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S , m m a r y .  - -  I f  a re turn to ether concepts becomes necessary or desirable, 
an event not as unlikely as i t  seemed a short t ime ago, the medium dealt 
with here may  be of interest.  Maxwell 's vacuum equations are derived 
from the properties of an ideal fluid with no support  from experimental  
facts. The fields E and B, as so interpreted,  are stat ist ical  in nature and 
readily visualizable in a mechanical and geometric sense. The electro- 
magnet ic-momcntmn theorem is shown to be a second-order effect 
s temming from nonlincar effects which were neglected in the derivation 
of the vacuum cquations. The presence of voids (hollow vortex cores) 
in an otherwise incompressible fluid allows a mechanical interpret~ttion 
of the Lorentz gauge. I t  is suggested as a mat ter  of parsimony tha t  
Newton's  laws may  be replaceable by kinematics, thereby rcducing electro- 
dynamics to Euclidean geometry.  

1 .  - I n t r o d u c t i o n .  

A p r i m a r y  o b j e c t i o n  to  m o s t  e t h e r  theor ie s  is e s t h e t i c ;  t h e y  s i m p l y  do n o t  

m e e t  t h e  d e m a n d s  of p a r s i m o n y .  On t h e  o t h e r  h a n d ,  t h e  r i chness  of t h e  

(( v a c u u m  ~>, t h e  p h e n o m e n o l o g i c a l  i d e n t i t y  of spec ia l  r e l a t i v i t y  a n d  a t  l e a s t o n e  

e t h e r  t h e o r y  (~), a n d  r e c e n t  cosmolog ica l  o b s e r v a t i o n s  (~.3) sugges t  that .  re-  

(1) II .  ErcLICIISO.X: Amer. Journ. Physi, 41, 1068 (1973). 
(2) E. K. CONKLIN: ~Yature, 222, 971 (1969). 
(a) S. J. PROKHOVhqK: .~oun. Phys., 3, No. 3, 351 (1973). 
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ject ion of thc ether  concept is not  justified. The medium which is the sub- 
ject  of this paper  satisfies some minimum requirements  for an ether  model by  
evincing electromagnetic properties with no more than  an ideal fluid as the 
s tar t ing point.  The reduct ion of ideal-fluid dynamics to kinematics is ment ioned 
as a possibility for an increase in parsimony. Some of these ideas have already 
been published (4), but  numerous weaknesses have required extensive re- 
working so tha t  the present  t r ea tmen t  is almost ent irely self-contained. For  
brevi ty ,  historical background is left  to ref. (4). 

The postulates are those of an ideal fluid, structureless, homogeneous, incom- 
pressible, nonviscous and devoid of other intrinsic qualities such as gravi ta t ional  
and electrical ones. l~ewton's laws of motions are assumed, al though in appen- 

dix C it  is suggested tha t  they  may  be simplified, or at  least s ta ted in terms of 
kinematics. To obtain nontr ivial  results we consider initial conditions which are 
somewhat  complicated. The model can easily be visualized by  imagining a 
box pierced through from all directions by  pins. If  the box is filled with a viscous 
fluid and all pins spun about  their  axes, vor tex  motion will arise around each 
pin. This motion persists if the viscosity is annihilated. Next ,  it can be imagined 
tha t  all the pins are withdrawn so tha t  the medium has hollow vor tex  tubes. 
The fluid is in cyclic i rrotat ional  motion about  the tubes;  these are flexible 

and, as it is impossible for them to remain straight  in such an envi ronment  
wi thout  internal  support,  they  acquire a writhing motion, which persists as 
a p roper ty  of the medium. In an undis turbed (neutral) state, the medium has 
no preferred directions. Now allow the number  of tubes crossing the box to 
increase, while the tube  diameters decrease so as to maintain a small rat io of 
the tube  diameters to distances between tubes, unti l  the individual tubes are 
unresolvable. The system now appears macroscopically as a cont inuum in 
which the ex t reme variations in velocity, acceleration and pressure over  the 
microscopic distances from tube  to tube  are undiscernible. The detailed ef- 
fects of the hydrodynamic  laws are lost in the averaging effects of large numbers  
of tubes. Because of the voids (hollow vor tex  tubes) the bulk medium is com- 

pressible even though the fluid itself is not ;  however,  if the volume fract ion of 
void is small, as will be assumed, the compressibility is slight. 

Although the magnitudes of the geometrical  parameters  (tube cross-section, 

length of tube  per unit  volume) are present ly unknown, one can make  rough 
estimates. For  stability, the hollow tubes should never  get too close to one 

another ;  fur thermore,  the effects to be considered involve only slight shifts 
of tubes f rom their  average positions. The minimum distance between tubes 
might  be 103 or more times the tube  radius. I f  there is to be a chance of dealing 

with phenomena at  the nuclear level, 30 6 or more tubes crossing an area of 10 ~s 
square meter  might  be necessary to get good statistics. This corresponds to 
1034 tubes per m ~, a distance between tubes of 10 -~7 m and a tube  radius of 

(4) E. i-~r KELLY: Amer. Journ. Phys., 31, 785 (1963); 32, 657 (1964). 
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10-s~ m. I f  the tubes were arranged so tha t  a third of them were parallel to 
each of three perpendicular  axes, the tube  length per unit  volume (tube 
density,  Z) would be 3.1034 meters  per cubic meter.  These quantities are not  
to be taken  literally, bu t  only to give a crude notion of the possible scale of 
the model. 

Although at  first glance the picture appears to be one of complete chaos, 
it will be seen by  first considering a few properties of vor tex  tubes and then 
averaging these effects over many  tubes tha t  certain statistically defined 

quantit ies behaving like electrical quantit ies emerge. 

When a gravi tat ional  field is present,  the motion of a horizontal  infinite 
cylinder in a liquid, where there is circulation about  the cylinder, is readily 

found (5). The cylinder does not  tend  to sink even in the case where its weight 

exceeds the buoyan t  force; rather ,  the pa th  of the center is a horizontal  trochoid. 
A special case, occurring when the cylinder is released from rest, is an inver ted 
cycloid, the cylinder accelerating downward at first, bu t  then laterally also as 
the lift force becomes appreciable. Eventual ly ,  as the velocity increases and 
changes direction, the vertical component  of the lift exceeds the weight and the 

cylinder accelerates upward, finally coming to rest at its original height bu t  
with a horizontal  translation. The process then  repeats itself indefinitely, 
since the initial conditions, except  for the horizontal  translation, arc recovered 

periodically. The average effect over a long t ime is a sidewise t ranslat ion of 
the cylinder at  constant  speed. This average speed will be denoted by  ~ and 
the average lateral velocity (referred to as (~ drift  ~)) by ~; this vector  is always 
perpendicular  to the axis of the cylinder. I t  is customary to define the (~ s trength 
of circulation ~) ~ so tha t  2 ~  is the circulation about  the cylinder. A cylinder 
moving about  in the fluid carries its circulation with it;  no change in the cir- 
culation is possible without  friction or other  ext raneous  forces which are, by 
hypothesis,  not  present  in the fluid. I t  is also convenient  to define a ((spin 
vector  ~) x directed along the cylinder so that ,  if one grasps the cylinder in the 
right hand  with the thumb in the direction of x, the fingers give the sense of 
circulation. A cylinder perpendicular  to the paper  with counterclockwise cir- 
culation will have  x out of the paper. When such a cylinder starts  to fall a lift 
force to the right develops; t ha t  is the drift  ~ is to the right. If  the force F 
(including weight and buoyancy  bu t  not  lift) is downward, the drift  is in the 
direction of x •  Later ,  when the geometrical properties of the medium are 
emphasized, a unit  vector  X, parallel to x, is introduced, so tha t  x----gX. The 
drif t  is parallel to X • F. 

