

n 
j-

1
 
a
n
d
 
t
h
e
 
f
i
e
l
d
 
v
e
c
t
o
r
s

is
 a

t 
pr

es
en

t 
av

ai
la

bl
e.

 I
t 

is
 t

ru
e 

th
at
, 
ne
gl
ec
ti
ng
 c
ol
li
si
on
s 
am
on
g

th
e 

pa
rt

ic
le

s,
 a

n 
in

ve
st

ig
at

io
n 

by
 C

ow
li
ng
 l
oa
ds
 t
o 
a 
fo
rm
ul
a 
of
 t
he

ty
pe

j,
 

-=
E

x
B

I
(2

)

w
e
r
e
 

OM
-

is
 k

no
wn

 a
s 

a 
"t

ra
ns

ve
rz

e"
 c
on
du
ct
iv
it
y.
 T
hi
s 

fo
n

ti
la

is
 v
al
id
, 
ho
we
ve
r,

 
o

n
ly

 u
nd

er
 v

er
y 

re
st
ri
ct
ed
 c
on
di
ti
on
s.
 T
he
se
 c
on
-

di
ti

on
s 

ar
e 

ne
vo

r 
sa

ti
sf

ie
d,

 s
o 

fa
r 

as
 I

 a
m 
aw
ar
e,
 i
n 
th
e 
ca
se
s 
th
at

ar
e 
of

 i
nt

er
es

t 
in

 a
st

ro
ph

ys
ic

s.
 T

he
 v

al
id
it
y 
re
qu
ir
em
en
ts
 a
rt
y 
:-



(
i

)
th

a
t

sh
a
ll

 b
e
 m

e
a
su

re
d
 i

n
 a

 f
ra

me
 o

f 
re

fe
re

nc
e 

mo
vi

ng
 w

it
h

th
e
 m

a
te

ri
a
l 

(a
t 

th
e
 p

la
c
e
 w

h
e
re

 j
•I

is
 b

e
in

g
 c

a
lc

u
la

te
d

),

(
i
i
)
th

at
 t

he
 s

pa
ce

 a
nd

 t
im

e 
de

ri
va

ti
ve

s 
of

 D
0 
B

 a
r
e
 n
eg

le
ct

ed
,

M
M

A
,

(i
ii)

th
a
t 

th
e
 g

a
s
 i

s
 n

o
t 

b
e
in

g
 r

a
p
id

ly
 a

c
c
e
le

ra
te

d
 -

 o
r,

 m
o

re
 p

re
c
-

is
el
y 
th
at
 t
he

 f
ra

ct
io

na
l 

ch
an

ge
 o

f 
ve

lo
ci

ty
 o

f 
th

e 
ma

te
ri

al
in
 o
ne
 L
ar
mo
r 

pe
ri

od
 i

s 
sm

al
l 

co
mp

ar
ed

 w
it

h 
un

it
y.

Th
es

e 
re

qu
ir

em
en

ts
 
b
e
g
 t
he
 w
ho
le
 q

u
e
st

io
n

, 
a
s 

c
a
n
 b
e 
se
en
 
fr

o
m

 t
h
e

fo
ll
ow
in
g 

co
ns
id
er
at

io
ns

.

Wh
en

 c
ol

li
si

on
s 
ar

e 
ne

gl
ec

te
d 

in
 a

 n
on

-r
el
at
iv
is
ti
c 
th
eo
ry
, 
a

ch
ar
ge

d 
pa

rt
ic

le
 m

ov
es

 w
it

h 
th

e 
ve

lo
ci

ty
 
V
 

ac
co
rd
in
g 
to
 t
he

eq
ua

ti
on

Et
 E

_
B M

O
,

wh
er

e 
'3

 i
s 

me
as

ur
ed

 i
n 

th
e 

sa
me

 f
ra

me
 o

f 
re

fe
re

nc
e 

as
 V

" 
. 

So
 l

on
g

as
 
E
r
 

<
. 
8
 

, 
th

is
 e

qu
at

io
n 

ha
s 

a 
so

lu
ti

on
 f

or
 t

he
 c

om
po

ne
nt

 o
f

v-
 
p
e
r
p
e
n
d
e
c
u
l
a
r
 
t
o
 
B
 
o
f
 
t
h
e
 
f
o
r
m

ef
rl
 .
 (
Os

ci
ll

at
in

g 
te

rm
 r

ep
re

se
nt

in
g 

La
me

r 
pr

ec
es

si
on

)
+
 
c
 
E

 g
. 
8

 /
/ B

(4
)

+ 
(

sm
al

l 
te

rm
s 

de
pe

nd
in

g 
on

 t
he

 s
pa

ce
 a

nd
 t

im
e

de
ri

va
ti

ve
s 

of
F

No
w 

th
e 

os
ci

ll
at

in
g 

te
rm

 d
oe

s 
no

t 
co

nt
ri

bu
te

 t
o 

j-
. 
No
r 
do
es

C
 
E
 
K
 
E
l
/
 

E
l'.

in
 a

 n
eu

tr
al

 g
as

, 
si

nc
e 

th
is

 t
er

m 
is

 i
nd

ep
en

de
nt

 o
f

e
,
m
.
 
H
e
n
c
e
,
 
w
h
e
n
 
(
E
1
<
<
 
B

 a
nd

 c
ol

li
si

on
s 

ar
e 

ne
gl

ec
te

d 
in

 a
 d

if
fu

se
ne

ut
ra

l 
io

ni
se

d 
g
a
s
, 

61
- 

--
 
c
a
n
 
a
r
i
s
e
 
o
n
l
y
 
t
h
e
 
s
m
a
l
l
 
t
e
r
m
s
 
i
n
 
(
4
)

th
at

 d
ep

en
d 

on
 t

he
 d

er
re

at
iv

es
 o

f 
E
,
 
B.

 a
cc

or
di
ng
ly

mu
st
 b

e
ze

ro
 i
n 
th
e 
ap
pr
ox
im

at
io

n 
in

 w
hi

ch
 t

he
s9

 t
or

us
 a

re
 n

eE
le

ct
ed

. 
Th

is
 i

s
th

e 
Co

wl
in

g 
ap

pr
ox

im
at

io
n 

. 
Th

e 
re

su
lt

 
e
 
o
 
d
o
e
s
 
i
n
d
e
e
d
 
f
o
l
l
o
w
 
f
r
o
m

(2
) 

wh
en

 w
e 

ta
ke

 a
cc

ou
nt

 o
f 

th
e 

re
qu

ir
6R

6n
ts
 (
i)
, 
(i
i)
, 
(i
ii
) 
st
at
ed

ab
ov
e.
 T
hu
s 
a 
fr
am
e 

of
 r

ef
er

en
ce

 m
us

t 
be

 c
ho

se
n 

su
ch

 t
ha

t 
th

e 
dr

if
t

te
rm

 G
 E

 x
 B

 l
 0

a
	i
n
 
(
4
)
 
v
a
n
i
s
h
e
s
.
 
I
n
 
o
t
h
e
r
 
w
o
r
d
s
 
w
h
e
n
 
(
i
i
i
)
 
i
s

sa
ti
sf
ie
d,

mu
st

 b
e 

ze
ro

 i
n 

a 
fr

am
e 

of
 r

ef
er

en
ce

 m
ov

in
g 

wi
th

 t
he

in
 (
2)
.

We
 a

re
 f

ac
ed

 t
he

re
fo

re
 w

it
h 

th
e 

si
tu

at
io
n 
th
at
 t
he
 s
ma
ll
 t
er
ms

on
 t
he
 r

ig
ht
 h
an
d 
si

de
 o

f 
(k

) 
de

te
rm

in
e 

th
e 

cu
rr

en
ts

 o
f 

iu
po

rt
an

co
 t

ha
t

fl
ow

 i
n 

a 
di

ff
us

e 
ga

s.
 T

o 
ob

ta
in

 t
he

 c
ur

re
nt
 e
xp
li
ci
tl
y 
is
 f
ar
 m
or
e

di
ff

ic
ul

t,
 h

ow
ev

er
, 

th
an

 t
he

 p
ro

ce
du

re
 f

ol
lo
we
d 
in
 o
th
er
 b
ra
nc
he
s 
of

el
ec
tr
om

ag
ne
ti
c 
th
eo

ry
. 

