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di Salerno, Italy.

Abstract. We report on recent results revealing the presence of a geometric phase in the axion-
photon mixing. In laboratory observations its detection can reveal such mixing phenomenon
and therefore prove the existence of axion like particles.

1. Introduction
The studies of ultra-light and weakly coupled particles is one of the main research fields of physics
beyond the Standard Model. Particular attention has been devoted to the axion [1, 2] which is
a hypothetical pseudo-Nambu-Goldstone boson with no electric charge and a mass expected to
range between 10−6 and 10−2 eV. Cosmological analysis have shown that axions and axion like
particles can contribute to the cold dark matter if their mass is ma ∼ 80µeV [3]–[5]. Another
important property of such particles is their interaction with the electromagnetic field in the
presence of strong magnetic fields. Such a coupling is responsible of the mixing and oscillation
with photons [6].

Many experiments have attempted, in different ways, to reveal the presence of the axion
[7]–[20], however without positive results.

On the other hand, great attention have attracted the studies of the geometric phases [21]–
[35]. These have been detected in the evolution of many physical systems [36]–[40] and their
possible applications in particle physics [41]–[44] and cosmology [45]–[49] have also been analyzed
in detail.

In this paper we report the recent result according to which the axion-photon mixing
phenomenon generate a geometric phase [50]. Such a phase appears during the time evolution of
photons and axions only if the mixing between these two particles is present. Indeed, it is absent
when the external magnetic field vanishes and the mixing vanishes. In such cases, the total phase
coincides with the dynamical one. Then the geometric phase could be used to reveal the axions
produced by photons passing through a magnetic field. By means of an interferometer, one in
fact could measure the difference between the geometric phases associated to two rays of light
propagating in the two arms of the interferometer, one crossing a strong magnetic field B, the
other one passing through a region where B = 0. The B = 0 ray has geometric phase equal to
zero, then the presence of a difference between the geometric phases of the two rays represents
the manifestation of the axion-photon mixing phenomenon in the B 6= 0 ray.

In a recent paper, it was proposed an experimental method based on the study of the difference
of phase in the interferometry to detect ALPs [51]. However no consideration concerning the
geometric phase has been done in [51]. Here we consider a different physical interference
phenomenon occurring only if the axion-photon mixing occurs, thus revealing the core of the
origin of the interference phenomenon, since it survives even in the absence of the dynamical
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phase difference. The geometric phase difference represents a completely new tool for the analysis
of the axion-photon mixing.

In our study we neglect the contribution to the geometric phase due to the birefringence of
the vacuum produced by the presence of magnetic field [52]-[54]. Such a contribution is much
smaller than the one due to axion-photon mixing. In the following we recall the formalism
describing the axion-photon mixing and we compute the Mukunda-Simon phase [33] associated
to the time evolution of photons in the presence of the mixing with the axion.

2. Axion-photon mixing
The lagrangian density of the axion-photon system [55] is L = Lγ +La+Laγγ , where Lγ and La
are the lagrangian of free photon and axion, respectively, and Laγγ = 1

4 gaγγ εµνρσ aF
µνF ρσ , is

the interaction of two photons with the axion, which is responsible of the axion-photon mixing.
gaγγ ≡ g is the axion-photon coupling constant, Fµν is the electromagnetic field strength and a
is the axion field.

By considering a monochromatic light beam propagating along the z-direction in the presence
of an arbitrary magnetic field and choosing the y-axis along the projection of B perpendicular
to the z-axes, the propagation equations become

(ω − i∂z + M)

(
γ‖
a

)
= 0 . (1)

Here M is the mixing matrix,

M = − 1

2ω

(
ω2
P −gωBT

−gωBT m2
a

)
, (2)

with B = BT transverse field, ωP plasma frequency and ma axion mass. M is diagonalized by
a rotation, (

γ′‖(z)

a′(z)

)
=

(
cos θ sin θ
− sin θ cos θ

)(
γ‖(z)
a(z)

)
, (3)

where θ = 1
2 arctan

(
2gωBT
m2
a − ω2

P

)
is the mixing angle and γ‖(z) = γ‖(0)e−iωγz, a(z) = a(0)e−iωaz,

with
ωa = ω − µ−

ω
, ωγ = ω − µ+

ω
,

and

µ± =
ω2
P +m2

a

2
± 1

2

√
(ω2
P −m2

a)
2 + (2gωBT )2 .

The conversion rate of photon in axion can be increased by introducing in the conversion region
a buffer gas that induces a plasma frequency [56].

3. Mukunda-Simon phase and mixing
The Mukunda-Simon phase [33] for the mixed photons is

Φγ(t) = arg〈γ′‖(0)|γ′‖(t)〉 − =
∫ t

0
〈γ′‖(t

′)|γ̇′‖(t
′)〉dt′ , (4)

which explicitly is given by
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Figure 1. Plot of ∆Φ = Φγ as function of the axion masses ma, for a time interval t = 240h
and for values of the coupling constant g ∈ [10−12, 10−10] GeV−1 and ωP = 0.9ma.