Now consider a rigid torus with circulation at rest  in a liquid with no gravita- 

t ional field. The liquid near the surface far thes t  f rom the center of the torus 

is moving more slowly than  tha t  near the nearest  surface; thus there is a greater  

(5) L.M.  MILNE-TIIOMSO~r: Theoretical Hydrodynamics, 2nd edition (New York, N.Y., 
1951), p. 179. 
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pressure a t  the outer  surface. I f  the torus suddenly becomes a void, several  

changes occur; the tube  is flexible and compressible, and  has a smaller v i r tua l  
mass  (e) than  a tube  containing a ponderable  substance.  These changes result  

in an acceleration of the torus toward  its center. The veloci ty  thus acquired 

creates a lift force which is at  first normal  to the plane of the torus ;  t h a t  is, 

drif t  along the axis occurs just  as in the case of the  s t ra ight  tube,  excep t  t h a t  

here  weight  and  buoyancy  are absent  and the net  applied force is derived ex- 

clusively f rom pressure differences. The mot ion is like tha t  of a smoke ring;  

if the magni tude  of the v ib ra to ry  mot ion  is small, the  torus appears  to be ad- 

vancing a t  cons tant  speed. This case is t rea ted  in detail  by  HICKS (~). 

The effect on the veloci ty of advance  of a par t icular  segment  of a torus due 

to d is tan t  segments  is negligible for a large thin ring, so tha t  the mot ion  is 

de te rmined  b y  local conditions. I f  the effects of var ia t ions  in shape and size 

of cross-section are negligible, as m a y  well be the case for exceedingly thin tubes,  

we m a y  regard the tube  as a line the mot ion of which is a funct ion of cu rva tu re  

alone. This funct ion has, p resumably ,  a McLaur in ' s  expansion (although see 

appendix  A) so t h a t  for small curvatures  we m a y  write 

(1.1) ~ = ffC, 

where C is the  magni tude  of the  curva ture  and ~ a constant ,  the  <( drif t  coef- 

ficient ~). The direction of ~ is the same as tha t  of tile fluid on the inner (concave) 

side of the tube,  so t ha t  when the vector  curva ture  is C, as in fig. 1, 

--~ ~TkxC.  

K 

c 

Fig. 1. - The drift ~ of a bent tube is in the dircction of fluid flow on the side of the 
tube toward C. 

(e) L. 5[. Mn,~-~.-TiIoxsox: Theoretical Hydrodynamics, 2nd edition (New York, N. Y., 
1951); 1 o . 228. 
(~) W. -~{. HICKS: On the steady motio~ and small vibrations o /a  hollow vortex, in Phil. 
Trans. t~oy. Soc., p. 161-195 (1884). 
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When  a cylinder with circulation moves lateral ly in a fluid of densi ty  0 the 
lift force on it is 2~z0~ per  unit: length in the direction of X • ~ ; l ha t  is 

lift per unit  length = 2 ~ o X  X ~,  

accompanied b y  a react ion th rus t  on the fluid 

(1.3) th rus t  per  uni t  length = 2zzo~ •  

For  hollow tubes these forces are fictitious since a void can nei ther  reccive 

nor app ly  a force. They  arc, however,  convenient  fictions for expressing thrusts  

associated with m o m e n t u m  transfer  rates arising f rom ben t  tubes.  To see how 

m o m e n t u m  t ransfer  is genera ted  f rom ben t  tubes,  consider fig. 2, showing first 

:g 

/ 

/ I�9 / 

Fig. 2. - The rate of momentum transfer into a region between parallel planes is zero 
from straight tubes; when the tubes are bent the momentum transfer rate into the 
region is different for thc two planes, resulting in thrust. 

a s t ra ight  tube  and two parallel planes intersect ing it. Fluid crosses each plane 

due to the circulation, bu t  the ra te  of t ransfer  of m o m e n t u m  into the space 

between planes is zero, since as much leaves across one plane as enters across 
the other. I f  the tube  is curved this equal i ty  is upset ,  so tha t  a net  ra te  of t ransfer  

of m o m e n t u m ,  a thrust ,  is created.  1Vhcn the thrus ts  f rom all tube  sections 

in a volume V are added, the result  divided by  V is the average  th rus t  per 

unit  volume.  In  the l imit  of small V, this is defined as the thrus t  vector  T. 

In  the neut ra l  s ta te  of the medium thrusts  due to curved tubes are occurring 

everywhere,  but ,  by  definition of the neut ra l  state,  no appreciable macroscopic 

acceleration of fluid results;  t ha t  is, on a sufficiently large scale the thrus ts  

cancel with stat is t ical  accuracy.  The medium,  as with a quiescent gas, is in 

dynamic  equilibrium. However ,  it is easy to imagine a s ta te  where the thrus ts  
do not  cancel. Consider a: plastic in which m a n y  long straio'ht threads are 
embedded  in r andom directions; if the plastic is bent  near ly all threads acquire 
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curvature, although of different amounts and directions depending upon their 
original directions. The average vector curvature of the threads as a result 
of a displacement resulting in strain is in general nonzero. A quantity which 
has considerable prominence later is a bulk displacement D. Vortex filaments, 
that  is, fine vortex tubes containing fluid rather than void, move with the 
fluid (8). Hollow tubes, except for motion due to curvature (and effects of large- 
scale pressure gradients, which will be ignored for the present), will do likewise. 
A bulk displacement as considered here is really a displacement of tubes rather 
than of fluid, since there is no attempt to identify and follow a particular blob 
of fluid. However, it is convenient for visualization to think of the medium 
being displaced as a whole, carrying the tubes with it, just like the plastic with 
embedded threads, while ignoring the microscopic cyclic motion around the 
individual tubes. The form of D determines the pattern of tube curvature 
and therefore the average drift and thrust on a region of fluid. Terms like 
~D~/~x are tangents of angles of rotation; when such terms are infinitesimal the 
angles are equal to the tangents, and, being infinitesimal, can be regarded as 
vectors. Thus, we may define 

(1.4) 0 -- ~}V• D.  

