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Abstract

The experimental searches for photon mixing in the Okun model [1] are discussed.

1. Introduction

“Paraphotons” were first introduced in [1] within a framework of electrodynamics
with two massive photons. In fact, this theory presents itself a natural development
investigations involving a single massive photon (cf., for example, reviews [2,3], the best
direct limit on a photon mass [4] or recent works [5]). The Lagrangian proposed by [1]
has the form

L = −F 2
1µν − F 2

2µν +m2
1A

2
1µ +m2

2A
2
2µ + jµ(e1A1µ + e2A2µ), (1)

with fields A1 and A2 of masses m1 andm2 and coupling constants e1 and e2, respectively.
The ordinary photon is replaced in this formalism by the interacting state

γ = (e1A1 + e2A2)/e , e2 = e2
1 + e2

2.

There exists also a non-interacting (sterile) state

γs = (−e2A1 + e1A2)/e ,

that we will call (after [1]) the paraphoton. It is convenient to use a mixing angle θ :
sin θ = e2/e, so that the mixing between (γ , γs) and (γ1 , γ2) (the latter stands for the
fields A1 , A2) could be written as(

γ

γs

)
= M

(
γ1

γ2

)
, M =

(
cos θ sin θ
− sin θ cos θ

)
. (2)
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The observable effects that follow from this model were described in [1]; some modifi-
cations were made in [6]. Most of the effects could be divided into the “static” cases
(deviations from the Coulomb law and the equations of magnetostatics) and the photon
oscillations arising due to the mass difference. We will concentrate here on the exper-
iments exploring the oscillations and mention briefly only the static effects relevant for
our field of mixing parameters.

2. Static limits

The Coulomb potential in this model takes the form [1] :

U(r) =
e2

4πr
(
cos2 θe−m1r + sin2 θe−m2r

)
(3)

If we choose γ1 for the principal component of our interacting γ by taking 0 ≤ θ ≤ π/4
then it immediately follows from (3) that m1 is strongly constrained. The maximal value
allowed is about the same as the limit put on the photon mass in the model of a single
massive photon [1-4]. The strongest limits are obtained from the observations of large-
scale magnetic fields (for example, of Jupiter [4] or galactic ones [1]), as for the static
magnetic fields one will also have the terms of the order of m1r. For the rest of the paper
we take m2 � m1 ≈ 0, and m ≡ m2 and sin θ will be the only mixing parameters.

On Figure. 1 we plot existing and reachable future limits (or the regions of the possible
discovery. . . ) for mixing parameters in the sin2 2θ − m plane. The excluded regions lie
above the corresponding curves. For units of mass, we use both eV and cm−1 ≈ 2·10−5eV
with ~ = c = 1.

The curve marked “Coulomb” stands for the combined result of experiments [7] that
investigated the validity of Coulomb law by measuring the electric field between the
concentric spheres (with the radii of the order of 10 −−100 cm). In [8] are results
comparing the Rydberg constants for the atomic transitions between the high– and low–
lying atomic levels, thus being most sensitive to the atomic scale of 10−7 . . . 10−8 cm. It
is not easy to devise a “static” experiment covering a large gap between the two; in this
region oscillations work better.

3. Oscillations formalism

We consider here “aromatic” states γ and γs ( eigenstates of interactions) and “mas-
sive” states γ1 and γ2 (eigenstates of the propagation in vacuum), with the mixing of (2)
between them.

In a general case, photon propagation could be described by the Shrœdinger–like
equation :

i
d

dt

(
γ

γs

)
=
(
Vγγ Vγs
Vγs Vss

)(
γ

γs

)
, (4)

with Vγγ and Vss – amplitudes of the transitions γ → γ and γs → γs and Vγs – as the
mixing amplitude. Solving it for the constant and real amplitudes with the boundary
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conditions γ(t = 0) = 1, γs(t = 0) = 0, we get the probability of the transition γ → γs
1 :

Pγ↔γs =
4V 2

γs

(Vγγ − Vss)2 + 4V 2
γs

sin2

(
t

2

√
(Vγγ − Vss)2 + 4V 2

γs

)
. (5)