No
r 

ca
n 

th
e 

di
ff

ic
ul

ty
 b

e 
av

oi
de

d,
 s

in
ce

 t
he

so
lu

ti
on

 o
f 

an
y 

el
ec

tr
om

ag
ne

ti
c 

pr
ob

le
m 

de
pe

nd
s 
on
 
a 

kn
ow
le
dg
e 
of
 t
he

re
la
ti
on

 b
et
we
en
 c
ur

re
nt

 a
nd

 f
ie

ld
 v

ec
to

rs
.

kl
th

ou
gh

 a
 c

om
pl

et
e 

di
sc

us
si

on
 o

f 
th

is
 q
ue
st
io
n 
is
 n
ot
 y
et
 a
va
il
-

ab
le

, 
pr

el
im

in
ar

y 
in

ve
st

ig
at

io
ns

 h
av

e 
in

de
ed

 b
ee
n 
ma
de
 b
y 
le
rr
ar
o 
an
d

Bu
ne

ma
n.

 A
s 

bo
th

 P
ro
f.
 F
er
ra
ro
 a
nd
 D
r.
 B
un

em
an
 w
il
l 
no
 d
ou
bt
 b
e 
di
s-

ce
ss

in
L;

 t
hi
s 
ve
ry
 p
oi
nt
 i
n 
th
ei
r 
ow
n 
pa
pe
rs
 I
 s
ha
ll
 c
on
fi
ne
 m
ys
el
f 
to

on
e 

ge
ne

ra
l 

re
ma

rk
. 

Bo
th

 B
un

em
an

 a
nd

 l
er

ra
ro

 h
av
e 
ma
de
 p
ro
gr
es
s 
wi
th

th
e 
pr
ob

le
m 
in
 t
he
 s

pe
ci

al
 c

as
e 

wh
er

e 
th

e 
pa

rt
ic

le
s 

sa
ti

sf
y 

an
 i

ni
ti

al
c
o
n
d
i
t
i
o
n
 
c
u
r
l
(
 
v
"

e
 
H
 
/
n
)
e
 
)
 
=
 
o
,
 
w
h
e
r
e
 
A
 
i
s
 
t
h
e
 
v
e
c
t
o
r
 
p
o
t
e
n
-

ti
al
. 
le
rr
ar
o 
ha
s 
sh

ow
n 

th
at

 i
n 

th
is

 c
as

e 
th

e 
pr

op
er

ti
es

 o
f 

a 
di

ff
us

e
ga
s 
ha
ve
 s
im
il
ar
it
ie

s 
wi

th
 t

ho
se

 o
f 

a 
su

pe
rc

on
du

ct
or

. 
Th

us
, 

if
 i

t
sh
ou
ld
 t
ur
n 
ou
t 
to
 b

e 
a 

ge
ne

ra
l 

pr
op

er
ty

, 
wi

ll
 s

et
tl

e 
th

e 
ve

xe
d

qu
es

ti
on

 o
f 

gl
e 

ex
is

te
nc

e 
or

 o
th

er
wi

se
 o

f 
la

rg
e 
in
te
rs
te
ll
ar
 f
ie
ld
s

(o
f 

or
de
r 
10

-
°
 g

au
ss

),
 f

or
 i

f 
th

e 
in

te
rs

te
ll
ar
 g
as
 a
ct
s 
as
 a
 s
up
er
co
n-

du
ct
or
 i
t 
is
 c
er
ta
in

 t
ha

t 
su

ch
 l

ar
ge

 f
il

ds
 c

an
no

t 
be

 g
en

er
at

ed
 s

po
n-

ta
ne

ou
sl

y,
 a

s 
a 

nu
mb
er
 o
f 
wr
it
er
s 
ha
ve
 s
ug

ge
st
ed
.

Bu
t 
no
w 
it
 i
s 

ti
me

 t
o 

mo
ve

 o
n 

to
 m

y 
se
co

nd
 p

ro
bl

em
 -

 t
he

 a
c-

ce
le
ra
ti

on
 o
f 
ch
ar
ge

d 
pa

rt
ic

le
s 

in
 e

le
ct

ri
c 

fi
el

ds
. 

Le
t 

us
 b

eg
in

 w
it

h

(3
)

)

m
a
te

ri
a
l,

 a
n
d
 t
hi

s 
gi

ve
s

=
 
0

2.
Ho

yl
e



th
e
 v

e
r,

, ,-  s
im

)7
0
 c

a
se

 o
f 

tw
o

 q
u

a
e
i-

st
e
a
d

y
 c

o
n

fi
g

u
ra

ti
o

n
s 

o
f 

e
le

c
ri

c

c
u
rr

e
n
t,

 o
n

e
 l

e
,i

n
L

 i
n

 a
 e

le
e
e
d

 r
e

g
io

n
 V

i 
a
n
d
 t

h
e
 o

th
e
r 

in
 a
 d

if
fe

re
nt

c
l
o
s
e
d
 
r
e
g
i
o
n
 
V
2
. 

fu
rt

he
r,

 l
et

 t
he

 s
el

f-
in

du
ct
an
ce
s 
of
 t
he
 t
wo
 s
ye
te
me

be
 l
ar

g
e 

co
mp

ar
ed

 w
it
h 
th
ei
r 
eu
tu
al
 i
nd
uc
ta
nc
e,
 a
nd
 l
et
 
V
2
 
b
e
 
i
n

m
o
t
i
o
n
 
w
i
t
h
 
v
e
l
o
c
i
t
y
 
U
 
r
e
l
a
t
i
v
e
 
t
o
 
V
1
.
 
l
o
r
 
t
h
e
 
s
a
k
e
 
o
f
 
d
e
f
i
n
i
t
e
n
e
s
s

ch
oo

se
 t

he
 f

ra
me

 o
f 
re
fe
re
nc
e 
in
 w
hi
ch
 V
1 

is
 a
t 
re
st
 a
nd
 i
n 
th
is
 f
ra
me

o
f
 
r
e
f
e
r
e
n
c
e
 
w
r
i
t
e
 
B
 
f
o
r
 
t
h
e
 
m
a
g
n
e
t
i
c
 
i
n
t
e
n
s
i
t
y
 
a
n
d
 
L
 
f
o
r
 
t
h
e

el
ec

tr
ic

 f
ie

ld
. 

Io
r 

si
mp

li
ci

ty
, 

le
t 

th
er

e 
be

 n
o 
ot
he
r 
so
ur
ce
 o
f 
B.

— 
No

w 
in

 s
uc

h 
a 

si
tu

at
io

n 
th

er
e 

is
 a

 c
on
tr
ib
ut
io
n 
of
 m
ag
ni
tu
de

0
 
B
/
c
 
t
o
 
L
 
f
r
o
m
 
2 1
 
a
n
d
 
V
.
 
w
h
e
r
e
 
U
 
=
 
H
i
 
a
n
d
 
f
 
i
s
 
a

2
2

su
it
ab
ly
 a

ve
ra
ge
d 
va
lu

e 
of
 1
13

.1 
.
 