D and e appear later in close association with the vector potential and magnetic 
induction, respectively. 

I t  is already evident that  large-scale (bulk) effects are statistical; in cal- 
culating thrust per unit volume due to tube curvature, for example, we cannot 
actua.lly allow the volume to vanish in the limit, but must keep it large enough 
to obtain a statistically valid average of thrusts from many tubes. In particular, 
it will become apparent that  Maxwell's equations along with E and B for the 
medium have only statistical significance. The displacement D and angular 
bulk displacement 0, along with lateral tube displacement ~ and drift ~, can 
all be considered as measured relative to a co-ordinate system which is at rest 
relative to the centroid of the fluid, assuming the latter to be of finite extent. 

2.  - M a x w e l l ' s  v a c u u m  e q u a t i o n s .  

Consider a region of the medium, initially neutral, to undergo a displacement 
which bends tubes. Tube bending depends partly on tube orientation; if, for 
instance, an initially flat slab is bent to form a cylindrical shell, fig. 3, tubes 
transverse to the axis have maximum bending, those parMlel to the axis no 
bending, and tubes with intermediate orientations acquire intermediate cur- 

(8) L.M. MILN~-THo~IsO~: Theoretical Hydrodynamics, 2nd edition (New York, N. Y., 
1951), p. 79. 
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vatures ,  the general  effect being an average  curva ture  along the curva ture  K 
of the cylinder. I t  is evident  t ha t  tubes are drift ing across the line of K in the 
sense of ~, • C with speeds propor t iona l  to the magni tude  of the la t te r  vector.  
I f  we choose a direction, calling it (( upward  ~) for convenience, i t  is apparen t  

t h a t  all tubes crossing K f rom right  to left  have  upward  spin components ,  while 

Fig. 3. - Preferential sorting of spin occurs as a result of medium bending. The short 
arrows normal to tubes show the direction of drift. 

those crossing f rom left  to r ight  have  downward spin components .  Since each 
tube  carries with it circulation of amoun t  2 ~ ,  circulation is being sorted pre- 

ferential ly b y  med ium bending. When  drift  varies in space, a net  spin densi ty 

m a y  accumula te  so t ha t  the med ium acquires a ro ta t ion  which appears  macro-  

scopically as vort ic i ty ,  even though there  is no vor t ic i ty  at  the microscopic level. 
The expressions for th rus t  per  uni t  length developed in the  introduct ion 

permi t  us to write the  th rus t  per  uni t  vo lume T f rom drift ing tubes in several  
ways : 

where dr is the  e lement  of tube  length and V the volume over  which the integ- 

ra t ion extends.  Al though V cannot  shrink to a point  wi thout  vi t ia t ing the 

meaning of T us an average,  we can take  it  small enough, while still re ta ining 

good statistics, to define a (~ quasi-point  ~) or (( s tat is t ical  point  ~) function. 

~ o w  consider a thin torus of radius r and small  cross-sectional area  s. The 
inert ia of the fluid inside the torus is ~o(2zrrs) and  the tangent ia l  veloci ty  is rco, 
~o being the angular  speed. The angular  m o m e n t u m  is then  2~Asco, where 



124 E. BI. KELLY 

A----~rr ~ is the area of the loop. The torque on the fluid inside the torus is 
r (T .sda) ,  where da is the element of are, integrated around the loop. Equat -  
ing torque to ra te  of change of angular momentum,  we get 

(2.2) A-'f T. da = 2~ 8ta/St. 

For  small loops the left-hand side a43proaches the component  of V x T normal  
to the loop and siuce the integrat ion loop is a rb i t ra ry  we have 

(2.3) V X T---- 2dSto/St. 

This, like all similarly derived quantities,  is only statistically valid, since the 

integrat ion loop cannot  shrink t o n  wmishing limit. 
After  tubes have drifted for a time from their  neutra l  positions they  have 

t ransla ted lateral ly by  an amount  ~. Since it turns out to have properties similar 

to those of the electric vector,  we define 

(2.~) E = kl v- f2  ox x ~ d l .  

Comparison with cq. (2.1) shows that  this differs f rom k i t  by  the presence 
of ~ instead of ~, as well as in l~hc order of cross-multil)lication. The la t ter  change 
is made so tha t  later  results will conform to anah)gues of electric and magnetic 

fields. 
Inspection of (2.4) and (2.1) shows that  

(2.5) T = -- k['  ~E/~t. 

Fr om eqs. (2.3) and (2.5) we get 

k[ '  o~-' V x ( B E ~ S t )  = - -  2 8 r  . 

In tegra t ion  gives 

(2.6) k; -1 o -I V • E ---- -- 2to,  

where the function of integration vanishes if the initial state of the medium 

is n e u t r a l .  
If  the net  spin density is spread uniformly across an area normal to r the 

area spins like a rigid body except  for the microscopic turbulence. We consider 

only those cases where the medium experiences angular displacements which 
are so small tha t  no appreciable exror is incurred by t reat ing them as vectors.  
Le t  the angular displacement be 0; it will be apparent  shortly tha t  this vector  
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has similarities to the magnetic-induction Vector, so we define a new vector  

(2.7) B = 2k20 = k~V x D ,  

where D is the bulk medium displacement. Differenti~tiou gives 

(2.8) 8B/St ~k2 c0/ct -- 2k~ to 

which, combined with eq. (2.6), gives 

(.0.9) i k.., o -1V x E = ~ B / ~ t .  

Thus, the medium exhibits ~ proper ty  similar to th:~t described by F a r , d a y ' s  
law for s ta t ionary circuits. Here,  it is simply the assertion theft, when V •  

does not  vanish, more tubes of one sense of spin have entered a loop than have 
left it, the result  being a net  spin density proport ional  to V xE, although op- 
positely dh'ected, ~nd ~ concomitant  angular velocity proport ional  to ~B/~,t. 
Consequently, there is bulk vort ici ty of amount  2 m - - k [ ~ B / ~ t .  

In  order to find fur ther  relationships between E, B and T in terms of D 
and its derivatives, we examine the effects of the medium displacement in more 
detail. Under a bulk displacement D, an initially straight tube  is, in general, 
ro ta ted  and bent  by the strain. Consider ~ tube  section between neighboring 
points P and Q, denoting the position vector  of Q relative to P by d~.. After  
the disl)laeement the points ha.re moved to Q' and P', the new position vector  
being d~. ' - -d~.-! - (dX.V)D.  Only the comi)onent of (d) , .V)D normal to d~, 
produces rota t ion;  for small angles (recall tha t  ~ is a unit vector  tangent  to 
the tube) the magni tude 0 of the rota t ion is !~. • ((lX.V)D[/d2 = [), • (X'V) D[. 
Fur thermore  suffmiently small angles m~y be considered as vectors so tha t  

(2.]0) O - ~. x (~..V)D. 

