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Does a possible laboratory observation of a frequency anisotropy
of light result from a non-zero photon mass m?
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Assuming a priori the existence of a non-zero photon rest-mass n2,> 0 and justifying this assumption, we can predict the exis-
tence of an anisotropy in velocity and frequency of light in the direction of the apex of the 3 K background cosmic radiation field.
Since this frequency shift can now be tested in the laboratory, it is important to improve the precision of these measurements in
order to check our predictions. Its possible confirmation implies indeed the definition of an absolute evolution parameter in the

rest frame X, of this 3 K background microwave radiation.

1. Introduction. General relativity, isotropy of light
velocity, and the rest-mass of photons

The isotropy of our universe and its homogeneity
are the two components of the “cosmological prin-
ciple”. This principle has found a strong argument
in the negative result of the Michelson-Morley ex-
periment, which, according to the general opinion,
is a proof of the isotropy of the velocity of light with
respect to all possible inertial frames of reference, i.e.
a straightforward consequence of the theory of spe-
cial relativity.

But this is not so. An additional assumption is nec-
essary, but indeed almost always implicit, i.e. that of
the zero rest-mass of photons. We shall come back
on it in the next section.
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That very hypothesis was however, even for
Einstein himself { 1], contradictory with general rel-
ativity (GR). For him, the existence of a positive
non-zero rest-mass for all particles (including pho-
tons and neutrinos) is indeed a consequence of GR.
If we denote the Laplace-Beltrami operator by (1/
\/:g)a 4879 ,, one finds for the electromagnetic
potential 4, the relation 4,+R,”4, =0 which can be
approximated by 4,+Rd,”4,=0 and yields a lower
limit m2c?/h®~ R>0 for all possible masses [1,2].

Bass and Schrédinger [3] and de Broglie [4] have
adopted the same point of view. They have stressed
that if the photon has a non-zero rest-mass m, > 0, its
velocity v, becomes frequency-dependent, according
to the relation

E=hv=mc?*(1—-v3/c?) /2. (1)

The value ¢ represents therefore only an upper limit
(just like the zero ‘‘absolute” temperature), which
can only be reached for infinite frequencies (or in-
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finite energies), but never effectively realized in
nature.

The non-zero rest-mass of the photon is a property
which leads to interesting consequences as noted in
a set of slightly noticed papers. Deser [5] (but see
also ref. [4]) has shown that one can construct a non-
zero-mass quantum electrodynamics where one splits
the corresponding e.m. waves of spin | into trans-
verse (J;= 1 1) and longitudinal (J3=0) parts; the
latter corresponds practically to a decoupled action-
at-a-distance scalar Yukawa potential, replacing the
Coulomb field: it would vanish for a zero rest-mass
of the photon. Moreover, Molés and Vigier [6] have
shown that for m, small enough (observational con-
straints, according to Barnes and Seargle [7], limit
it to m, < 10~% g) there is no observable contradic-
tion with known quantum mechanical predictions,
including Planck’s spectral distribution. Theoretical
attempts to relate m, with the vacuum’s dissipation
processes, to interpret Hubble’s constant (taken equal
to H~ 100 km s~! Mpc~!) led some authors [8,9]
to the relation m,=hH/2c*~107% g, quite com-
patible with the constraints mentioned here above.

This hypothesis of a non-zero rest-mass of the
photon thus leads to the violation of the anisotropy
of light properties. The purpose of this paper is first
to predict how, and how much, second, to relate it
with recent experiments by Riis et al. [10].

2. Observable consequences of a non-zero photon
rest-mass

2.1. Anisotropy properties in the velocity
propagation of light

As already noted shortly, the important fact is that
m,>0 destroys, within the reference frame of the
theory of relativity, the isotropy of light itself.

Let us denote by v, the velocity of light in a given
inertial reference frame X. The velocity v, <c is fre-
quency-dependent, since one has, from relation (1),

2.4 /2
uy=c(1 m*c) . (2)

h2p?