T
h
i
s
 
c
o
n
t
r
i
b
u
t
i
o
n
 
(
a
r
i
s
i
n
g
 
f
r
o
m
 
t
h
e

•a
ra

d
a
: 

in
d
u
c
ti

o
n
 e

ff
e
c
t)

 c
an

no
t 

be
 i

n 
ge

ne
ra

l 
re

mo
ve

d 
by

 a
 L

or
en

tz
tr

an
ef
or
ma

ti
on
. 
Mo
re

ov
er

 t
he

re
 i

s 
in

 g
en

ee
ml
 a

 n
on

-v
an

is
hi

ng
 c

om
po

ne
nt

in
 t

he
 d

ir
ec

ti
on

 o
f 
B.
 (
is
io
re
 p
re
ci
se
ly
, 

if
 B
l 
is
 

th
e
 f

ie
ld

 o
f 

V
i

a
n
d
 
B
2
 
t
h
a
t
 
o

f
 V

2
, 

th
e
 c
on

di
ti

on
 f

or
 t

he
 c

on
tr

ib
ut

io
n 

to
 L

 t
o 

ha
ve

a
 
n
o
n
-
z
e
r
o
 
c
o
m
p
o
n
e
n
t
 
i
n
 
t
h
e
 
d
i
r
e
c
t
i
o
n
 
c
f
 
B
 
i
s
 
t
h
a
t
 
U

sh
al
l 
ha
ve

a 
no
n-
ze
ro

 c
om
po
ne
nt

 p
er

pe
nd

ic
ul

ar
 t

o 
th

e 
p
la

n
e
 d
e
f
i
n
e
d
 
b
y
 
B

i
, 

72
2
).

Th
us

 i
f 

th
er

e 
is

 c
on
du
ct
in
g 
ma
te
ri
al
 o
ut
si

de
 V

1
, 
V 2
 
w
e
 
m
i
g
h
t
 
a
t
 
f
i
r
s
t

si
gh
t 
ex

pe
ct
 a
n 
el
ec

tr
ic

 c
ur

re
nt

 i
n 

th
e 

di
re

ct
io

n 
o
f
 
B
 
e
q
u
a
l
 
t
o

(t
he
 c
on
du

ct
iv
it
y 
in

 t
he

 a
bs

en
ce

 o
f 

a 
ma

gn
et
ic

 f
ie

ld
.)

 t
im

es
 t

hi
s 

no
n-

va
ni
sh
in
r i,  

co
nt

ri
bu

ti
on

. 
Bu

t 
co

mp
ar

at
iv

el
y 

el
em
en
ta
ry
 c
on
si
de
ra
ti
on
s 
sh
ow

th
at

 t
hi

s 
st
ep
 c
an
no
t 
be
 c
or
re
ct
.

To
 c

la
ri

fy
 t

he
 
p
o
in

t 
we

 m
ay

 t
ak

e 
an

 e
xa

mp
le

 f
ro

m 
so

la
r 

ph
ys

ic
s.

V
1

,  
V-2
 c

ou
ld

 b
e 

th
ou

gh
t 

of
 a

s 
cl

os
ed

 r
eg

io
ns

 l
yi

ng
 b

el
ow

 t
he

 p
ho

to
sp

he
re

- 7 0
..

e.
 c

on
ta

in
in

g 
de

ns
e 

ga
s,

 i
n 

th
e 

se
ns

e 
of

 t
he
 ?
re
se
nt
 p
ap
er
, 
in
 w
hi
ch

cu
rr

en
ts

 c
an

 f
lo

w 
re
ad
il
y 
in
 a
ll
 d
ir
ec
ti
on

q 
Th
e 
re
la
ti
ve
 m
ot
io
n 
of
 t
wo

su
ch

 r
eg

io
ns
 
m

ig
h

t 
p
e
r
h
a
p
s
 
b
e
 
a
s
 
h
i
g
h
 
a
s
 
1
0
 
c
m
.
 
p
e
r
 
s
e
c
.
 
(
i
.
e
.
 
U

10
i
' 
c
m
.
 
p
e
r
 
s
e
c
.
)
 
a
n
d
 
t
h
e
 
a
v
k
r
a
g
e
 
v
a
l
u
e
 
o
f
 
B
 
m
a
i
n
t
a
i
n
e
d
 
o
v
e
r
 
a
 
r
e
g
i
o
n

wi
th
 d
im

en
si
on
s 
of
 o

rd
er

 1
0

1
	m
i
g
h
t
 
b
e
 
a
s
 
h
i
g
h
 
a
s
 
1
0
 
g
a
u
s
s
.
 
I
f
 
v
e

no
w 

as
su

me
, 

in
 a

cc
or

da
nc

e 
wi

th
 t

he
 p

ro
ce

ed
in

g 
pa
ra
gr
ap
h,
 
th

a
t 
th

e 
cu

rr
en

t
in

 t
h

e
 r

e
g
io

n
 o
u
t
s
i
d
e
 
V

i
, 

V
2
 h

as
 a

 c
om

po
ne

nt
 i

n 
th

e 
di

re
ct

io
n 

of
 B

of
 o
rd
er

(5
)

we
 a

rr
iv

e 
im

me
di

at
el

y 
at

 a
 c

on
tr

ad
ic

ti
on

, 
fo
r 
it
 i
s 
ea
si
ly
 s
ho
wn
 t
ha
t

ez
 c
ur
re
nt

 s
y
s
t
e
m
 
of

 t
he

 m
ag

ni
tu

de
 g

iv
en

 b
y 
(5
) 
wo
ul
d 
it
se
lf
 g
iv
e 
ri
se

to
 a

 m
ag

ne
ti

c 
fi

el
d 

of
 v

as
tl

y 
gr

ea
te

r 
or

de
r 
th
an
 1
13
 1

• 
Th

is
ab

su
rd

it
y 

is
 d

ue
 t

o 
ou

r 
ta

ci
t 

as
su

mp
ti

on
 t
ha
t 
th
e 
cu
rr
en
t 
sy
st
em
s 
in

V
i
,
 
V
2
 
a
r
e
 
t
h
e
 
o
n
l
y
 
s
o
u
r
c
e
 
o
f
 
L
.
 
T
h
u
s
 
i
n
 
a
d
d
i
t
i
o
n
 
t
o
 
t
h
e
 
f
a
r
a
d
a
y

in
du

ct
io

n 
ef
fe
ct
 t
he

re
 i
s 
al
so
 c
r

.- C
o
u
l
o
m
b
 
c
o
n
t
r
i
b
u
t
i
o
n
 
t
o
 
E,
 a

ri
si
ng

fr
om

 t
he

 e
le

ct
ri

c 
ch

ar
ge

s,
 w

hi
ch

 s
im

pl
y 

ad
ju
st
 t
he
ms
el
ve
s 
to
 p
re
ve
nt
 a

cu
rr

en
t 

of
 m

ag
ni

tu
de
 (

5)
 f

ro
m 

fl
ow

in
g.

 T
ha

t 
is
 t
o 
sa
y,
 t
he
 c
ha
rg
es
 a
d-

ju
st

 t
he

ms
el

ve
s 

so
 t
ha

t 
th

e 
co

nt
ri

bu
ti

on
 o

f 
th
e 
Fa
ra
da
y 
ef
fe
ct
 t
o 
th
e

c
o
m
p
o
n
e
n
t
 
o
f
 
B
 
p
a
r
a
l
l
e
l
 
t
o
 
B
 
i
s
 
c
a
n
c
e
l
l
e
d
 
t
o
 
a
 
h
i
g
h
 
d
e
g
r
e
e
 
o
f

ap
pr
ox
im

at
io

n.

Th
e 
ab
ov
e 
di
sc
us
si
on
, 
wh
ic
h 
co
nc
er
ns
 c
on
du
ct
in
g 
ma
te
ri
al
 o
ut
si
de

V
i
, 

V
2
, 

re
fe

rr
ed

 t
o 

th
e 

co
mp

on
en

t 
of

 E
 p

ar
al

le
l 

to
 B

. 
Th

e 
de

ns
it

y 
of

th
e 

co
nd

uc
ti

ng
 m

at
er

ia
l 

di
d 

no
t 

en
te

r 
in

to
 o
ur
 a
rg
um
en
t 
(e
xc
ep
t 
in
 s
o

fa
r 

as
 w

e 
ta

ci
tl

y 
as

su
me

d 
th

at
 t

he
 d

en
si

ty
 w
as
 h
ig
h 
en
ou
gh
 f
or
 t
he
 c
on
-

ce
pt
 o
f 

co
nd
uc
ti
vi
ty

 t
o 

be
 a

pp
li

ed
. 