The rota t ion of a tube  segment ~t Q' relat ive to the rotat ion of a segment of the 
same tube at  P '  is 

de = (dX.V) 0 .  

This differential rotat ion induces curvature  in the (initially straight) tube. 

The par t  of dO directed along the tube produces no curvature  but  only a twist 

which has no obvious significance for our present  analysis. The component  

normal to the tube  results in curvature  of magni tude d0/d2 concave in the 
direction of dO x~.. The curvature  vector  can therefore be wri t ten 

c =  (de x X)/d~ = [(d~.. V) e] x ~./d,~ = [ (X .V )e ]  x X = - x  x [ (~ . . v ) { x  x [O, . V) D ] } ]  . 
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Since X is a constant  vector  this reduces to 

c = - x x [ x  x ( X . V ) { ( X . V ) D } ]  = - X x [X x ( X . V ) ~ D ] ,  

which, upon expanding the tr iple vector  product ,  becomes 

(2.11) C = - -  [X.(X-V)~D]X + (X.V)2D. 

The curva tu re  will va ry  with the tithe direction; for the invest igat ion of bulk  

propert ies  the mean  curva ture  is needed, since this determines the mean  th rus t  
f rom m o m e n t u m  t ranspor t  arising f rom ben t  tubes.  I t  is shown in appendix  B 

tha t  the mean  curva ture  is 

(2.12) C = (4/15) W D  --  (2/15) V(V.O) .  

The th rus t  per  uni t  volume is, f rom eq. (2.1), v - l f 2 ~ u o ~ C d l .  Using the average  

vMue of C, we get  T = V- l (2zu~r /C) fd /=  2zc~o~LC, where L = V - l f d l ,  the tube  
length per unit  volume.  With  the result  of appendix  B, and  set t ing 
G = (8/15):r~e~L , we get  

(2.13) T = G W O - -  1 GV(V.D) .  

When  V . D  vanishes this reduces to 

(2.14) T ---- GV2D := - -  G V  • (V •  

a special case which will now be examined.  With  V xD---- k-~iB, f rom eq. (2.7) 
and  T = k - (~E/~ t  f rom eq. (2.5) we can write eq. (2.14) in the fo rm 

(2.15) V •  = k-~ 1 k 2 G -x ~E/~t , 

which is analogous to the second of Maxwell 's  curl equations for free space. 

Since values of k~ and  k2 have  not  ye t  been chosen, we m a y  set k~ ~ k~ ~o - 1 - -  1 

and k~Ik2G-~-~c -~, so t ha t  Go-~----c 2 and cqs. (2.9) and  (2.:15) t ake  the fa- 

miliar  form of the ~ v a c u u m  ~) equations 

(2.16) V • E = - -  ~ B / ~ t ,  

(2.17) V x B  -= c -~ ~E/~t .  

Since, by  definition, B is k 2 V x D  we get 

(2.18) V .B  = 0 .  
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By  taking the divergence of both sides of eq. (2.]7) we see tha t  (~/~t)V.E 
vanishes, so tha t  V . E  is a function of space only. Since this requires a field 
constant  in t ime the only solution of interest  for free space is 

(2.19) V . E  ---- 0.  

The dependence of eq. (2.19) on eq. (2.17) must  be noted ; eq. (2.19) is not  neces- 

sarily valid when displacements have nonvanishing divergence. By contrast,  
eq. (2.18) is correct  for all cases. Tha t  is, the  theory prohibits magnetic mono- 
poles bu t  does not, at  this point,  prohibit  electric monopoles. Wi thout  doing 
violence to the terms, we may  refer to E and B as, respectively, electric and 
magnetic induction vectors. E is characterized by  a lateral displacement of 
tubes in the sense of ~ described above. B is characterized by  a bulk angular 
displacement small enough to be represented as a vector  along B. I t  is apparent  

tha t  these are merely the most  obvious characteristics ; since E and B are com- 
plicated structures in the medium additional properties exist. Equat ion (2.16) 

states tha t  the density of spin (bulk vorticity) result ing from - - V •  is ac- 

companied by  bulk medium rotation, proport ional  to ~B/~t. E has been so 
defined that ,  if its curl is positive, a negative spin is induced, fig. 4. This equa- 

Fig. 4. - Vorticity results from net spin density; since E 1 exceeds E 2 more tubes of 
counterclockwise spin enter the loop so that the line integral around a loop corresponds 
to com~terclockwisc rotation. 

t ion is kinematic  in character.  Equat ion  (2.17) is dynamic;  VxB-- - -k~V•  

• (V •  is, except  for a constant  factor, the negative of the thrus t  per unit  
volume due to tube  curvature ,  while ~E/~t expresses the same thing in terms 
of the reaction to the lift force as in eq. (2.5). 

I t  is sometimes Convenient to deal with a simpler form of the medium in 
which the tubes are resolved along perpendicular axes. The electric field is 
then much simplified as it involves only tubes perpendicular  to the field. The 
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magni tude o[ E,  from eq. (2.4), re4uces to k,V-~f2une~dl=k~(2z~• 
where 1/ is the tube length per unit  volume directed at  r ight angles to E. I t  

is reasonable to suspect tha t  the energy of the field derives f rom transfer  of 
bulk kinetic energy of motion;  tha t  is, if initially E vanishes bu t  a bulk velocity 

q = ~D/~,t exists, the fluid does work on the tubes as they  drift, at the expense 
of the bulk kinetic energy. The force on ~ tube  in a current  of speed q is 2~noq 
so tha t  the work clone in moving the tube  length L'  laterally by  amount  d~ is 

d W  = 2~noqL' <i~ = --d(~q2/2) = -- oqdq, 

the last te rm being the change in kinetic-energy density. The negative sign 
arises because dq is negative for positive d~. In tegra t ion  from ~ = 0 to $ = ~o, 

with q varying from qo to 0, gives 2znE'~  o = qo. The original kinetic energy 
~q~/2 in terms of ~o is 2n~ o. This can be expressed in terms of 

2 ,2 E o =  k~(2nxoL'~o), derived in the preceding paragraph,  to give W ~ E o / 2 k ~ .  
If  we identify the field with an actual  electric field, we must  identify k~ as 

(2.20) k~ = (~eo) -~ , 

I t  has been shown by somewhat different reasoning (9) t ha t  

( 2 . 2 1 )  k~ = ( G ~ o )  -~ . 

These results :~re useful in the nex t  section. 

3.  - S e c o n d - o r d e r  f i e ld  e f f e c t s .  