This can be expressed by saying that the vacuum be-
haves like a dispersive medium with a refraction in-
dex n=c/uv,.
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This velocity v, corresponds of course to the group
velocity of any electromagnetic wave packet. It is as-
sociated, in the inertial reference frame X, with a fre-
quency » and a wavelength A which satisfy the relation

Av=v,. (3)

There is no reason why it should be isotropic in gen-
eral. To show this, let us consider a reference frame
X, where all these frequency-velocities are assumed
to be isotropic. Incidentally, it is the same reference
frame with respect to which the background radia-
tion field is also assumed to be isotropic. Let us de-
note by the symbol w the velocity of a reference frame
Z moving in a given direction with respect to Z,. One
sees that photons moving in opposite directions in
%o, i.e. with velocities + v, and — vy, associated with
a given isotropic frequency ¥, and wavelength 4, are
observed, in the reference frame, to move with dif-
ferent velocities. According to Einstein’s theory it-
self, one should write

tootw —VytWw
=== gnd V_,=—— 4
ha L+v,0w/c? T 1—pew/c? (4)

associated, respectively, with frequencies v, and v_
and wavelengths A, and 4 _.

Of course w<< v, ~¢, and the effect is therefore very
small. Nevertheless, the difference 6v,= v, | — |v_,|
is easy to compute. One has

§_Z_)1.,U+Y+U*Y _2& 1——"‘)"}20/6.2 (5)
Uyo o UyO - Uyo 1-U70W27Z'4 ’
which can be approximated easily:

8 2
fiv_v~_'zz~2_W(1_v_Y§>‘ (6)
Uyo c c c

The quantity v3/c* can be computed assuming
m,<<107% g, and using relation (2). One finds
1—v3,/c?<2.5X 10~ ¥y =% if y=c/4 is larger than
unity (i.e. A<3x10% cm), then 1-—vl/c?<
2.5%10~'% and &v,/c<<5X10~"". Therefore, the
quantity (6) is therefore much beyond the present
capability of detection, even on a very large distance,
for example the assumed distance of distant quasars.

The important point, as we shall now show, is that
such a differential anisotropic effect, how small as it
may be, can be detectable through its influence upon
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frequency or wavelength differences, i.e. through fre-
quency anisotropies.

2.2. The anisotropy of light properties: the
Jfrequency

Starting from the relation Av=uv, and its differ-
entiation, namely A 8v+ v 8A=258v,~0, one sees that
84/4~ —3v/p, so that the relative variation in fre-
quency is of the same order as the relative variation
in wavelength, when passing from system X, to sys-
tem X. The relative variation of frequency v can be
immediately calculated from the standard relativis-
tic formula which connects the frequencies of the
frames T and X, (relativistic Doppler effect):

v=wo(1—w?/c?)!/2. (7)

This expression does not explicitly depend upon
the mass value m,. It is in fact “hidden” in the fre-
quency values v and v, as a consequence of de Brog-
lie’s relation E=hv. This yields, whatever the actual
value of m,, a frequency shift, in the laboratory, 3/
v~ —2w?2/c?, of the order of 4X10~° between light
beams moving in opposite directions with respect to
the background radiation field apex, if the values of
w are determined from astronomical determinations.

We should note that this effect would be equal to
zero, would the proper photon mass be equal to zero.
Of course, as stated above, the value of m, does not
explicitly enter eq. (7) since, in the laboratory case,
there is no motion of the source with respect to the
observator, i.e. no “ordinary” Doppler effect. The
theory of relativity implies, whatever the accuracy of
the measurements, that in such laboratory experi-
ment no motion should be detected with respect to
the reference frame X, (either through the velocity
shift, or through the frequency shift) if the proper
mass of the photon is strictly equal to zero.