Wh
en

 t
hi

s 
is

 n
ot

 s
o,

 w
e 

ha
ve

 t
o

re
ga

rd
 t

he
 p

ar
ti

cl
es

 a
s 

be
in

g 
in

di
vi

du
al

ly
 a

cc
el
er
at
ed
. 
Th
is
 m
ed
if
ie
e

(5
),

 b
ut

 t
he

 r
es

ul
ti

ng
 c

on
cl

us
io

n 
in

 a
ll

 i
mp

or
ta
nt
 p
ra
ct
ic
al
 c
as
es
 i
s

id
en

ti
ca

l 
wi

th
 t

ha
t 

gi
ve

n 
ab

ov
e)

. 
No

v 
wh

en
 w

e 
tu
rn
 t
o 
th
e 
co
mp
on
en
t 
of

E
 
p
e
r
p
e
n
d
i
c
u
l
a
r
 
t
o
 
B
 
i
t
 
d
o
e
s
 
m
a
k
e
 
a
n
 
i
m
p
o
r
t
a
n
t
 
d
i
f
f
e
r
e
n
c
e
 
w
h
e
t
h
e
r

th
e 

ma
te

ri
al

 o
ut

si
de

 V
i
, 

V
2
 i

s 
de

ns
e 

or
 d

if
fu

se
. 

Th
us

 i
f 

th
e 

ma
te

ri
al

is
 d

en
se

 t
he

 s
am

e 
co
ns
i.
or
at
io
ns
 a
pp
ly
 t
o 

th
e 
co
mp
on
en
t 
of
 D
 p
er
po
ne
-

di
cu

la
r 

to
 B

, 
na

me
ly
 t
ha
t 
th
e 
co
nt
ri
bu
ti
on

 f
ro
m 
th
e 
fa
ra
da
y 
ef
fe
ct
 i
s

la
rg

e
ly

 c
a
n
c
e
ll

e
d
 b
y 

a 
Co

ul
om

b 
co

nt
ri

bu
ti

on
; 
bu
t 
wh
en
 t
he
 g
as
 i
s 
di
ff
us
e

we
 h

av
e 

a 
ve

ry
 d

if
fe

re
nt

 s
ta

te
 o

f 
af

fa
ir

s,
 f

or
 t
he
n 
th
e 
la
ra
da
y 
co
nt
ri
b-

ut
io

n 
(w

hi
ch

 h
as

 o
rd

er
 o

f 
ma

gn
it

ud
e 

Ul
/e

) 
do

es
 n

ot
 l

oa
d 

to
 a

 l
ar

ge
ge

ne
ra
l 

fl
ow
 o
f 
cu
rr

en
t 

an
d 

th
er

e 
is

 n
o 

co
rr

es
po

nd
in

g 
la

rg
e 

sc
al

e
ca

nc
el
la

ti
on
 b
y 
a 
Co

ul
om

b 
co

nt
ri

bu
ti

on
. 

It
 i

s 
p
re

c
is

e
ly

 t
hi
s 
pr
op
er
ty

3.
Ho

yl
e



1 a
TI

, v
~

th
at
 m
ar

ks
 o
ut
 t
he
 d

if
fu

se
 g

as
 a

s 
th

e 
pl

ac
e 

of
 o

ri
gi

n 
of

 a
cc

el
er

at
ed

pa
rt

ic
le
s 
in
 c
os
mi
c 

pr
ob
le
ms
.

al
th
ou
gh
 t
hi
s 

ma
xi

m 
ha

s 
be

en
 r

ea
li

se
d 
by

 a
 n

um
be

r 
of

 w
ri

te
rs

, 
ce

r-
ta
in

 d
et

ai
le

d 
me

ch
an

is
ms

 t
ha

t 
ha

ve
 b

ee
n 

pu
t 
fo
rw
ar
d 
re
fl
ec
t 
on
ly
 a

su
pe
rf
ic

ia
l 
vi
ew
 o
f 

th
e 

ma
tt

er
. 

Po
r 

ex
am

pl
e,

 i
t 

ha
s 

be
en

 s
up

po
se

d 
th

at
an

 e
le

ct
ri

c 
fi

el
d 
of
 m
ag
ni
tu
de
 U
 R

, 
in
it
ia
ll
y 
pe
rp
en
di
cu
la
r 
to
 B
,

su
dd

en
ly

 a
cq

ui
re

s 
a 
co
mp
on
en
t 
pa
ra
ll
el
 t
o 

B 
du
e 
to
 a
 c
ha
rg
e 
in
 t
he

c
u
r
r
e
n
t
 
s
y
s
t
e
m
s
 
w
i
t
h
i
n
 

V
1
, 
V

2
• 
T

h
is

 v
ie

w
 c

a
n
n
o
t 

b
e
 s
up
po
rt
ed
, 
si
nc
e

an
y 

su
dd

en
 c

ha
ng

e 
in

 B
 i

s 
ac

co
mp

an
ie

d 
by
 a

n 
eq

ua
ll

y 
su

dd
en

 c
ha

ng
e 

in
th

e
 C

o
u
lo

m
b
 i
nt
er
ac

ti
on

, 
wh

ic
h 

al
wa

ys
 a

dj
us

ts
 i

ts
el

f 
to

 p
ro

vi
de

 t
he

ca
nc
el
la

ti
on
 d
is
cu
ss

ed
 a

bo
ve

. 
Th

us
 t

o 
un

de
rs

ta
nd

 t
he

 p
ro

bl
em

 w
e 

mu
st

pr
oc
ee
d 

wi
th
 g
re
at
er

 c
au

ti
on

.

C
o
n
s
i
d
e
r
 
a
 
c
l
o
s
e
d
 
r
e
g
i
o
n
 
V
 
o
f
 
d
i
m
e
n
s
i
o
n
s
 
L
 

ly
in
g 
ou
t-

s
i
d
e
 
V
1
,
 
V
2
 
i
n
 
w
h
i
c
h
 
t
h
e
 
a
l
i
e
r
a
g
e
 
v
a
l
u
e
 
o
f
 
i
 
B
 
I
 
i
s
 
B 

, 
an

d 
in

 w
hi

ch
t
h
e
 
c
o
m
p
o
n
e
n
t
 
o
f
 
E
 
p
e
r
p
e
n
d
i
c
u
l
a
r
 
t
o
 
B
 
i
s
 
e
v
e
r
y
w
h
e
r
e
 
o
f
 
o
r
d
e
r
 
U
1
4
/
0
.

In
 o

ur
 s

ol
ar

 e
xa

mp
le

 
Y

1
, 

v 2
 b

el
ow

 p
ho

to
sp

he
re

),
is
 t
o 
be

ta
ke

n 
in

 t
he

 u
pp

er
 c
hr
om
os
ph
er
e 
or
 c
or
on

a,
 L
 w
ou
ld
 b
e 
of
 o
rd
er
 1
0
1
0

cm
.,

an
d 

B 
of

 o
rd

er
 1

0 
ga

us
s,

 s
ay

. 
No

w,
 a

s 
ca

n 
be

 s
ee

n 
fr

om
 t

he
 t

er
m

CE
 x

 B
/B

2
 
i
n
 
(
4
)
,
 
w
h
e
n
 
W
 
i
s
 
o
f
 
o
r
d
e
r
 
B
 
t
h
e
 
d
r
i
f
t
 
v
e
l
o
c
i
t
y
 
o
f
 
a

ch
ar

ge
d 

pa
rt

ic
le

 i
s 

on
ly

 o
f 

or
de

r 
u
 
,
 
b
u
t
 
w
h
a
t
 
h
a
p
p
e
n
s
 
i
f
 
t
h
e
r
e
 
a
r
e

p
o
i
n
t
s
 
w
i
t
h
i
n
 
V
 
a
t
 
w
h
i
c
h
 
1
p
 
I
 
i
s
 
s
m
a
l
l
 
c
o
m
p
a
r
e
d
 
w
i
t
h
 
B
 
.
 
