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LETTER TO THE EDITOR 

A photon rest mass and magnetic fields in the Galaxy 
J C BYRNE and R R BURMAN 
Department of Physics, University of Western Australia, Nedlands, 
WA 6009, Australia 

MS received 1 August 1972 

Abstract. The effect of a photon rest mass on the dissipation of magnetic fields in 
the Galaxy is discussed and an upper limit on the rest mass is obtained: an earlier 
treatment is corrected and refined. 

In the last few years considerable attention has been given to the question of the rest 
mass of the photon. In particular, effects on a galactic scale have been considered by 
Lee (1971) and Cole (1972) who discussed electromagnetic dispersion, by Gertsenshtein 
(1971) who suggested that the events detected by Weber might be caused by longitudinal 
electric waves, by Burman (1972a, b) who discussed the propagation of such waves, 
and by Williams and Park (1971) who discussed the dissipation of the galactic magnetic 
field. Dissipation of large-scale magnetic fields in the Galaxy will be re-examined here; 
in particular, it is pointed out that Williams and Park used a common mis-interpreta- 
tion of the tensor conductivity. 

Consider three-fluid plasmas, with the fluids consisting of electrons, protons and 
identical neutral particles; subscripts e, i and n will denote quantities pertaining to the 
electron, proton and neutral fluids, respectively; inertial effects and pressure gradients 
will be neglected. Collisions of particles of component fluid a with particles of compo- 
nent fluid b will be represented by a momentum relaxation frequency vab. Then 

and 
- (e/me)( E + c - lu, x H )  + vel(ui - U,) + ven(un - ue) + g = 0 

(e/m,)(E +c-'u, x H )  +vie(#, -Ui) +vin(u, -U,) +g = 0 

(1) 

(2) 
where e is the charge on a proton, c is the maxwellian speed of light, E and Hare  the 
electric and magnetic fields, g is the gravitational acceleration and m and U 
denote particle masses and fluid velocities. For a quasi-neutral plasma, the current 
density j and the bulk velocity U, of the combined electron-proton fluid are 
given by j = ne(#,-#,), where n is the electron or proton number density, and 
(me+mi)u,  = meue+miui.  Subtracting (1) from (2) leads to the generalized Ohm's 
law (Lehnert 1959, Alfvkn and Falthammar 1963) 

where the conductivity U is given by 

(4) 
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the relation mivie = mevei, which follows from conservation of momentum, has 
been used. 

The last term in (3) represents friction between the combined electron-proton 
fluid and the neutral fluid, and can be neglected because, in interstellar space, the 
electron-proton collision frequency is much larger than the electron-neutral and 
proton-neutral collision frequencies. 

The resulting equation is often interpreted in terms of a conductivity for j \ i H  
and another conductivity f o r j l H ;  the former is a while the latter depends on the 
magnetic field and is smaller than a. Cowling (1962, see $3.1) has pointed out that this 
interpretation is unhelpful : a conductivity is normally related to either Joule 
dissipation or the associated diffusion of lines of H ,  and for neither of these effects 
is the conductivity altered by the magnetic field. Equation (3), with the last term 
neglected, can be written 

E + c - l u ,  x H = o - l j  ( 5 )  

where us = U ,  + {me/(m, + me)>(ui - u ~ ) .  Equation (5) indicates that when U is effectively 
infinite the magnetic flux is ‘frozen-in’ to closed contours moving with the velocity U , ;  

this velocity, which could be referred to as the velocity of the magnetic field, is closer 
to U ,  than to U,.  The conductivity relevant to both Joule heating and the rate of diffu- 
sion of lines of H is U, defined by (4). 

Taking the curl of (3, using Faraday’s law and the Proca equation 

4n 12E 
c c at  

V x H  = - j + - - - p 2 A  

in which A is the vector potential and p - l  is the reduced Compton wavelength of the 
photon, results in 

when the displacement current and gradients of U are neglected. If L denotes a 
distance over which H varies significantly, then the dissipative term in (7) implies that 
H decays as exp( - f / ~ )  where T N (47m/c2)/(p2 + L - 2 ) .  

In interstellar space, a N ne2/mevei; hence (Ginzburg 1970) 

Thus, U depends only slightly on n but depends strongly on T. For L2 g p-*, 
p N (4T(5/C2T)1’2 : the best upper limit for p to be obtained from considering the dissi- 
pation of large-scale magnetic fields will result from investigating cool regions with 
long-lived fields; the variation of p with Tis more important than its variation with 7. 
Hence magnetic fields in HI regions are particularly relevant. 

For galactic HI regions, T 5 102K and n - to cm-3 (Kerr 1968, 
see $ 7.1, Rees and Sciama 1969) so that U 5 5 x lo9 s- l ;  hence if the existence of 
large-scale magnetic fields with T x lo6 yr is established (Verschuur 1967), then 
p 5 10-12cm-1. 

If these exists a general galactic magnetic field (Burbidge 1969, Parker 1969, 
Verschuur 1970, Cowling 1971), T can be estimated to be at least equal to the rotation 



Letter to the Editor L111 

period of the Galaxy, namely 2 x IO8 yr; also, T can be assumed to have been approxi- 
mately the same for that time. Then, with T N IOaK, p 5 cm-l, which 
corresponds to p- l  z 1 AU or a photon rest mass less than about 4 x g. If there 
exists a medium with T N 104K, in which the cool HI regions are embedded (Clark 
1965, Field 1969), then p 5 3 x 

With present knowledge of the interstellar medium and field (Burbidge 1969, Weaver 
1970), a plausible conservative upper limit for p is obtained by considering magnetic 
fields with L a few hundred parsec, T 5 104K and T x lo6 yr; this gives 
p d 3 x cm-l (Goldhaber and 
Nieto 1971). 

Williams and Park (1971) considered dissipation of a general galactic magnetic 
field and, having conservatively estimated T to be at least IO6 yr, gave an upper limit 
of cm-l on p. But those authors used the ‘transverse conductivity’, which 
depends on the magnetic field and is many orders of magnitude less than the conductivity 
used here; as Cowling(1962, see $3.1) pointed out, it is the latter which relates to dissipa- 
tion of energy; the direction of current flow relative to the magnetic field is irrelevant. 

The above calculations suggest that there is little prospect of obtaining an upper 
limit on p of much better than about cm-l from consideration of the dissipation 
of magnetic Eelds in the Galaxy; this figure is increased to about 3 x 10-la cm-l 
if there is a hot intercloud medium. The most that can be said at present appears to be 
that p s 3 x 

cm-l. 

cm-l. The established upper limit on p is 

cm-l. 
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