However, such frequency shifts should be observ-
able in principle in the laboratory, whenever, in a
similar type of geometry, the velocity shift is unde-
tectable (as exemplified by the Michelson~Morley
experiments). We shall later come back on the pres-
ent astronomical and laboratory evidence.
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2.3. Tired-light mechanisms of redshift

This consequence of the non-zero rest-mass of the
photon has been largely described in many papers,
following different mechanisms of interaction of
photons and the media crossed by them. We shall
only refer to our more recent papers on the subject
[11-13], since this aspect of the photon rest-mass is
not linked with the main subject of our paper, the
anisotropy of light frequency.

3. The observational evidence

3.1. Astronomical anisotropy of the background
radiation

The anisotropy of the so-called cosmological 3 K
background radiation has been discovered by Smoot
et al. [14] (see also ref. [15], and more recently,
two American teams at Berkeley (Lubin et al. [16])
and at Princeton (Fixsen et al. [7] ) have refined the
data with small error bars (well put in evidence by
their detection of the motion of the Earth around the
Sun, i.e. + 30 km s—! at six months intervals). They
found that the Earth’s motion with respect to the apex
of the background radiation (which defines our %,
reference frame), once the Sun’s motion with re-
spect to its local apex is corrected, is characterized
by the values

v3 x =586 km s~ ! towards apex ,
a=10h26 m,d=—27°30" [16];

vy g =614 km s~ ! towards apex ,
a=10h35m,d=—24° 42' [17].

They do not find a quadrupolar component. The
value of the solar velocity towards its local apex was
taken as 300 km s~! (apex: [=90°, b=0°); this es-
timation may have introduced only a minor error.

As we are looking now only at the orders of mag-
nitude, we have used in our estimations

vy x =600 km s~! towards apex ,
a=10h30m=+15m,d=-26°30".

This apex corresponds to /=268°, b=27°, in gal-
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actic coordinates. One has v; x ~0.002¢.
3.2. Laboratory anisotropy of the 3 K radiation

Riis et al. [10] have precisely tried to measure
whether the radiation, within the reference frame of
the laboratory, displays some velocity or some fre-
quency anisotropy, or not.

In these experiments, the authors have first at-
tempted to measure the possible anisotropy of the
speed of light. They measure to that effect the Dop-
pler shift of a two-photon transition, in a fast beam
of *°Ne atoms, resonantly excited by a collinear laser
beam; the transition in question (3s[3/2]9-
4d'[5/21% in Nel) is compared to a 1, reference
transition in a molecular iodine cell, at rest in the
laboratory. The direction of the beam is modified by
the Earth’s rotation with respect to the fixed stars.
The observed frequency is analysed. The authors
found that it indicates essentially an upper limit for
8¢/ c of the order of 3% 10~°. However, their results
are slightly suggestive of another effect, concerning
the frequency of the photons.

Actually, the authors fit the data by a constant and
a 24 sidereal-hour-cosine, with adjustable amplitude
and phase. But, before doing so, they have to correct
the data for slow drifts in the emittance of the ion
source, which includes a dominating spurious peri-
odic variation, which they find to be of a 11.8 side-
real-hour period, and of a 7.1 kHz amplitude. The
residual 24 sidereal-hour period is of an amplitude
of 0.81 % 1.0 kHz, not significative of course, but at
least suggestive. The maximum occurs at the right
ascension a=12.6 + 1.3 h, only slightly different from
the apex of the 3 K radiation.

We interpret this data as suggestive of a frequency
shift of photons, of the order §v/v~2(v3x/c)?
(dv~0.8 kHz; v~2.6x10° kHz; hence dv/v~
3% 10-¢, conform to our eq. (7)).

Actually, a light-speed anisotropy, of the type
vy=v,(1+ecosf), discussed by Riiset al. [10] and
by Mansouri and Sexl [ 18], with respect to a certain
direction @ relative to a reference direction would
produce, in the laser frequency v,, a change of 6v/
vo=€cos fu/c, where u is the beam velocity, as seen
from the isotropic reference frame X,. This relation
is derived [19] from a heuristic modification of the
special relativity formulation. The passage from X,
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to X induces a suggested Doppler-induced frequency
shift 8v<2 kHz corresponding to e¢=(1+2a)u/c
<2.8x107° corresponding to a=—3111.4+10-°
(whenever, in the special theory of relativity, a= — }

and e=3v/v,=0).

