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The propagation of electromagnetic waves in a Fermi sea of neutrinos is investigated on the basis of the
photon-neutrino weak-coupling theory and is compared with the result obtained by Royer on the basis of
the (ev) (cr) coupling. It is shown that a photon propagating through the neutrino sea satishes a dispersion
relation of the form aP=casn+k'c', where (Acro)'=6. 2X10~' Eg', Es being the Fermi energy of the sea.
Finally, some remarks are made as to the possibility of the destruction of a photon when propagating through
the sea due to the process p+v ~ v+v+v. It is found that the mean free path corresponding to this process
is =10"cm, much larger than the radius of the universe.

' 'T is generally believed that there is a Fermi sea of
~ - neutrinos in the universe' and the magnitude of the
Fermi energy E& is related to various cosmological
theories. To establish a meaningful limit of the Fermi
energy, Royer' has investigated the propagation of
electromagnetic waves in a degenerate neutrino sea,
considering the polarization effect arising out of the
(ev) (ep) coupling. However, because of the small magni-
tude of the weak-coupling constant, the term introduced
in the Maxwell's equation due to this polarization is of
unobservable effect. But Royer made the interesting
observation that the magnetic field from a localized
static current should have a term which drops off as
1/r instead of the usual 1/r', though the experimental
observation of this effect is impossible at present. ln
view of this anomalous result, we shall consider here
the propagation of electromagnetic waves in a Fermi
sea of neutrinos on the basis of the photon-neutrino
weak-coupling theory as proposed by Bandyopadhyay, '
and compare the result with that obtained by Royer.

According to the photon-neutrino coupling theory,
the polarization effect in a neutrino sea arises mainly
from the process shown in Fig. 1.The effect is similar to
the propagation of an electromagnetic wave in a plasma
as investigated by Tsytovich. 4 Following Tsytovich4 and

Adams et a/. ,' we write the modified Maxwell's equa-
tion as follows:

(krak "3„„k„k„—4srII„—,)A „=4rrj „,

where 3„ is the electromagnetic four-potential and j„
is the external four-current. II„„ is the polarization
tensor, and gauge invariance implies that

k„II„„=0.

II„„is given by the expression

Zg2

II„„= Try„(1+ps)
(2s.)'

&(G(y+k, ca+A)y„(1+ps)G(y, X)dyd) . (3)

Here g is the photon-neutrino weak-coupling constant.
The Green's function for the propagation of a neutrino
is modified by the neutrino sea through which it moves.

Fxo. 1. Feynman diagram that
contributes to the dielectric con-
stant in a neutrino sea.
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We have Taking the photon-neutrino coupling constant

i
G(x) = — = d'p exp( ip—gxx+ipt)

(2&)' () 2E„
we have

g=10 "e,'

(h~p)2=6. 2/10-2 Evp. (13)
1-n (y) e-(y)

&&(E.v —
V y) +

p4+p E„+ip— p4+tl, E„—i8—
1 —22+(y) ~'(y)

+(Ev4+y y) + — . (4)
p4+p+E, —ip p4+u+E. +i~

Here E„ is the neutrino energy, 5 is a positive infini-
tesimal, p, is the chemical potential, and e (y) Le+(y)g
is the distribution of neutrinos Lantineutrinos] in mo-
mentum space. Noting that the factor (1+72) in the
trace (3) contributes a multiplicative factor 2 in the
expression for II„„,we write

z2g
IIpp

(22r)4
Try„G(y+k, a)+X)y„G(y,X)dydee. (5)

P'T)„„=S„„—k„k„/~ k (,
(I T)i4 (I T)44= 0

(7a)

(7b)

(P )„„I=e„e„, e„= (krak") 't2(~k, k) . (7c)

e' and e' are the dielectric constants. Substituting
Eq. (6) in Eq. (1), and setting the external current
equal to zero, the equation has two independent solu-
tions, a longitudinal part satisfying the relation

p'(cp, k) =0,
and a transverse part satisfying

aP p'(pp, k) =k'.

(8)

(9)

From the dispersion relation (9), we can derive a rela-
tion of the form

Here ~p' is given by

et 1~2/cp2— (10)

, f(E.)t', y'
ppp —

Sing d P ~

1—2—
E„ k E„

'

where f(E„) is the neutrino distribution function. For
a degenerate neutrino gas at T=0', we Qnd

o)p' ——8g'pv'/32rEv.

Since the medium is isotropic and II„„=G„„,we can
now write the polarization term as follows4:

II„.(k,cp) = (1/4')oP (p' 1)(I' T)—„„
+ (1/42r)krak'(p' —1)p'I.)„„, (6)

where

So a photon propagating through a degenerate neutrino
sea of Fermi energy Eg will appear to have a "mass"
given by harp/cp= 8&(10 '2Ev/c'.

The above result is to be compared with that ob-
tained by Royer, where the polarization eGect is taken
to be due to a (ev)(ev) coupling. In this case the polar-
ization tensor is given by

1 G q')
II = — e E'p'"" q

—+0
9~ u2™~, J

(14)

where G is the (ev)(ev) coupling constant. Maxwell's
equation is thus modified by the term KB in the ex-
pression for V')&B (V'&&B=42rJ+KB+ BE/Bt), where

K= (1/92r4)e2(G/%2)Ev'=10 ~Ev' (Ev in eV) .

One significant implication of Royer's result is that
the magnetic 6eld from a localized static current should
have a term which drops off as 1/r instead of the usual
1/r' But .our above analysis shows that when the
polarization effect is estimated on the basis of the
photon-neutrino weak-coupling theory, no such anoma-
lous term arises.

From the dispersion relation (10), we note that the
existence of a degenerate Fermi sea of neutrinos will
forbid any photon of energy E to propagate through
the sea when E&AMp 8+10 Ep. If the neutrino
energy density of the universe is taken to be equal to
the universal matter density (=10 " g/cm'), Ev is
found to be 0.01 eV. Taking this value of Zy, we find
the lower limit of energy for photon propagation,
E=8)&10—'4 eV

Finally, we make certain remarks as to the possibility
of a photon's being destroyed by the process y+v —+

v+ v+ v when passing through the Fermi sea of
neutrinos. According to the photon-neutrino coupling
theory, the process y+ v ~ v+v+v is allowed and can
be described by a diagram with three weak vertices.
For a 1-eV photon, the cross section is 0-=10 7' cm'.
The number density of neutrinos is given by

22„= (1/32r2) (Ev/ch)'.

For Ev=0.01 eV, 2t„=5)&10P/cm'. So the mean free
path for a 1-eV photon is given by 1/pe=2&(10pp cm.
This is much larger than the radius of the universe
(=10"cm). Thus the probability of a photon's being
lost by the process y+v~ v+v+v when passing
through the neutrino sea is almost nil.