Φγ(t) = arg
(
cos2 θe−iωγt + sin2 θe−iωat

)
+
(
ωγ cos2 θ + ωa sin2 θ

)
t .

Non trivial geometric phase Φγ is obtained only in the presence the axion-photon mixing. Indeed,
Φγ(t) = 0, when θ = 0.

Notice that for the estimated values of the axion masses, ma ∈ [10−6, 10−2] eV, the dynamical
phases in the two arms of the interferometer, (the B 6= 0 branch and the B = 0 one), are almost
equal, this implies that the difference of phase obtained in the crossing point of the two rays
∆Φ is almost equal to the geometric phase, ∆Φ ∼ Φγ [50].

In order to add many times the geometric phase and to make it visible, one can use suitable
mirrors in the interferometer which make possible the traversing of the rays many times back
and forth in the branches. In this way, one can obtain effective length of the arms arbitrarily
long. Moreover, in order to enhance the sensibility of the experiment, Fabry-Perot cavity and
squeezed light can be used in the interferometer [57]–[60].

We consider the following parameter for our estimations: the experiment last for a time
t = 240 hours, the magnetic field B = 10 T ' 1.95 × 10−15 GeV2, energy ω = 10 eV, coupling
constant and axion mass belonging to the intervals g ∈ [10−12, 10−10]GeV−1, ma ∈ [10−6, 10−2]
eV, respectively, and plasma frequency ωP = 0.9ma.

The results obtained are: a) the geometric phase is practically independent on the
experimentally accepted value of the coupling constant g; b) on the contrary, Φγ is strongly
dependent on the value of the axion mass and it changes suddenly for different mass values, as
shown in Fig. 1. This fact implies not only that the presence of a non zero geometric phase of
the photon demonstrates the presence of axion-photon mixing, but also that by means of the
geometric phase one can achieve a precise estimation of the value of the axion mass.

4. Conclusion
We have revealed the existence of the geometric phase in the axion-photon mixing and we
have proposed an interferometric measurement to reveal the occurrence of such a phenomenon
and thus the existence of axion like particles. For estimated values of the axion mass and of
the coupling constant g, the difference between the phases of the two rays, the one passing in
the arm with B = 0 and that passing through the magnetic field region, is almost completely
coincident with the geometric phase produced by the mixing in the B 6= 0 branch.
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Therefore, the detection of the geometric phase associated with the time evolution of photons
propagating in a magnetic field would implies the occurrence of the axion-photon mixing. We
propose then the Mukunda-Simon phase as a novel tool in the detection of such a phenomena.
In the system we propose and in the range of the parameter we considered, the geometric phase
is practically independent on the estimated value of the coupling constant. However it is highly
sensible to the axion masses. Therefore, the geometric phase could provide the demonstration
of the existence of the axions and also a value of their masses, thus allowing a more deep
understanding of their contributions to the cold dark matter and to the dark energy component
given by the particle mixing phenomenon [61]–[66].

Acknowledgments
Partial financial support from MIUR and INFN is acknowledged. G.L. thanks the ASI (Agenzia
Spaziale Italiana) for partial support through the contract ASI number I/034/12/0.

References
[1] Peccei R D and Quinn H 1977 Phys. Rev. Lett. 38 1440
[2] Peccei R D and Quinn H 1977 Phys. Rev. D 16 1791
[3] Sikivie P and Yang Q 2009 Phys. Rev. Lett. 103 111301
[4] Sikivie P 2011 Phys. Lett. B 695 22
[5] Di Valentino E, Giusarma E, Lattanzi M, Melchiorri A and Mena O 2014 Phys. Rev. D 90 043534
[6] Raffelt G 1996 Stars as laboratories for fundamental Physics (University of Chicago Press); do. 2008 Lecture

Notes in Physics 741 51
[7] Zavattini E et al. (PVLAS Collaboration), 2006 Phys. Rev. Lett. 96 110406
[8] Zavattini E et al. (PVLAS Collaboration), 2008 Phys. Rev. D 77 032006
[9] Aune S et al. (CAST Collaboration), 2011 Phys. Rev. Lett. 107 261302