In  averaging the effects of tube  bending (a.ppendix B) the tubes were as- 
sumed to be at their neutra l  positions. Although this is a good approxiinat ion,  
it is not  strictly correct,  since the tubes share in the bulk displacement and, in 

addition, have the lateral  displacements ~. When these factors are t aken  into 

account,  small second-order effects become evident.  As an example of this 

(using a co-ordinate system where x is to the right, y toward the top of the page 
(upward) and z out of the paper) consider a plane wave prop~.gating along x 

with E parallel to y and B parallel to z. The thrus t  T is also parallel (or anti-  
parallel) to y. Howei:er, the medium has ro ta ted  during the displacement by  
an average angle 0. Tubes (in the resolved version of the medium) parallel to 
y do not  c;hange directions at  all, while tubes in planes perpendicular  to y have 
their  directions of drift  changed by  20; t ha t  is the vector T has changed f rom 

(9) E .M.  K~:~,~,Y: Amer. Jour~z. Phys., 32, 658 (1964). 
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the  y-direct ion b y  an angle 20 which, f rom cq. (2.7), can be wri t ten  as k-~lB. 
Thus T has a componen t  kY21B • T in the x-direction. Wi th  eqs. (2.5), (2.20) 
and  (2.21) and  interchange of order of mul t iphcat ion,  this can be wri t ten  as 

(k~k2)-l(~E/~t) x B  = (tzoc2)-~(~E/~t) xB.  
Another  th rus t  arises because the exist ing electric field is ro ta t ing  with 

average  angular  veloci ty  (o (el. eq. (2.8)). When  a tube  section dl  is displaced 
to fo rm pa r t  of a field, one can th ink  of this as equivalent  to annihi lat ing the  

original e lement  b y  superimposing a tube  e lement  - -  dl  on it, then  creat ing a new 

section dl  a t  a distance ~ f rom the original one. )~inally a tube  section g is added 
to one side and  - -  g to the  other  to fo rm a rec tangular  r e -en t ran t  vor t ex  tube  

of area ~dl. Since this is done for all t ube  sections, the added tube  section 

for one dl  is annihi la ted b y  a - -  g for the  nex t  d/, so t ha t  noth ing  is added to 

the  medium.  I f  the  rectangle  ro ta tes  abou t  edge dl  with angular  veloci ty  tg~ a 

th rus t  is developed b y  the  opposite edge of 2~ruo(length)(velocity) = 2zru~ dt ~39; 

it  is appa ren t  t h a t  the  location of the axis of ro ta t ion  is immater ia l .  For  the  
same reason tha t  20 was t aken  as angle of ro ta t ion  of T, the  angular  veloci ty  

of ro ta t ion  of E is ev ident ly  ~ ---= 2r so t h a t  the  magni tude  of the  th rus t  is 
2k-~tEo~. The direction of th rus t  is to the r ight  when E is upward  and  to is out  
of the  pape r  so t h a t  the  th rus t  is 2k-~XExr which, with eqs. (2.8), (2.20) 

and  (2.21), can be wr i t ten  (k~k2)-~E• (/xoc2)-lE• 
The to ta l  th rus t  f rom the two causes, change in direction of T and  angular  

veloci ty  of E,  is (ttoC~)-z(a/~t)(ExB). Now al though the  devices of lift on a 
tuba  b y  the  fluid and  the  react ing  th rus t  on the  fluid b y  the  tube  are ex t remely  

useful techniques because they  are easy  to use, it is obvious, as was ment ioned  
previously,  t h a t  they  are fictitious. Tha t  is, the  th rus t  on a volume of the  me- 

d ium mus t  have  its real  origin in the  ra te  of t ransfer  of m o m e n t u m  across the  
surface of the volume,  this arising f rom tube  mot ions  and  differential changes 
in the  angles a t  which tubes intersect  the surface. I n  the  p lane  wave,  let  R(x, t) 
be the ra te  of t ransfer  of m o m e n t u m  across a uni t  area toward  the  r ight ;  for a 
slab of uni t  area  and  thickness Ax, the  ra te  a t  which m o m e n t u m  enters  f rom the 

left  is R and  the  r a t e  a t  which it  leaves toward  the r ight  is R "4-(~R/~x)Ax, 
the  ra te  of increase within the slab being - -  (~R/~x)Ax. Thus, the  th rus t  on 
the slab in the  x-direction is 

- -  (SR/Sx) Ax = (/~o c2)-1(8/St)(E xB)  . 

For  a wave  the  opera tor  - -  e -18/St can replace 8/ax, so t ha t  the preceding re- 

lations can be wr i t ten  in the equivalent  fo rm 

~ R / ~ t  = (/Xo e ) - 1 ( ~ / ~ t ) ( E  •  . 

Since the space funct ion of in tegra t ion m a y  be t aken  as zero in this case, in.~ 

9 - I I  N u o v o  C i m e n t o  B .  
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tegrat ion gives 

(3.1) R = (/~o c)-I(E •  = e- l (E • H ) ,  

where H = B / g o ,  as the ra te  of t ransfer  of m o m e n t u m  across a uni t  surface 
normal  to the propagat ion velocity.  This result  is inherent  in the model,  b u t  
not  in the analogues of Maxwell's vacuum equations,  eqs. (2.16) and (2.17), 
since the la t ter  were derived by  neglecting the effects discussed above. Th a t  

is, a t  least with respect  to the model, the linear vacuum equations are incom- 
plete. R is in terpre ted  here as the momen tum transfer  ra te  per unit  area normal  

to  the  wave front.  Tha t  the in terpre ta t ion applies only to wave mot ion is ap- 
paren t  f rom the subst i tut ion of - -  c -1  ~ / ~ t  for ~/~x. As elsewhere, for example  
in ultra-sonics, it  may  not  be profitable to rewrite the vacuum equations to 
include nonlinear terms, bu t  ra ther  to proceed f rom the solutions of the l inear 
equat ions to second-order effects as was done to obtain eq. (3.1). 

Classical derivations of radiat ion pressure and related phenomena  usually 
s ta r t  with the work done on charges by  fields or, a l ternately,  with the Maxwell 
stresses. In  ei ther  case, the exper imental  fact  of the existence of charge is needed. 
The above t r ea tmen t  has a clear advantage  in eeonomy~ since the concept  of 
charge is um~ecessary. 

As another  example of second-order effects we consider an effect of com- 
pressibili ty which arises f rom the hollowness of the vor tex  cores. I f  a region 
of the medium expands by  an increase in core volume, each volume element  
acts like a source of ou tpu t  V. ( ~ D / ~ t )  per uni t  volume. For  i r rotat ional  bulk 
mot ion  there  is a bulk velocity potent ia l  q~ and a bulk veloci ty --  V~b. In  
addit ion there  m ay  be a divergenceless component  of bulk velocity (~, so the 
bulk velocity is 

~ D / ~ t  -= - -  V q b  A- Q ,  

and 

(3.2) V . ( ~ D / ~ t )  = - -  V 2 r  

Suppose tha t  r satisfies the wave equation. Then 

V .  ( ~ D / ~ t )  = - -  V ~ ~ = - -  e - 2 ~  2 q @ t  ~ , 

and an integrat ion with respect to t ime gives 

(3.3) V . D  = - -  c - 2 ~ q ~ / ~ t ,  

where the space funct ion of integrat ion may  be t aken  as zero when no stat ic 
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fields exist. The pressure equation (to) is _P+ 1-oq2--Q~q~/~t = 0C(t); ff the 
medium at great distances is neutral,  C =: 0, and if q is sufficiently small, we get 

P = 0 ~q) /~t .  