In vacuum, (4) and (5) will take the well known forms for neutrino oscillations [9] :

i
d

dx

(
γ

γs

)
=

(
−m2

2ω cos 2θ m2

4ω sin 2θ
m2

4ω sin 2θ 0

)
, (6)

Pvac = sin2 2θ sin2

(
π
L

Lγ

)
, Lγ =

4πω
m2

= 1.57 · 106cm
( ω

2.5 eV

)(1 cm−1

m

)2

, (7)

for photon of energy ω after travelling a path L. It is valid for the ultra-relativistic
case (ω � m, so t ≈ L) and the uncertainty in photon energy ∆ω � m2/2ω. The
latter effectively defines the right edge of all the “non-static” curves in Figure 1 and
can be taken as an approximation only; more realistic treatment requires a wave-packet
formalism. We suppose that it would produce the results close to ours. The same stands
for the situations when x � Lγ and we have a large number of the oscillation periods.
In this case we take an average 0.5 for the oscillatory sin2 of (7). In fact, oscillations
die out over long distances because of wave packets separation; but our averaging should
give plausible results for reasonable wave packets shapes.

In the medium one should take into account photon interactions. First, there are “in-
coherent” processes, such as absorption, refraction or reflection: the paraphoton does not
processes suffer from these. It is possible to keep completely the above formalism and add
to Vγγ the corresponding imaginary amplitudes. We choose to consider the oscillations
at the free path of a photon between two interactions, thus keeping the amplitudes real.
Second, the “coherent” contribution by the “optical density” of the medium; it could be
described by adding the corresponding real term to the Vγγ . Typical examples are an
“ordinary” refractive medium (for the visible light) and a plasma (in plasma frequency
approximation); for them the oscillation probabilities will look as follows :

Pγ↔γs =
sin2 2θ

(cos 2θ +R)2 + sin2 2θ
sin2

[
πL

Lγ

√
(cos 2θ +R)2 + sin2 2θ

]
>, (8)

R =


4.7 · 106

(
ω

2.5 eV

)2
(

1 cm−1

m

)2 (
n− 1

3 · 10−4

)
in the air;

−2.3 · 1012
(
ωpl

30 eV

)2
(

1 cm−1

m

)2

in the plasma.
(9)

Here, n denotes the refraction index and wp` the plasma frequency. We use here the
typical values for the cases that we will consider. Note negative sign for R in the plasma

1The same as for the transition γs → γ in a case of γ(t = 0) = 0, γs(t = 0) = 1.
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case¿; it makes a resonant solution [10] possible. But generally for the low masses a
medium suppresses the amplitude of the oscillations and shortens the period.

4. Solar paraphotons

For our purposes, the Sun is a huge cauldron filled with the photons. Each of them
has a certain probability to convert to a paraphoton which would escape freely from the
Sun (unless sin2 2θ is too large [6]) resulting in energy loss. As the solar models [11,12]
are considered to be precise enough, one may assume that the illegal loss should not
exceed the measured luminosity of the Sun. This constraint on the mixing paramters
was discussed in [1] and, in more detail, in [6]. The “Sun” curve in Figure 1 presents a
recalculation of the result from [6] using the data from [12] that covers more completely
the outer layers of the Sun. This is important for low paraphoton masses. Other changes
were made for the solar opacities that determine a free path of the photon in the Sun (≡
oscillation base). These were taken from [13] instead of using an approximation as in [6].
We do not consider possible resonant oscillations in the solar plasma.

For the calculations, the Sun was divided into 30 spherical layers and the physical
parameters were taken as constant within each one; this caused the solar curves in the
plot to be non-smooth. The results obtained for the different mixing parameters were
used for evaluations of energy loss, both total and specific to the spectral regions covered
by the experiments.

5. Experiments

All experiments described in this section are essentially of the double oscillations type,
or “shining light through the wall”: the photons emitted by a certain source acquire
at their propagation an admixture of paraphotons by the oscillations. All photons are
blocked except the sterile component which penetrates a block and then oscillates again
to the photons which are detected.