4. Physical discussion

An astonishing result of these laboratory experi-
ments, if confirmed, is that it implies that external
(radiotelescope in millimeter range) and internal
(laboratory at about 40 nm wavelength) observa-
tions yield the same type of motion with respect to
the background distant sky. This closed room ob-
servation (if confirmed by subsequent experiments)
tells us, in other words, how the laboratory is moving
with respect to the background sky.

4.1. Does this not contradict an essential principle
of the special relativity theory?

No, it does not. Actually one has to be very careful
in extending this special principle to the GR (re-
member also the discussion by Ernst Mach of the
Newton torqued water pendulum). If indeed pho-
tons have a non-zero rest-mass, their motion, in any
frame, is supposed to be influenced by the distri-
bution of gravitational sources in the external uni-
verse, since it is another general principle that there
exists no screen against gravitational forces acting
between distant massive sources. In other terms, and
this has been known for some time [10,21], given a
curved space-time with a metric tensor g,,, Max-
well’s equations, with mz,> 0, may be written as if they
were valid in a flat space-time in which there is an
optical medium with a constitutive equation, a
pseudo-refractive index. As far as optical phenom-
ena are considered, this medium turns out to be
equivalent to the gravitational field. Along the same
line, one can also interpret the gravitational redshift
within the frame of the electrodynamics of contin-
uous media; the introduction of the proper time of
the emitting and of the absorbing atoms at rest in the
gravitational field being shown to define a medium
interacting with the electromagnetic field through a
drag force giving place to a velocity which increases
linearly with time [12].
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This equivalence between the optical properties of
the medium and a gravitational field have been ex-
emplified, as follows, by de Felice [20]. According
to his paper, let us consider a source-free electro-
magnetic field in an optical medium located in a flat
space-time with the special relativity metric tensor
M. The electromagnetic field is described by the
skew-symmetric tensors F,, and G,, which satisfy
the covariant Maxwell equations

. F*]=0, d[,0,]1=0, (8)
and the constitutive equations
GHo= 4" F o 9)

The tensor x*#**#, called the “constitutive tensor”,
describes the properties of the optical medium, and
satisfies the following relations: Let y*#* be equal to
(1/41)6;,15i350 x*1¥2*5% then one has

Xaﬂ;'a:xl’(saﬁ: _xaﬁ&'= _Xﬂa)"; ,

XP=0, a,xtm =0, (10)

according to the classical notation. Egs. (8) and (9)
are valid in the case of instantaneous and local in-
teractions between the fields. The constitutive tensor
for a general medium at rest with respect to a given
observer has the form

01 02 03 23 31 32
01
02 {e*} {r*%}
x**F=03 (11)
23
31 {7} {x*#
32

.There, €* and x*# are symmetric three-dimensional
tensors describing the dielectric constant and the in-
verse of the magnetic permeability; y*# and 7*# are
antisymmetric quantities describing ‘“peculiar”
properties of the medium. The “equivalent me-
dium” is described as follows,

af
ﬂaﬂ=eaﬂ= -« —g(i ) s
00

yaﬂ=7aﬂ=_6aﬁy(§€)’). (12)

00

One can easily see that, if E, and H, are the usual
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electric and magnetic vector fields in the medium
(12), one recovers Maxwell’s equation in the me-
dium (11). It is important to notice that when 7,
reduces to 1, their ¢€*# becomes 6*% and y*# and
»2# both vanish. Furthermore conformal transfor-
mations, on the metric y,,, leave 2% unchanged.