That  is , /~ is the bulk pressure, superimposed upon the hydrodynamic  pressure, 
which arises from bulk motions of the medium. Equat ion (3.3) asserts tha t  the 
relative compression of the medium is proportional to the bulk (or excess) 
pressure ~ 8 # / S t .  

The quant i ty  D can be related to an electrical quant i ty  by recalling tha t  B 
was defined (eq. (2.7)) as kzV •  so tha t  k2D is evidently the same as the 
ordinary electric vector potential  A. For  r we can procede as follows: from 
eqs. (2.7) and (2.16) we have 

(3.4) 

k~V x D  = B ,  

V x k~ ~ D / S t  = 8 B / ~ t  = - -  V x E ,  

V x ~ A I ~ t  = - - V x E ,  

c')Al~t = - -  E - -  V ~  , 

where 9 is the electrical scalar potential.  Taking the divergence of both sides 
of eq. (3.4), and confining our a t tent ion to cases where V . E  vanishes, we get 

(3.5) 
V .  ~ A l ~ t  =- - -  V ~ 9  , 

V .  ~cDl~t = - -  v~/k2. 

Comparison of eqs. (3.2) and (3.5) shows tha t  

(3.6) q ~ = q / k ~  

except possibly for an additive harmonic function which may  be dismissed 
since such a function does not  contribute to the electric or magnetic fields. 
Finally,  eq. (3.3) can be writ ten in terms of electrical, rather  than  bulk hydro- 
dynamic,  quantit ies:  

(3.7) 
I V .  A = - c-~ ~c f l~ t  . 

Thus, within the stated limitations, we have obtained a physical interpretat ion 
for the Lorentz gauge, relating it to the compressibility of the medium. 

(lo) L. :M. :M~:~-THo~so)r: Theoretival Hydrodynamics,  2nd edit-ion (:New York, :N. Y., 
1951), p. 81. 
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4 .  - D i s c u s s i o n .  

Several  theorems identical  in form to those of v a c u u m  elec t rodynamics  
have  been derived wi thout  using any  facts  of observat ion.  E v e n  Newton ' s  

second law and the  concepts  of force and  inert ia  may ,  if appendix  C proves  

cogent,  be replaced b y  k inemat ic  concepts  of cont inui ty  and  conservat ion of 

fluid volume.  F r o m  the s tandpoin t  of pos tu la t ional  economy the m e d i u m  ap- 

pears  to be promising as a candidate  for an e ther  model.  

The na ture  of m a t t e r  as it  relates to the  med ium has  not  been discussed 

here for the reason t h a t  v i r tua l ly  no progress has  been made  in this direction. 

Considerations of pa r s imony  suggest t h a t  no new postula tes  are needed;  t h a t  

m a t t e r  is a quasi-stable s t ruc ture  of the  m ed i u m itself, an  idea which is by  no 

means  novel.  The a t t rac t iveness  of this approach  is enhanced b y  the  reflection 
t h a t  through it  the wave  na ture  of m a t t e r  and  relat ivist ic  p h e n o m e n a  such 
as rod contract ion and  clock re ta rda t ion  become qual i ta t ive ly  intelligible. 
One quan t i t a t ive  p rope r ty  which m a y  relate  to m a t t e r  is the  circulat ion con- 

s t an t  ~. I f  the  tubes are all assumed to have  the  same circulation (the s implest  

assumption)  the  med ium has an intrinsic q u a n t u m ;  a l though one m a y  suspect  

a connection be tween ~ and  P lanek ' s  constant ,  the connection has not  ye t  
been found.  

APPENDIX A 

D r i f t  c o e f f i c i e n t .  

A fine hollow v o r t e x  r ing  advances  a p p r o x i m a t e l y  wi th  speed 

v = �89 ~V[ln ( s / r e ) -  ~], 

where  C is t he  cu rva tu re  of t he  v o r t e x  t ube  regarded  as a c i rcular  l ine ( tha t  
is, C = 1/R,  where  R is the  radius  of the  aper ture ) ,  ~ is the  s t r eng th  of cir- 
culat ion and r is t he  radius  of t ube  cross-section.  When  the  radius  of cross- 
sect ion r ema ins  constant ,  the  speed is a func t ion  of C only. Al though v 
vanishes  in the  l imi t  as C approaches  zero, dv /dC does not  exis t  a t  C--=-0; 
t he re  is, consequent ly,  no ~ c L a u r i n ' s  expansion,  nor  is the re  one for a more  
precise  fo rmula  developed b y  HICKS (11). Two choices are avai lable  (other t h a n  
solving a difficult p rob lem) :  we can assume t h a t  the  mot ion  of the  curved  
por t ions  of a s t ra igh t  v o r t e x  t ube  s l ight ly p e r t u r b e d  differs sufficiently f rom 

(11) W. ~][. HICKS: On the steady ,motion and small vibrations o[ a hollow vortex, in I'hil. 
Tra~s. t~oy. Soc., p. 163 (1884). 
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t ha t  of a large axia l ly  symmet r i c  vor t ex  r ing to have a McLaurin 's  expansion, 
or we can use the  fact  t ha t  the  tubes  in the  medium are not  real ly  s t ra ight  
even in the  neut ra l  state.  Addit ional  tube  curva ture  induced b y  a bulk dis- 
p lacement  will t hen  increase or decrease an a l ready exist ing tube  motion.  
For  this  case, a Taylor ' s  expansion of v, which does exist  for C > 0 ,  can be 
used to  calculate the  change in mot ion due to the  superimposed curvature .  
Since effects of tube  curva ture  in the  neut ra l  s ta te  cancel for the  phenomena  
considered here,  we can specify, in principle,  a dr i f t  coeffmient ~/, such tha t  

= ,~C, where C is the  superimposed curva ture  and ~ is an effective value 
which does not  include the tube  mot ion in the  neut ra l  state.  

APPEI~" D I X ]~ 

Calculat ion o f  the  m e a n  curvature .  