5.1. Laser shining through the wall [14]

This experiment employed a laser beam directed onto the block from the distance of
440 cm; at the same distance beyond the block a sensitive photodetector counted the
photons. A rotary chopper controlled a “light on/off” state and special precautions were
taken to ensure the equality of the times spent in the two states. With effective laser
power of 300 W and noise level of 0.6 Hz data was obtained over 60,000 seconds of running
time and produced a counting rate ∆(ON −OFF ) = 0.004± 0.002 Hz thus, providing
a 2σ signal in favour of “photon regeneration”. A corresponding constraint at the level
of 3σ is plotted with asterisks and marked “laser” at Fig. 1.

5.2. Hunting for the solar paraphotons

As stated in Sec.4, the Sun presents a ready source of paraphotons due to oscillations
within its volume. Any device “observing” the Sun through the opaque window would
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Figure 1. Constraints on mixing parameters. Curve marked Coulomb stands
for a combined result of experiments to test the Coulomb law;
Rydberg : comparing the Rydberg constants for different atomic transitions;
laser : a result of laser experiment;
Sun : solar energy balance.
The experiments sensitive to the solar paraphotons :
S0 : in the KeV-region, with a proportional chamber(performed);
S1 : in the UV-region with a Čerenkov detector (running);
S2 : in the visible region with a PMT (proposed);
S3 : the same as previous when taking a Sun as a source of photons only.
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detect the photons produced by inverse oscillations in the path from this window to the
photosensitive element. The details of three experiments are collected in Table 1. We
describe here briefly the proposed experiment [17] on the solar telescope.

Experiment [15] [16] [17]
Spectral region 2.8 . . . 8.8 KeV 5.5 . . . 8.5 eV 2 2 . . . 3 eV

Detector Proportional chamber RICH [18] PMT
Average efficiency 0.4 0.3 0.2

Noise rate, Hz 2 100 3 ∼ 0.1
Sensitive area, cm2 19 50,000 4 1250

Counting time ∼ 1 hour ∼ 1 month ∼ 3 months
Current state performed running proposed

Curve in Fig. 1 S0 S1 S2/S3

Table 1. A summary of the “solar” experiments

The experimental setup with the solar telescope is sketched at Figure 2. The telescope
setup could totaly be shielded from the light so that the path between the closure and the
first optical element (a mirror) serves as an oscillations base. The resulting photons are
collected by the slightly modified telescope optics and directed onto the detector. The
main element of it is a multi-anode photomultiplier (PMT) with a cooled window. The
focussing is made in a way shown at Fig. 2b); in fact, it could be described as looking
for a Sun image in paraphotons. With that, one can count signals and backgrounds
simultaneously. It eliminates the problem of equalizing the ON and OFF times for the
price of a larger number of readout channels demanding accurate intercalibration. A veto
scintillator counter could be installed optionally close to the PMT face in order to cut
some of the cosmic background without large distortion of the Sun image.

All three experiments are sensitive also to the paraphotons that appear in solar light
after it leaves a Sun, so the Sun is taken just as a source of light [19]. But it gives
a weaker sensitivity to the mixing parameters (compare the curves S2 and S3 for the
experiment [17]).

Conclusions

Described experiments are very complementary over the regions of search and the
technics used. The result [14] can not be taken as a firm evidence for existence of the
photon regeneration; yet it looks encouraging for the new searches. One can note that the
formalism of photon oscillations introduced in [1] may describe exotics that results not
only from the parameterization (1). It could be applied also for a photon mixing with
another vector particles. The electrodynamics appears to be the most established part of
the particle physics and it is a challenging task to search for the limits of its validity.

2This detector has also some sensitivity for higher energies (under investigation).
3An estimate; much lower values could be reached if the termal noises only are considered.
4An estimate of the effective value (5 m2 out of total of 25).
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Figure 2. a) A possible layout of experiment, b) detector.
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