I
n

pa
rt

ic
ul

ar
, 

wh
at

 h
ap

pe
ns

 i
f 

th
er

e 
is

 a
 p

oi
nt
, 
or
 p
oi
nt
s,
 w
he
re
 B
 =
 0
?

T
h
e
 
i
n
f
i
n
i
t
y
 
o
f
 
C
E
 
x
 
B
/
B
2
 a
t 
su
ch
 p
oi
nt
s 
ca
nn
ot
, 
of
 c
ou
rs
e,
 b
e 
in
te
r-

pr
et

ed
 s

tr
ic

tl
y.

 I
n 

th
e 

fi
rs

t 
pl

ac
e 

th
e 

in
fi
ni
ty
 a
ri
se
s 
fr
om
 t
he
 u
se

of
 n
on
-r
el
at
iv
is
ti
c 

th
eo

ry
, 

bu
t,

 s
ec

on
dl

y,
 t

he
re

 i
s 

an
 e

ve
n 

mo
re

 i
m-

po
rt

an
t 

re
as

on
 w

hy
 (

4)
 b

re
ak

s 
do

wn
 a

t,
 a

nd
 n
ea
r,
 a
 n
eu
tr
al
 p
oi
nt

(B
 
o
 
)
.
 
T
h
u
s
 
(
4
)
 
i
s
 
b
a
s
e
d
 
o
n
 
t
h
e
 
a
s
s
u
m
p
t
i
o
n
 
t
h
a
t
 
B
 
d
o
e
s
 
n
o
t
 
v
a
r
y

a
p
p
re

c
ia

b
ly

 o
ve
r 
th

e 
ra

di
us

 o
f 

th
e 

La
rm

or
 o

rb
it

 o
f 

th
e 

ch
ar

ge
d 

pa
rt

ic
le

un
de

r 
co

ns
id

er
at

io
n.

 T
hi

s 
ev

id
en

tl
y 

br
ea

ks
 d
ow
n 
at
, 
an
d 
ne
ar
, 
a 
ne
ut
-

ra
l 
po
in
t,
 a
s 
in
de
ed

 d
oe

s 
th

e 
wh

ol
e 

co
nc

ep
t 

of
 a

 d
if

fu
se

 g
as

.

It
 m

ig
ht

 t
he

re
fo

re
 s

ee
m 

th
at

 t
he

 c
or

re
ct
 p
ro
ce
du
re
 n
ea
r 
a 
ne
ut
ra
l

po
in

t 
wo

ul
d 

be
 t

o 
wr

it
e

6'
 b
ei
ng
 t
he
 n
or
ma

l 
co

nd
uc

ti
4r

it
y 

in
 t

he
 a

bs
en

ce
 o

f 
a 

ma
gn

et
ic

 f
ie

ld
.

Bu
t 

th
is

 s
te

p 
re

qu
ir

es
 a

 f
ur

th
er

 c
on

di
ti

on
 t
o 
be
 s
at
is
fi
ed
, 
na
me
ly
 t
ha
t

th
e 

de
ns

it
y 

of
 t

he
 g

as
 a

t 
th

e 
ne

ut
ra

l 
po

in
t 
sh
al
l 
be
 h
ig
h 
en
ou
gh
 f
or

th
e 

co
nc

ep
t 

of
 c

on
du

ct
iv

it
y 

to
 b

e 
ap

pl
ic

ab
le
. 
Th
us
 c
ol
li
si
on
s 
be
tw
ee
n

th
e 

pa
rt

ic
le

s 
mu

st
 b

e 
su

ff
ic

ie
nt

ly
 f

re
qu

en
t 
fo
r 
th
e 
fr
ac
ti
on
al
 c
ha
ng
e

of
 e

ne
rg

y 
of

 a
 c

ha
rg

ed
 p

ar
ti

cl
e 

be
tw

ee
n 

su
cc
es
si
ve
 c
ol
li
si
on
s 
to
 b
e 
sm
al
l

co
mp

ar
ed

 w
it

h 
un

it
y.

 T
hi

s 
wi

ll
 h

ol
d,

 i
n 

ou
r 
so
la
r 
ex
am
pl
e,
 i
f 
th
e 
ne
ut
-

ra
l 
po
in
t 
un
de
r 
co
ns

id
er

at
io

n 
li

es
 i

n 
th

e 
re

ve
rs

in
g 

la
ye

r 
or

 b
el

ow
 t

he
ph

ot
os

ph
er

e.
 B

ut
 w

ha
t 

ha
pp

en
s 

fo
r 

a 
ne

ut
ra

l 
po
in
t 
in
 t
he
 u
pp
er
 c
hr
om
o-

sp
he
re
 o
r 
co
ro
na
? 
Th

e 
co

nd
uc

ti
vi

ty
 c

on
ce

pt
 i

s 
in

va
li

d 
th

er
e,

 (
6)

 c
an

no
t

be
 u
se
d,
 a
nd
 w
e 
mu
st

 p
ro

ce
ed

 
 a
b 
in
it
io
.

T
h
e
 
v
a
l
u
e
 
o
f
 
1
B
 
•
a
t
 
d
i
s
t
a
n
c
e
 

d 
(

, C
C
 
L

) 
fr
om
 t
he
 n
eu
tr
al

p
o
i
n
t
 
i
s
 
t
a
k
e
n
 
t
o
 
b
e
 
o
f
 
o
r
d
e
r
 
B
d
/
L

. 
Th
us
, 
as
 c
an
 b
e 
ea
si
ly
 v
er
if
ie
d,

t
h
e
 
L
a
r
m
o
r
 
o
r
b
i
t
 
o
f
 
a
 
c
h
a
r
g
e
d
 
p
a
r
t
i
c
l
e
 
e
,
 
m
 
a
t
 
a
 
d
i
s
t
a
n
c
e
 
d
 
f
r
o
m

t
h
e
 
n
e
u
t
r
a
l
 
p
o
i
n
t
 
h
a
s
 
a
 
r
a
d
i
u
s
 
o
f
 
o
r
d
e
r
 
(
h
i
c
v
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t
h
e
r
 
l
a
t
e
r
a
l
l
y
 
b
y
 
d
i
f
f
e
r
e
n
t
i
a
l

m
o
t
i
o
n
s
 
o
f
 
t
h
e
 
f
l
u
i
d
,
 
t
h
e
i
r
 
p
o
t
e
n
t
i
a
l
 
e
n
e
r
g
y
 
—
 
t
h
a
t
 
i
s
,
 
t
h
e
 
e
n
e
r
g
y

o
f
 
t
h
e
 
m
a
g
n
e
t
i
c
 
f
i
e
l
d
 
—
 
i
s
 
i
n
c
r
e
a
s
e
d
.
 
T
h
i
s
 
g
a
i
n
 
i
n
 
m
a
g
n
e
t
i
c

e
n
e
r
g
y
 
i
s
 
a
t
 
t
h
e
 
e
x
p
e
n
s
e
 
o
f
 
t
h
e
 
l
i
n
e
t
i
c
 
e
n
e
r
g
y
 
o
f
 
t
h
e
 
f
l
u
i
d
,
 
w
h
i
c
h

m
u
s
t
 
d
o
 
w
o
r
k
 
o
n
 
t
h
e
 
e
l
a
s
t
i
c
 
s
t
r
i
n
g
s
 
i
n
 
o
r
d
e
r
 
t
o
 
s
t
r
e
t
c
h
 
t
h
e
m
 
a
n
d

b
r
i
n
g
 
t
h
e
m
 
c
l
o
s
e
r
 
t
o
g
e
t
h
e
r
.
 