[10] van Bibber K, McIntyre P M, Morris D E and Raffelt G G 1989 Phys. Rev. D 39 2089
[11] Arik M, et al., 2011 Phys. Rev. Lett. 107 261302
[12] Asztalos S et al. (ADMX Collaboration) 2004 Phys. Rev. D 69 011101
[13] Asztalos S et al. (ADMX Collaboration)2010 Phys. Rev. Lett. 104 041301
[14] Cameron R et al. 1993 Phys. Rev. D 47 3707
[15] Fouche M et al. (BMV Collab.) 2008 Phys. Rev. D 78 032013
[16] Pugnat P et al. (OSQAR Collab.) 2008 Phys. Rev. D 78 092003
[17] Chou A et al. (GammeV T-969 Collab) 2008 Phys. Rev. Lett. 100 080402
[18] Afanasev A et al. (LIPSS Collab.) 2008 Phys. Rev. Lett. 101 120401
[19] Pugnat P et al. (OSQAR Collab.), 2014 Eur. Phys. J. C 74 3027
[20] Ehret K et al. (ALPS Collab.), 2010 Phys. Lett. B 689 149
[21] Berry M V 1984 Proc. Roy. Soc. Lond. A 392
[22] Aharonov Y and Anandan J 1987 Phys. Rev. Lett. 58 1593
[23] Samuel J and Bhandari R 1988 Phys. Rev. Lett. 60 2339
[24] Anandan J and Aharonov Y 1990 Phys. Rev. Lett. 65 1697
[25] Garcia de Polavieja G 1998 Phys. Rev. Lett. 81 1
[26] Pancharatnam S 1956 Proc. Indian Acad. Sci. A 44 1225
[27] Shapere A and Wilczek F 1989 Geometric Phases in Physics (Singapore: World Scientific)
[28] Simon B 1983 Phys. Rev. Lett. 51 2167
[29] Garrison J C and Wright E M 1988 Phys. Lett. A 128 177
[30] Garrison J C and Chiao R Y 1988 Phys. Rev. Lett. 60 165
[31] Pati A K 1995 J. Phys. A 28 2087
[32] Pati A K 1995 Phys. Rev. A 52 2576
[33] Mukunda N and Simon R 1993 Ann. Phys. (N.Y) 228 205
[34] Mostafazadeh A 1999 J. Phys. A 32 8157
[35] Anandan J 1988 Phys. Lett. A 133 171
[36] Tomita A and Chiao R Y 1986 Phys. Rev. Lett. 57 937
[37] Jones J A, Vedral V, Ekert A and Castagnoli G 2000 Nature 403 869
[38] Leek P J et al. 2007 Science 318 1889
[39] Neeley M et al. 2009 Science 325 722
[40] Pechal M et al. 2012 Phys. Rev. Lett. 108 170401

7th International Workshop DICE2014 Spacetime – Matter – Quantum Mechanics IOP Publishing
Journal of Physics: Conference Series 626 (2015) 012059 doi:10.1088/1742-6596/626/1/012059

4



[41] Capolupo A 2011 Phys. Rev. D 84 116002
[42] Capolupo A and Vitiello G 2013 Adv. High Energy Phys. 2013 850395
[43] Blasone M, Capolupo A, Celeghini E and Vitiello G 2009 Phys. Lett. B 674 73
[44] Capozziello S and Lambiase G 2000 Europhys. Lett. 52 15
[45] Capolupo A and Vitiello G 2013 Phys. Rev. D 88 024027
[46] Capolupo A and Vitiello G 2015 Vacuum condensate, geometric phase, Unruh effect and quantum

thermometer, submitted
[47] Bruno A, Capolupo A, Kak S, Raimondo G and Vitiello G 2011 Mod. Phys. Lett. B 25 1661
[48] Hu J and Yu H 2012 Phys. Rev. A 85 032105
[49] Martin-Martinez E, Fuentes I and Mann R B 2011 Phys. Rev. Lett. 107 131301
[50] Capolupo A, Lambiase G and Vitiello G 2015 Probing mixing of photons and axions by geometric phase,

submitted
[51] Tam H, Yang Q 2012 Phys. Lett. B 716 435
[52] Heisenberg W and Euler H 1936 Z. Phys. 98 714
[53] Schwinger J S 1951 Phys. Rev. 82 664
[54] Dobrich B and Gies H 2009 Europhys. Lett. 87 21002
[55] Mirizzi A, Raffelt G G and Serpico P D 2008 Lect. Notes Phys. 741 115
[56] van Bibber K. et al. 1989 Phys. Rev. D 39 2089
[57] Caves C M 1981 Phys. Rev. D 23 1693
[58] The LIGO Scientific Collaboration 2011 Nature Phys. 7 962
[59] Lang M D and Caves C M 2013 Phys. Rev. Lett. 111 173601
[60] Eberle T et al. 2010 Phys. Rev. Lett. 104 251102
[61] Capolupo A, Capozziello S and Vitiello G 2007 Phys. Lett. A 363 53
[62] Capolupo A, Capozziello S and Vitiello G 2009 Phys. Lett. A 373 601
[63] Capolupo A, Capozziello S and Vitiello G 2008 Int. J. Mod. Phys. A 23 4979
[64] Blasone M, Capolupo A, Capozziello S and Vitiello G 2008 Nucl. Instrum. Meth. A 588 272
[65] Blasone M, Capolupo A and Vitiello G 2010 Prog. Part. Nucl. Phys. 64 451
[66] Blasone M, Capolupo A, Capozziello S, Carloni S and Vitiello G 2004 Phys. Lett. A 323 182

7th International Workshop DICE2014 Spacetime – Matter – Quantum Mechanics IOP Publishing
Journal of Physics: Conference Series 626 (2015) 012059 doi:10.1088/1742-6596/626/1/012059

5