Evidently, the space isotropy of light in a given
reference frame X, implies the local isotropy of the
g; in that frame (i=1, 2, 3), but in any other frame,
they are anisotropic, this anisotropy being tied to the
fact that m, > 0. At the cosmological scales, one could
associate this anisotropy with a slowly variable cos-
mological constant A(x,) in Einstein’s equations
R,,—ig.wR=xT,, —Ag,,, where the last term (ac-
cording to Sakharov [22], Sinha et al. [23], and
Peebles [24]) describes a variable Dirac-type aether
(another word to designate a real vacuum) of which
the scalar density is so expressed [21]. This vacuum
density can be endowed of course with dissipative
properties which might explain the so-called “anom-
alous” redshifts observed in the universe (see for ex-
ample ref. [25]). Since this is not the subject of the
present paper, we shall only indicate here two pos-
sible cosmological consequences which result from
the introduction of variable 4 values and m,>0.

The first consequence is that the introduction of
an average vacuum density implies in Einstein’s
equations new, still undiscussed, possible physical
consequences on the behaviour of cosmological
models. It destroys for example the well known in-
stability of Einstein’s static world model. Indeed, if
one recalls the well known fact that the introduction
of A (ie. R,,—3g,R+4g,,=xT,,) in Einstein’s
equation implies that attractive gravitational forces
become repulsive beyond a certain distance one sees
that a variation of A’s average value {A) evidently
grows if the universe’s radius decreases (and vice
versa). If the universe has reached a stable equilib-
rium state any increase of its radius will decrease
{4, i.e. increase the range of the gravitational at-
tractive forces and decreases the said radius. Alter-
natively a decrease of R increases (A1), i.e. decreases
the range of gravitational forces, i.e. increases the ac-
tion of gravitational repulsions: which leads to an in-
crease of R. If A can vary, Einstein’s static universe
model becomes stable.

The second consequence is that, curiously enough,
one has never seriously discussed in the literature the
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possible action of gravitational waves (if as believed
by the authors their existence will be confirmed by
future experiments within the next few years) on the
behaviour of A and the consequences of their exis-
tence on the propagation of light in the universe. In-
deed if, as has recently been suggested [26], inter-
galactic space contains a large amount of intergalactic
neutral plasma and if one remarks that all massive
matter is in fact a superposition of real gravitational
multipoles, then what we call vacuum is necessarily
filled with a background chaos of superposed grav-
itational waves. Taking into account the interaction
between gravitation and Maxwellian waves this im-
plies of course (1) that the vacuum should be filled
with the gravitational analogue of the 2.7 K micro-
wave background, (2) that this gravitational black
body should/could be in equilibrium with its 2.7 K
e.m. counterpart, and (3) that one should construct
the gravitational stochastic counterpart of Dirac’s
aether model [22]. Since this will also be discussed
in a subsequent publication we only want here to
stress the importance of James and Wolf’s result [27]
that one can generate Doppler-like frequency shifts
by dynamical scattering in random media. A back-
ground of g, fluctuations which induce fluctuating
geodetics (i.e. zero-length geodetics for m,=0) be-
have precisely like such media since they modify in
a random way the geodetics followed by m,=0 or
m,> 0 photons. Since other similar vacuum induced
mechanisms have also been presented in the litera-
ture [12] it is now possible to assume that the mod-
ern theory of light provides various possible redshift
mechanisms.

4.2. An absolute space-time?

The preceding allusions to the anisotropy of our
local 1aboratory with respect to the distant galaxies,
and to Mach’s reasoning, might lead us to think that,
as there seems to be a reference frame X, within
which the Planck distribution and the light velocity
is isotropic, one should perhaps return to the con-
cept of absolute space—time.

Again, this is not so.

Actually the 3 K background radiation is, by na-
ture, not invariant, and it always fluctuates in time
and space, so that the reference frame X, is itself
never stable but always fluctuating at each space-time
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point, be it only because of the finite time of prop-
agation of both gravity and radiation. It is not con-
nected with any stable material configuration. It is
actually determined only by averaging over time,
space, and locally random variables such as fre-
quency intensities of the Planck distribution. In this
sense, X, is not identical with either an aether, in
Dirac’s terminology, or with an absolute space-time,
in Mach’s description; the concept of a covariant (but
random ) aether should be strictly reserved to Dirac’s
model recently revisited [24].