I
n
 
m
a
n
y
 
s
p
e
c
i
a
l
 
p
r
o
b
l
e
m
s
 
o
f
 
m
a
g
n
e
t
o
_

h
y
d
r
o
d
y
n
a
m
i
c
s
 
w
e
 
a
r
e
 
i
n
t
e
r
e
s
t
e
d
 
i
n
 
t
h
e
 
d
i
r
e
c
t
i
o
n
 
a
n
d
 
r
a
t
e
 
o
f

t
r
a
n
s
f
e
r
 
o
f
 
e
n
e
r
g
y
 
b
e
t
w
e
e
n
 
t
h
e
 
m
a
g
n
e
t
i
c
 
a
n
d
 
k
i
n
e
t
i
c
 
s
y
s
t
e
m
s
.

T
h
i
s
 
q
u
e
s
t
i
o
n
 
r
e
s
o
l
v
e
s
 
i
t
s
e
l
f
 
i
n
t
o
 
a
 
d
i
s
c
u
s
s
i
o
n
 
o
f
 
t
h
e
 
r
a
t
e
 
a
t

w
h
i
c
h
 
t
h
e
 
l
i
n
e
s
 
o
f
 
m
a
g
n
e
t
i
c
 
f
o
r
c
e
 
a
r
e
 
b
e
i
n
g
 
s
t
r
e
t
c
h
e
d
 
(
c
r

c
o
n
t
r
a
c
t
e
d
)
 
a
s
 
a
 
c
o
n
s
e
q
u
e
n
c
e
 
o
f
 
t
h
e
 
m
o
t
i
o
n
 
o
f
 
t
h
e
 
f
l
u
i
d
.
 
I
t
 
i
s

k
n
o
w
n
 
t
h
a
t
 
l
i
n
e
s
 
o
f
 
m
a
g
n
e
t
i
c
 
f
o
r
c
e
 
a
r
e
 
c
o
n
v
e
c
t
e
d
 
b
y
 
t
h
e
 
m
o
t
i
o
n

o
f
 
t
h
e
 
f
l
u
i
d
,
 
e
x
c
e
p
t
 
i
n
a
s
m
u
c
h
 
a
s
 
t
h
e
y
 
d
e
c
a
y
 
t
h
r
o
u
g
h
 
t
h
e
 
a
c
t
i
o
n
 
o
f

e
l
e
c
t
r
i
c
a
l
 
c
o
n
d
u
c
t
i
v
i
t
y
.
 
H
e
n
c
e
 
w
e
 
c
a
n
 
o
b
t
a
i
n
 
i
n
f
o
r
m
a
t
i
o
n
 
a
b
o
u
t

t
h
e
 
n
a
t
u
r
e
 
o
f
 
t
h
e
 
e
n
e
r
g
y
 
t
r
a
n
s
f
e
r
 
i
f
 
w
e
 
k
n
o
w
 
t
h
e
 
b
e
h
a
v
i
o
u
r
 
o
f

l
i
n
e
s
 
m
o
v
i
n
g
 
w
i
t
h
 
t
h
e
 
m
o
t
i
o
n
 
o
f
 
t
h
e
 
f
l
u
i
d
.

T
h
e
r
e
 
i
s
 
o
n
e
 
p
a
r
t
i
c
u
l
a
r
 
c
l
a
s
s
 
o
f
 
f
l
u
i
d
 
m
o
t
i
o
n
 
w
h
i
c
h
 
i
s

s
u
c
h
 
t
h
a
t
 
a
l
l
 
l
i
n
e
s
 
m
o
v
i
n
g
 
w
i
t
h
 
t
h
e
 
fl

u
id

 a
r
e
 
l
i
k
e
l
y
 
t
o
 
b
e

s
t
r
e
t
c
h
e
d
.
 
T
h
i
s
 
i
s
 
t
u
r
b
u
l
e
n
t
 
m
o
t
i
o
n
,
 
w
h
i
c
h
 
i
s
 
c
h
a
r
a
c
t
e
r
i
z
e
d
 
b
y
 
a

r
a
n
d
o
m
 
d
i
s
t
r
i
b
u
t
i
o
n
 
o
f
 
t
h
e
 
f
l
u
i
d
 
v
e
l
o
c
i
t
y
.
 
T
h
e
 
s
t
r
e
t
c
h
i
n
g
 
o
f

l
i
n
e
s
 
m
o
v
i
n
g
 
w
i
t
h
 
t
h
e
 
f
l
u
i
d
 
i
s
 
r
e
l
a
t
e
d
 
t
o
 
t
h
e
 
f
a
c
t
 
t
h
a
t
 
a
n
y
 
t
w
o

p
a
r
t
i
c
l
e
s
 
o
f
 
t
h
e
 
f
l
u
i
d
 
t
e
n
d
 
t
o
 
w
a
n
d
e
r
 
a
p
a
r
t
 
i
n
 
a
 
r
a
n
d
o
m
 
w
a
y
,
 
j
u
s
t

a
s
 
o
n
e
 
n
a
r
t
i
e
l
e
 
t
e
n
d
s
 
t
o
 
w
a
n
d
e
r
 
f
r
o
m
 
i
t
s
 
i
n
i
t
i
a
l
 
p
o
s
i
t
i
o
n
 
i
n
 
s
p
a
c
e
,

*

I
t
 
f
o
l
l
o
w
s
 
t
h
a
t
 
u
n
l
e
s
s
 
t
h
o
r
n
 
i
s
 
s
o
m
e
 
m
e
c
h
a
n
i
c
a
l
 
e
f
f
e
c
t
 
w
h
i
c
h

p
r
e
v
e
n
t
s
 
l
i
n
e
s
 
o
f
 
m
a
g
n
e
t
i
c
 
f
o
r
c
e
 
m
o
v
i
n
g
 
w
i
t
h
 
t
h
e
 
f
l
u
i
d
,
 
m
a
g
n
e
t
i
c

e
n
e
r
g
y
 
w
i
l
l
 
i
n
c
r
e
a
s
e
 
W
h
e
n
 
a
 
c
o
n
d
u
c
t
i
n
g
 
l
i
q
u
i
d
 
i
s
 
s
e
t
 
i
n
t
o

t
u
r
b
u
l
e
n
t
 
m
o
t
i
o
n
.
 
W
h
i
l
e
 
t
h
e
 
m
a
g
n
e
t
i
c
 
e
n
e
r
g
y
 
i
s
 
v
e
r
y
 
s
m
a
l
l
 
t
h
e
 
o
n
l
y

m
e
c
h
a
n
i
c
a
l
 
e
f
f
e
c
t
 
w
h
i
c
h
 
p
r
e
v
e
n
t
s
 
l
i
n
e
s
 
o
f
 
m
a
g
n
e
t
i
c
 
f
o
r
c
e
 
f
o
l
l
o
w
i
n
g

t
h
e
 
m
o
t
i
o
n
 
o
f
 
t
h
e
 
f
l
u
i
d
 
e
x
a
c
t
l
y
 
i
s
 
t
h
e
 
a
c
t
i
o
n
 
o
f
 
c
o
n
d
u
c
t
i
v
i
t
y
,

w
h
i
c
h
 
d
i
f
f
u
s
e
s
 
t
h
e
 
m
a
g
n
e
t
i
c
 
f
i
e
l
d
 
a
n
d
 
t
e
n
d
s
 
t
o
 
m
a
k
e
 
i
t
s

d
i
s
t
r
i
b
u
t
i
o
n
 
u
n
i
f
o
r
m
.
 