The mean value C of C is obta ined by  averaging over  the  neutral  medium 
where all tube  directions are equal ly represented.  In  Cartesian co-ordinates, 
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Fig .  5. - C o - o r d i n a t e  s y s t e m  u s e d  for  a v e r a g i n g  C. T h e  e l e m e n t  of a r e a  on  u n i t  

s p h e r e  is s in a dec da.  U s e f u l  r e l a t i o n s  a re  cos fl = s in  a cos co a n d  cos ? -- s in  a s in ~o. 

fig. 5, with k = i e o s a + j e o s f l ~ -  k e o s y  and D = i u + j v +  kw, we get for 
x-components  

') D i [(). 'V)- L -  [ u ~ c o s ~  - u,~c()s~P+ u ~ c o s ~ +  

2u~ cosa  cos/~ + 2 u ~ c o s a c o s y  ~- 2u~cosflcosy], 

[{~." (~" V)~D} ~3~ = [cos ~ ~{u.~ cos ~" a + u~  cos~fl + . . .  + 2u~ cos fl cos 7} + 

+ cos ~ cos,~{v~ cos ~ ~ + . . .  + 2v~ cos ~ cos ~,} + 

§ cos ~ cos~,{w~ cos:a  + ... § 2w~cosfl  cos~}].  
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The x-component  of C is; f rom eq. (2.1), 

C~ -~ sin 2 :r cos 2 ~ § u~  cos ~ fl + u~ cos 2 ? -[- 

+ 2 u ~  cos~z c o s ~  § 2 u ~ e o s  ~ c o s y  § 2u~o cos/? c o s y }  - -  

- -  cos  a cos /~{v~  cos" 0~ + v~, cos  ~fl + . . .  § 2v,, cos  f~ cos  y} - -  

- -  cos  a cos  y { w ~  cos" ~ § w~, cos:f i  §  § 2 w ~  cos  fl cos  y } .  

The relat ive f requency of tubes having  directions within the element of solid 
angle is sin~d(od~/4~. We mult iply  this  b y  C~ and integrate  over the  uni t  
sphere, using the relations cosfl=- s in~cosw and c o s y =  sin~sin(o to express 
~11 variables in terms of ~ and o~. Many of the integrals vanish because of 
coso ,  sin(o or cosaco factors  in the  integrands;  the  nonvanishing ones for the 
mean value of the  x-component  of C are as follows (the ranges of integrat ion 
being zero to 2~ for co and zero to ~ for a): 

(4.u) -1 u ~ f f s i n  a ~ cos 2 ~zdw d~z = (2/15) u**, 

(4~) -1 u**f f s in  ~ a cos." (o da) da --  (4/15) u~,~, 

(4:~) -~ u ~ f f s i n  ~ a sin ~ a) d~o d? = (4/15) u,~, 

- -  2 (4g) -~ v , , f f s i n  8 ~ cos ~ a cos ~ oJ d o  da ---- - -  (2/] 5) v~, 

eos  sin'  = 

I f  we add and subtract  (2/15)ux~, the  sum of the integrals can be wri t ten  

O= = (4/:15)(u==-]- u,~ + u~z)--(2/15)(u~. + v=~-t- w=,) , 

which is recognizable as the  x-component  of (4/15)V'2D - (2/15)V(V. D). Since 
the  choice of axes is a rb i t rary ,  we infer t h a t  

r = ( 4 / 1 5 ) v 2 D -  (2/15)v(v. 0 ) .  

APPENDIX C 

Equivalence of kinematics and dynamics of the fluid. 

Consider a fluid of finite extent  where the complete boundary ,  including 
vor tex  cores, is specified at  t ime zero, along with the normal  component  of 
fluid veloci ty at the boundary  and the  circulations associated with irreducible 
circuits which embrace vor tex  cores. 

I t  is assumed tha t  the  given bounda ry  velocities are compatible with the  
condit ion of incompressibil i ty and with the  cont inui ty  of the fluid. Details  
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of the  k inemat ic  constraints  m a y  be found in s tandard  t reat ises  (1~). For  an 
incompressible fluid in i r ro ta t ional  mot ion  this  is sufficient information,  in 
principle,  to  find the  veloci ty  potent ia l  q~(x, y, z, t) at t ime  zero b y  the  solution 
of a (~ first ~> boundary-va lue  problem. Among the  k inemat ic  constraints  is the  
requ i rement  Chat the  ve loc i ty  potent ia l  has continuous second derivat ives with 
respect  to t im e  and any  sp~ce co-ordinate so t h a t  the  order  of different iat ion 
in t e rms  like O:cf/OxOt is commutat ive .  An (( exis tence opera tor  )~ 0 m a y  be 
defined such t ha t  ~o vanishes th roughout  a region of void and has an unassigned 
bu t  constant  nonvanishing value th roughou t  the  fluid. We define a funct ion 

p = o. (eq~/~t)- - lo  "- . q  -I- eC(t) , 

where q = - -  V~ and C(t) is a continuous funct ion of t ime  only. The funct ion p 
is continuous wi th in  the  fluid because ~ and its first derivat ives are. However ,  
let  us require  t ha t  it  be continuous everywhere .  I t  is zero in a void, since 

= 0 there ,  hence, for con t inu i ty  at  a boundary ,  p mus t  approach zero as 
the  bounda ry  is approached along a pa th  lying in the  fluid. Tha t  is 

~ / ~ t -  ~ q~ § c( t )  = o on the  boundary .  

At t ime  zero this  becomes 

[e~let § r = �89 qi, o ,  

the  subscripts indicat ing tha t  the quant i t ies  are evaluated on the  bounda ry  
at  t ime  zero. Since q~,o----- (V~)B,o is known f rom the  solution of the  first 
boundary-va lue  problem, the  quan t i t y  0~/St~-C(t) is therefore  known on the  
bounda ry  at  t ime  zero. I t  is harmonic ,  since ~ and C are, and since its value  
is known on the  boundary  at  t ime  zero, the  solution of a second boundary-  
value problem yields the  value of 8q~/St~C(t) at  t ime  zero, bu t  th roughout  
the  fluid. Tha t  is, the  funct ion p is now known everywhere  at  t ime  zero f rom 
the  given boundary  conditions and cont inui ty  assumptions.  

The accelerat ion of a fluid par t ic le  is given b y  the  convect ive der ivat ive  

dq/dt  = Oq/~t + ( q .V)q  = Oq/Ot + �89 Vq ~ 

fo r  i r ro ta t ional  mo~ion. Wi th  q------V~ and VC(t)---0, and commuta t ion  of 
t ime  and space differentiations, we get 

dq/dt  = .-V[~q~/~t-- �89 q~ + C(t)]. 

Mult iplying th roughou t  b y  o and recall ing the  definition of p, we have 

dq/dt  = --Vp/Q . 

(1~) R. Avis: Vectors, Tensors, and the Basic Equation,s o] Fluid Mechanics (Englewood 
Cliffs, N.J . ,  1962), p. 76. 
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The  accelera t ion of every  fluid par t ic le  is the re fo re  known at  t ime  zero. The 
calculat ion of the  s ta te  of the  fluid a t  a n y  o ther  t i m e  is therefore  reducible 
to  the  solution of a differential  equat ion.  