The meaning of the frame Z, has therefore to be
taken with caution. Some consequences of its intro-
duction have been discussed by Mansouri and Sexl
[18]. Assuming the two known methods of clock
synchronization (i.e. Einstein’s procedure, Sg, by
light signals, and the classical synchronization, Sy,
by slow clock transport) one first introduces three
straightforward hypotheses: (a) the velocity of light
is independent of the velocity of the source at all fre-
quencies; (b) Sg and St are done in X°, so that the
velocity of light as measured by St (synchronized
clocks) is isotropic in X; and, (c) one can detect at
each space~time point the apex of the 3 K and our
velocity w with respect to it. Assuming (a), (b), (c)
to be true, we can define the time and space trans-
formations which transform the coordinates X, T of
X, into the coordinates x, ¢ of any frame £ moving
with a velocity w with respect to X, by the usual re-
lativistic transformations

t=(1—-w?/c?)12T
x=(1=w?/c?) ~'2(X=wT), (13)

where we have of course X=w7.

Following the conventions of relativity theory, we
can then synchronize all clocks in all frames S simply
by synchronizing all clocks by Sg in £, and then syn-
chronizing clocks in all other systems moving past X,
by adjusting these clocks to t=0 whenever they fly
past a clock in X, which shows T=0. This particular
choice of synchronization procedure (in which clocks
in any system S are synchronized by comparing them
with clocks in X,) has been called “absolute syn-
chronization S,” (A stands for ‘“‘absolute” simul-
taneity) by Mansouri and Sex] [18]. It is of course
compatible with relativity, but it destroys (only ap-
parently) the beautiful formal equivalence of all in-
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ertial systems by choosing a different synchroniza-
tion procedure for each system. It implies however
a striking analogy with Lorentz’s acther model, since
the relations (13) imply that, in a system S moving
with velocity w, rods shrink by a factor (1—w?2c?)'/2,
clocks are slow by a factor 1—w?/c? when moving
with respect to X,, and AT=0 implies At=0, so that
with our chosen synchronization procedure, a theory
which maintains absolute simultaneity is still equiv-
alent to special relativity provided one preserves the
time dilatation and length contraction proposed by
Lorentz. Of course there is no preferred direction in
X, and each light frequency propagates with an iden-
tical (but specific) velocity in all directions. One sees
immediately that the use of formulae (4) implies an
anisotropy of the wavelength of light in any frame S
if the photon’s rest-mass is different from zero.
Whether this very phenomenon has been established
(definitely or not) by Riis et al.’s experiments men-
tioned above [10] is now open to discussion by ex-
perimentalists and theoreticians, but (in the au-
thors’ opinion) this would not weaken, but in fact
strengthen Einstein’s discovery of relativity theory.

4.3. Conclusion

It seems now possible to get rid technically of the
uncertain character of the frequency shift suspected
by Riiset al. [10]. As noted by these authors, the use
of heavy ion storage rings, presently under construc-
tion, will make available cold and high velocity par-
ticle beams. When these are combined with the re-
cent development of ultrastable and ultranarrow-
band cw dye lasers and Rydberg atom spectroscopy,
one can gain at least one order of magnitude in the
precision of fast beam experiments. Our analysis
shows that such a confirmation could be interpreted
as a confirmation of the existence of a non-zero pho-
ton mass; a fact which does not contradict general
relativity, but would imply far-reaching conse-
quences in quantum electrodynamics and certainly
modify presently known cosmological models. How-
ever, the direct experimental detection in the labo-
ratory of a non-zero photon rest-mass which would
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induce a very small 8v,/c velocity difference is still
far from reach of experimental physicists.
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