C
o
n
s
e
q
u
e
n
t
l
y
 
w
e
 
c
a
n
 
c
o
n
c
l
u
d
e
 
t
h
a
t
 
i
f
 
t
h
e

c
o
n
d
u
c
t
i
v
i
t
y
 
i
s
 
s
u
f
f
i
c
i
e
n
t
l
y
 
l
a
r
g
e
,
 
l
i
n
e
s
 
o
f
 
m
a
g
n
e
t
i
c
 
f
o
r
c
e
 
w
i
l
l

ne
ar
ly
 
f
o
l
l
o
w
 
t
h
e
 
m
o
t
i
o
n
 
o
f
 
t
h
e
 
f
l
u
i
d
 
a
n
d
 
w
i
l
l
 
b
e
 

ex
te

n
d

ed
 w
h
e
n

t
h
e
 
m
o
t
i
o
n
 
i
s
 
t
u
r
b
u
l
e
n
t
,
 
a
n
d
 
t
h
a
t
 
t
h
e
 
r
a
t
e
 
o
f
 
d
i
s
s
i
p
a
t
i
o
n
 
o
f

m
a
g
n
e
t
i
c
 
e
n
e
r
g
y
 
w
i
l
l
 
n
o
t
 
b
o
 
l
a
r
g
e
r
 
t
h
a
n
 
t
h
e
 
r
a
t
e
 
o
f
 
i
n
c
r
e
a
s
e
 
o
f

m
a
g
n
e
t
i
c
.
 
e
n
e
r
g
y
 
d
u
e
 
t
o
 
s
t
r
e
t
c
h
i
n
g
.
 
I
n
 
o
t
h
e
r
 
w
o
r
d
s
,
 
a
n
y
 
s
m
a
l
l

m
a
g
n
e
t
i
c
 
f
i
e
l
d
 
w
h
i
c
h
 
i
s
 
i
n
t
r
o
d
u
c
e
d
 
a
s
 
a
 
p
e
r
t
u
r
b
a
t
i
o
n
 
i
n
t
o
 
a

s
u
f
f
i
c
i
e
n
t
l
y
 
g
o
o
d
 
c
o
n
d
u
c
t
i
n
g
 
f
l
u
i
d
 
w
h
i
c
h
 
i
s
 
i
n
 
t
u
r
b
u
l
e
n
t
 
m
o
t
i
o
n

w
i
l
l
 
b
e
 
a
m
p
l
i
f
i
e
d
.
 
I
n
 
th

is
 s
e
n
s
e
,
 
a
 
s
u
f
f
i
c
i
e
n
t
l
y
 
g
o
o
d
 
c
o
n
d
u
c
t
i
n
g

fl
u
id

 i
n
 t
u
r
b
u
l
e
n
t
 
m
o
t
i
o
n
 
i
s
 
u
n
s
t
a
b
l
e
 
t
o
 
m
a
g
n
e
t
i
c
 
d
i
s
t
u
r
b
a
n
c
e
s
.

T
h
o
s
e
 
a
r
g
u
m
e
n
t
s
 
c
a
n
 
b
e
 
s
u
p
p
o
r
t
e
d
 
b
y
 
a
 
m
o
r
e
 
q
u
a
n
t
i
t
a
t
i
v
e

d
i
s
c
u
s
s
i
o
n
 
b
u
t
 
t
h
e
i
r
 
g
e
n
e
r
a
l
 
c
h
a
r
a
c
t
e
r
 
r
e
m
a
i
n
s
 
a
s
 
a
b
o
v
e
.
 
S
e
v
e
r
a
l

m
o
r
e
 
q
u
e
s
t
i
o
n
s
 
a
r
i
s
e
:
 
(
a
)
 
H
o
w
 
l
a
r
g
e
 
m
u
s
t
 
t
h
e
 
c
o
n
d
u
c
t
i
v
i
t
y
 
b
e
 
i
n

o
r
d
e
r
 
t
h
a
t
 
a
 
s
m
a
l
l
 
m
a
g
n
e
t
i
c
 
d
i
s
t
u
r
b
a
n
c
e
 
s
h
a
l
l
 
b
e
 
a
m
p
l
i
f
i
e
d
?

(b
) 

Wh
at

 i
s 

th
e 

ra
te

 a
t 

wh
ic

h 
th

e 
ma

gn
et

ic
 e

ne
rg

y 
of

 t
he

p
e
r
t
u
r
b
a
t
i
o
n
 
i
n
c
r
e
a
s
e
s
?
 
(
c
)
 
W
h
a
t
 
i
s
 
t
h
e
 
u
l
t
i
m
a
t
e
 

m
ag

n
it

u
d

e 
o

f 
th
e

m
a
g
n
e
t
i
c
 
e
n
e
r
g
y
?
 
T
o
 
a
n
s
w
e
r
 
t
h
o
s
e
 
q
u
e
s
t
i
o
n
s
 
i
t
 
i
s
 
n
e
c
e
s
s
a
r
y
 
t
o
 
g
o

in
to

 t
h
e
 
t
h
e
o
r
y
 
o
f
 
t
u
r
b
u
l
e
n
t
 
m
o
t
i
o
n
.
 
A
l
l
 
t
h
a
t
 
I
 
p
r
o
p
o
s
e
 

to
 d

o



he
ro
 i
s 

to
 s
ta
te
 w
ha

t 
I 

be
li

ev
e 

to
 b

e 
th

e 
an

sw
er

s.

Th
e 
cr
it
er
io
n 
fo

r 
am

pl
if

ic
at

io
n 

of
 t

he
 m

ag
ne

ti
c 

di
st

ur
ba

nc
e

a
p

p
e
a
rs

 t
o
 b
e 

th
at

 V
I-

T7
)-k
a- '

) 
sh

ou
ld

 b
e 

la
rg
er
 t
ha
n 
so
me
 n
um
be
r 
ne
ar

un
it
y.  (

=
 
m
a
g
n
e
t
i
c
 
p
e
r
m
e
a
b
i
l
i
t
y
,
 
6
-
 
=
 
c
o
n
d
u
c
t
i
v
i
t
y
,
 
V
 
=
 
k
i
n
e
m
a
t
i
c

vi
sc
os
it
y)
. 
Th
e 
cr
it

ic
al

 v
al

ue
 o

f 
th

is
 p

ar
am

et
er

 w
il

l 
de

pe
nd

 t
o 

so
me

 e
x-

te
nt
 o
n 

th
e 
fo
rm
 o
f 

th
e 

ma
gn

et
ic

 d
is

tu
rb

an
ce

, 
so

 t
ha

t 
in

 g
en

er
al

 i
t 

sh
ou

ld
1.

, L
 r
eg
ar
de
d 
as
 a
n 
or

de
r 

of
 m

ag
ni

tu
de

 
c
r
it

e
r
io

n
. 
It
 s
ee
ms
 a
t 
fi
rs
t 

si
g
h
t

th
at

 t
he

 c
ri

te
ri

on
 
ta

k
e
s
 n

o
 a

c
c
o
u
n
t 

o
f 

th
e
 n

a
tu

re
 o
f 
th
e 
tu
rb
ul
en
t

mo
ti
:- )

n.
 T
hi
s 
is
 n
ot
 i

n 
fa

ct
 t

he
 c

as
e;

 i
t 

is
 k

no
wn

 t
ha

t 
th

e 
pr

oc
es

s 
of

st
re
tc
hi

ng
 o
f 
li
ne
s 

of
 m

ag
ne

ti
c 

fo
rc

e 
is

 c
on

tr
ol

le
d 

by
 t

he
 s

ma
ll

-s
ca

le
co

mp
on
en

ts
 o
f 
th
e 
tu

rb
ul

en
ce

 w
hi

ch
 h

av
e 

a 
un

iv
er

sa
l 

st
at

is
ti

ca
l 

fo
rm

,
an

d 
wh

ic
h 

ad
ju

st
 t

he
ms

el
ve

s 
to

 s
ui

t 
th

e 
va

lu
e 
of
 t
he
 v
is
co
si
ty
, 
wh
ic
h

du
es

 o
cc

ur
 .

in
 t

he
 a

te
ve

 c
ri

te
ri

on
. 