As an i l lus t ra t ion of these  definitions, consider a fluid region in the  fo rm 
of an  infinitely long hollow cyl inder  (13) of inner  and  outer  radi i  a and b, 
respect ively .  The circulat ion a round  the  cyl inder  is 2zg;  for definiteness out-  
ward  radia l  ve loc i ty  is assumed.  Polar  co-ordinates r, 0 in a p lane  no rma l  
to the  cyl inder  axis  m a y  be used;  incompress ib i l i ty  and  cont inu i ty  require  
t h a t  2urg~--27~m, where  m m a y  be a funct ion of t ime ,  bu t  not  of space, and  
q, is t h e  radia l  veloci ty .  The no rma l  components  of ve loc i ty  on the  b o u n d a r y  
can t h e n  be wr i t t en  as q,----m/a and  m/b at  the  inner  and  outer  boundar ies ,  
respect ively .  The first boundary -va lue  p rob lem can be solved here  b y  inspec- 
t ion  to  get  

cf = - - m o l n r - - u O ,  

where mo is the  value of m at  t i m e  zero. This  is a s sumed  to be  given.  Since 

~9/~t = - -  (~m/at) l n r  = - -  ~hln r 

is ha rmonic ,  i t  cons t i tu tes  the  solution to the  second boundary-va lue  p rob lem 
if we find the  values  of rh and  C(t) at  t i m e  zero. Note  t h a t  a l though  mo is 
g iven  ~ho is not.  

The  van ish ing  of p at  r ---- a and r ---- b, wi th  C(0) ---- Co, gives 

--~holna-- (mo~ + k2)/2a"+ Co = O, 

- -~h . ln  b - -  (m~ + k2)/2b ~ + Co = O . 

W h e n  these  are  solved for  rho and  Co, we get  an  express ion for  p t h r o u g h o u t  
the  fluid at  t i m e  zero of the  fo rm 

p = A I +  A . . l n r +  Aar  -~, 

where the  A ' s  conta in  only g iven quanti t ies .  The negat ive  gradient  of th is  
divided b y  ~ is t hen  the  acceleration. 

Al though the  no ta t ion  in the  foregoing discussion was designed to  be  sug- 
gest ive,  i t  was not  necessary  to t h ink  of p as a pressure  or ~ as an iner t ia  
densi ty .  The equat ion ~ d q / d t - - - - - - V p  is fo rmal ly  the  same  as Newton ' s  
second law for an inviscid l iquid wi th  no b o d y  forces;  in the  above  t r e a t m e n t  
it  is der ived solely f rom k inemat ic  concepts.  I t  appears ,  therefore ,  t h a t  the  
cont inu i ty  assumpt ions  arc equivalent  to an assumpt ion  of inert ia .  

I t  is in teres t ing t h a t  someth ing  like Mach 's  pr inciple  opera tes  here ;  the  
accelerat ion of a fluid par t ic le  is de te rmined  b y  the  totality of b o u n d a r y  con- 
dit ions,  so t h a t  the  ent i re  m ed i um  must ,  for complete  accuracy,  be t a k e n  
into account.  There  is no ve loc i ty  of p ropaga t ion  involved,  for the  accelera t ion 
of the  par t ic le  is de te rmined  b y  the  b o u n d a r y  condit ions at  the  same ins tant .  

(13) An even simpler case is that of an expanding spherical shell. 
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Se un ritorno ai concerti di eterc diviene neecssario o dcsiderabile, cvento non tanto 
inverosimile come sembrava poco tempo fa, il metro r qui pub acquistare inte- 
resse. Si deducono le equazioni di Maxwell dallc p ropr i e~  di un fluido ideale senza alcun 
sostegno derivante d~ fat t i  sperimentali. ] campi E e B, cosi interpretati ,  hanno una 
natura statistica c facilmente visualizzabilc in un sense mcceanico e gcometrico. Si 
dimostra che il teorema del memento clcttromagnetico ~ un effetto di secondo ordine 
de r iwn te  d~t effctti non lineari ehe sono s~ati trascurati  nellc deduzioni delle equazioni 
nel vuoto. La presenz,~t di vuoti  (nuclei vortieali  cavi) in un fluido d 'a l t ra  parte incom- 
pressibile permctte un'interpretnzione meecanica della gauge di Lorentz. Si suggerisce 
per parsimonia the  le leggi di Newton possono essere rimpiazzate dnlln einematica, 
ridueendo cost l'elett-rodinamica alla gcometria euclidea. 

(*) Trad~zione a cura della t~edazione. 

~JIeKTpO~HaMmCa B BaKyyMe, Bbme~eHHa~ HCKJI][OqHTeJI]bHO H3 CBOHCTB H~eaJIbll0EI 

MCH~OCTH. 

PesioMe (*). - -  E c ~  Bo3Bpamerme K xom~ern.mnM 3~ttpa CTaHOB~TCS aeo6xo~Mt,~Vt 
HJ~ mena're~astM, To no,~xo~, pa3BllT/,Li~ B 3TOi:t pa60Te, MO~eT oxasaT~ca mrrepeca~nv~. 
Y p a B H e ~  Ma~<cBenaa B Ba~:yyMe BbmO,~tTC~ H'3 CBOfiC'rB m~eaz~,rro~i ~tta~<ocrtt 6e3 
IICIIOHB3OBa~ 3rcnep~MenTan~rr~x ~aKTOB. B 3TOM cny~ae nona E H B ~I]B$D/IOTC~I 
IIO CBOe~ IlpHpo~e CTaTHCTII~IeCKIIMH II MOFyT ~BITb HarH~RO IIpe~CTaBJ/eI~I B M e x a ~ -  
�9 IeCKOM I~ reoMeTpIl~ecKoM CMBICYfe. I'[oxa3bIBaCTC~, ~TO TeopeMa 06/~MHyJH,Ce 3nel~Tpo- 
MarmlTiloro r r o ~  Hpe)~CTaBnHeT 3 ~ e K T  BTOpOro IIopH~IKa, IIporlcxo~lfllalrrfi 113 Heni4He~ltMX 
3dp~eicfOB, KOTOpI, IMIg n~eHe6peramT rrp~ B~mo~e BaryyMI~IX ypa~rleRl~. H a z n ~ e  
IIyCTOT (HOHBIe BIIXpeBble ~Hpa) B HeC~I4MaeMofi ~H27<OCTH ~OIlyCKaeT MexannqecKym 
l l R T e p I I p e T a ~  ranH6poBK~ JIopeHT~a. IIpe~iiionaraeTc~l, ~TO saronBI HbIOTOHa MOryT 
6blTB 3aMeHeHBI KIIIIeMaTKKO~, IIpH 3TOM 3nexTpo~rrHaMl~a rrpHBO~HTC~ K reoMeTp~iH 
~ a r n ~ a .  

(*) 1-1epeaebeuo pebamtue~. 