An
ot

he
r 

st
at
em
en
t 
of
 t
he
 c
ri
te
ri
on

is
 t
ha
t 
th
e 
ma
gn
et
ic

 e
ne

rg
y 

in
cr

ea
se

s 
if

 t
he

 m
ag

ne
ti

c 
di

ff
us

iv
it

y
IA

T
ip

 C
r  

is
 s

ma
ll

er
 t

ha
n 

th
e 

di
ff

us
iv

it
y 

y 
fo

r 
vo

rt
ic

it
y 

(t
ha

t 
is

,
an
gu

la
r 

ve
lo

ci
ty

) 
wh
ic
h 
is
 s
ub
je
ct
 t
o 
ex
ac

tl
y 
th
e 
sa
me
 m
ec
ha
ni
ca
l 
pr
o-

ce
ss
es
 a

s 
th
e 
ma
gn
et

ic
 f

ie
ld

.

If
 t

h
e
 a

b
o
v
e
 c
r
i
t
e
r
i
o
n
 
i
s
 
s
a
t
i
s
f
i
e
d
,
 
t
h
e
 
m
a
g
n
e
t
i
c
 
=
e
n
v
 
o
f 

th
e

di
st
ur
ba
nc
e 
wi
ll
 i
nc

re
as

e 
ex

po
ne

nt
ia

ll
y.

 T
he

 r
oo

t-
me

an
-s

qu
ar

e 
ra

te
 o

f
ex

te
ns

io
n 

of
 l

in
es

 m
ov

in
g 

w
i.

th
 t
he

 f
lu

id
 i

s 
fo

un
d 

to
 b

e 
pr

op
or

ti
on

al
to
 
(
6
 
/
9
)
/

',1
 
(
 
6

 
= 

ra
te

 a
t 

wh
ic

h 
th

e 
ki

ne
ti

c 
en

er
gy

 o
f 

th
e 

tu
rb

ul
en

ce
in

 u
ni

t 
ma

ss
 o

f 
th

e 
fl

ui
d

.i
s
 b

e
in

g
 d
is

si
pa

te
d 

by
 v

is
co

si
ty

),
 a

nd
 

h
en

ce
th
e 
do
ub
li
ng
 t
im
e 
of

 t
he

 m
ag

ne
ti

c 
en

er
gy

 o
f 

th
e 

di
st

ur
ba

nc
e 

is
 p

ro
p-

or
ti
on
al

 t
oi

s0
,/

,
. 

t.
/

Th
is

 r
at

e 
of

 a
mp

li
fi

ca
ti

on
 o

f 
th

e
 m
ag

ne
ti
c 
en
er
gy
 w
il
l 
pe
rs
is
t 
fo
r

so
 l
qn
g 

as
 t
he
 d
is
tu

rb
an

ce
 i

s 
sm

al
l.

 H
ow

ev
er

, 
th

e 
ma

gn
et

ic
 e

ne
rg

y 
wi

ll
ul
ti
ma
te
ly
 r
ea
ch
 a
 .

le
v

e
l 

.a
t 
wh

ic
h 

th
e 

li
ne

s 
of

 m
ag

ne
ti

c 
fo

rc
e 

ar
e 

ab
le

to
 r
es
is

t 
be
in
g 
st
re

tc
he

d.
 I

n 
th

e 
fi

na
l 

st
at

is
ti

ca
ll

y 
st

ea
dy

 s
ta

te
(w

he
n 

th
e 

ma
gn

et
ic

 f
ie

ld
 a

nd
 t

he
 v

el
oc

it
y 
of
 t
he
 f
lu
id
 b
ot
h 
ha
ve
 r
an
do
m

di
st

ri
bu

ti
on

s 
in

 s
pa

ce
) 

th
er

e 
is

 n
o 

ne
t 

tr
an

sf
er

 o
f 

en
er

gy
 b

et
we

en
 t

he
ma

2n
:;
ti

c 
an
d 
ki
ne
ti

c 
st

at
es

. 
Th

e 
as

ym
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 b
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 p
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 d
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at
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 l
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 r
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 f
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 p
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b
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 f
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 f
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 t
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 s
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 d
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 b
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 c
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 b
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at
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 b
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 d
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.
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c
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 f
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b
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b
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p
a
ra

te
ly

an
d 
in
 
b
o
th

 o
f 

th
em

 c
on

ne
ct

ed
 w

e 
ca

n 
de

te
rm

in
e 

th
e 

ph
as

e 
di

ff
er

en
ce

an
d 

he
nc

e 
th

e 
ti

me
 i

t 
ha

s 
ta

ke
n 

fo
r 

th
e 

b
u
n
c
h
 t
o 
tr
av
el
 b
et
we
en
 t
he

se
 ar

 e
a
ts

.

Fi
gu

re
 
4
 
sh

ow
s 

th
e 

me
as

ur
ed

 p
ha

se
 d

if
fe
re
nc
e.
 
S

in
c
e
 t
he
 i
nv
er
se

ci
rc
ul
ar

 f
un
ct
io
ns
 a

re
 m

ul
ti

va
lu

el
 t

he
 t

ru
e 

ph
as

e 
di

ff
er

en
ce

 m
ay

 b
e

pl
us

 o
r 

mi
nu

s 
th

e 
va

lu
e 

sh
ow

n 
w

it
h
 t
he

 a
dd

it
io
n 
of
 a
 m
ut
li
pl
e 
of
 3
60

0
.

Fi
gu

re
 
5
 
sh
ow
s 
th
e 

tr
ue

 
p

h
a
se

 a
ng

le
. 

Th
e 

cu
rv
e 
sh
ow
s 
di
sc
on
ti
nu
it
ie
s

at
 t

he
 p

ha
se

 a
ng

le
s 
0,
 1
30
, 
36
0 
et
c.
 A
t 
th

es
e 
po
in
ts
 s
ma
ll
 c
ha
ng
es

in
 o

ne
 o

f 
th

e 
ve

ct
or

s 
wi

ll
 g

iv
e 

la
rg

e 
ch

an
ge
s 
in
 t
he
 p
ha
se
 a
ng
le
. 
Th
e

ma
in

 c
au

se
 o

f 
th

e
s
e
 d
is

co
nt

in
ui

ti
es

 i
s 

th
e 
co
nt
in
ue
d 
de
ve
lo
pm
en
t 
of

th
e 

bu
nc

he
s 

du
ri

ng
 t

he
ir

 p
as

sa
ge

 b
et

we
en

 t
he
 m
ea
su
ri
ng
 p
oi
nt
s.

As
su

mi
ng

 
th

e
 b
un

ch
es

 t
o 

tr
av

el
 w

it
h 

th
e 

dr
if
t 
ve
lo
ci
ty
 o
f 
th
e 
el
ec
-

tr
on

s 
we

 o
bt

ai
n 

th
e 
li
ne
 d
ra
wn
 i
n 
th
e 
fi
gu

re
. 
Sp
ac
e 
ch
ar
ge
 e
ff
ec
ts

on
 t

h
e
 v

e
lo

c
it

y
 h
av

e 
be

en
 n

eg
le

ct
ed

. 
It

 s
ee
ms
 r
ea
so
na
bl
e 
to
 c
on
cl
ud
e,

th
at

 t
he

 o
bs

er
ve

d 
de

ns
it

y 
mo

du
la

ti
on

 o
f 

th
e 

b
e
a
m

 i
s
 n
ot

 a
 w

av
e 

pr
o-

ce
ed
in
g 

al
on
g 
th
e 
be

am
 b

ut
 r

ea
l 

bu
nc

hi
ng

.

Fr
om

 t
he

 s
ha

pe
 o

f 
th

e 
sp

ec
tr

um
 w

e 
ma

y 
al

so
 e

st
im

at
e 

th
e 

si
ze

of
 t

he
 b

un
ch

es
. 

Le
t 

us
 p

lo
t 

th
e 

co
ll

ec
to

r 
cu
rr
en
t 
as
 a
 f
un
ct
io
n 
of

ti
me

 w
he

n 
on

e 
bu

nc
h 

ar
ri

ve
s 

at
 t

he
 c

ol
le

ct
or
. 
Th
is
 c
ur
re
nt
 h
as
 t
he


