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Conversion of GWs into photons in a static magnetic field
Gertsenshtein, Sov. Phys., JETP 14, 84 (1962), G. A. Lupanov JETP 25, 76 (1967) 
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GWs propagating in transverse static magnetic fields

Converted EMWs stochastic flux Measured EMWs flux from the CCD
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III. PROPAGATION OF GRAVITATIONAL WAVES IN A CONSTANT MAGNETIC FIELD

In this section we review the process of Graviton-to-Photon (GRAPH) mixing in an external magnetic field, namely
a magnetic field constant in space and time. In this section we closely follow Refs. [13] and work with the rationalized
Lorentz-Heaviside natural units c = ~ = kB = µ0 = ✏0 = 1. In order to describe the GRAPH mixing it is necessary
first to start with the total Lagrangian density of the GRAPH mixing L. In our case, it is given by the sum of the
following terms

L = Lgr + Lem, (1)

where Lgr and Lem are respectively the Lagrangian densities of the gravitational and electromagnetic fields. These
terms are respectively given by
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where R is the Ricci scalar, g is the metric determinant, Fµ⌫ is the total electromagnetic field tensor, 2 ⌘ 16⇡GN

with GN being the Newtonian constant and ⇧µ⌫ is the photon polarization tensor in a magnetized medium.
The equations of motion from (1) and (2) for propagating electromagnetic and GW fields components, Aµ and hij ,

propagating in an external magnetic field are given by [13]
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⇤hij = � (BiB̄j + B̄iBj + B̄iB̄j), (3)

where A
µ = (�,A) is the electromagnetic vector-potential and B̄i are the components of the external magnetic field

vector B̄. In obtaining the system (3) we made use of the TT-gauge conditions for the GWs tensor h0µ = 0, hi
i = 0

and @
j
hij = 0. As shown in details in Ref. [13], the system (3) can be linearized by making use of the slowly varying

envelope approximation (SVEA) which is a WKB-like approximation for slowly varying external magnetic field of
spacetime coordinates. In this approximation, and for propagation along the observer’s ẑ axis in a given cartesian
coordinate system, equations (3) can be written as [13]

(! + i@z) (z,!, ẑ)I +M(z,!) (z,!, ẑ) = 0, (4)

where in (4) I is the unit matrix,  (z,!, ẑ) = (h⇥, h+, Ax, Ay)T is a four component field with h⇥,+ being the usual
GW cross and plus polarization states of GWs and Ax,y are the usual propagating transverse photon states. In (4)
M(z,!) is the mass mixing matrix which is given by
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where the elements of the mass mixing matrix M are given by M
x
g� =  kB̄x/(! + k), M

y
g� =  kB̄y/(! + k),

Mx = �⇧xx/(! + k), My = �⇧yy/(! + k). Here MCF = �⇧xy/(! + k) is a term which includes a combination
of the Cotton-Mouton and the Faraday e↵ects in a plasma and which depends on the magnetic field direction with
respect to the photon propagation. Here ! is the total energy of the fields, namely ! = !gr = !� . In this work all
the particles participating in the mixing are assumed to be relativistic, namely ! + k ' 2k with k being magnititude
the photon and GW wave-vector.

The system of di↵erential equations (4) does not have closed solutions in the case when the GRAPH mixing occurs
in arbitrary matter that evolves in space and time, namely in the case when the system of di↵erential equations is
with variable coe�cients such that in cosmological scenarios. However, in the case of GRAPH mixing in laboratory
external magnetic field, the system (4) can be simplified by considering a specific propagation of GWs with respect
to the magnetic field direction and by considering the propagation in the external field where is not present a gas or
a plasma (see below). For example, first one can choose the magnetic field to be transverse to the photon direction
of propagation such as B̄ = (B̄x, 0, 0) where we have M

y
g� = 0 and MCF = 0. Second, if there is a gas or a plasma in

addition to the external magnetic field, usually we have that Mx 6= My which essentially means that the transverse
photon states have di↵erent indexes of refraction. In the case when one is able to achieve almost a pure vacuum in
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Upper limits and prospects for future detectors
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UHF Gravitational Wave: ALPS II Heterodyne Detection
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Principles of Heterodyne Detection
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Stochastic GWs background and cross correlation
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• Co-located detectors experience a 
correlated gravitational wave 
field.

• The proximity of detectors 
induces similar spacetime 
variations, contributing to signal 
correlation.

• Similar detector designs result in 
shared sensitivity and response 
to gravitational waves.
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Principles of Heterodyne Detection
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“Co-located” Heterodyne Detectors
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“Co-located” Heterodyne Detectors

𝑔 𝐸' 𝐸'()

𝐸*𝐵

HET
𝑔 𝐸' 𝐸'()

𝐸*𝐵

HET

<latexit sha1_base64="EB+bDEhYb5K4NCFUGdWJegS9Dfo="></latexit>

S1(t) = E2

LO
+ 2ELOEGW cos (⌦1t+ �)

S2(t) = E2

LO
+ 2ELOEGW cos (⌦2t+ �)

C12(⌧) = hS1(t)S2(t+ ⌧)i



UHF Gravitational Wave and Heterodyne Detection
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Precision Interferometry and Fundamental Interactions 
MPI for GW Physics (AEI)

1 Vacuum Magnetic Birefringence

2 Pseudoscalar/scalar field Dark 
Matter

3 UHF Gravitational Waves

Polarimetry with Heterodyne Interferometry



Polarimetry can probe rotation of the EM field

P-Polarisation

S-Polarisation

Interference P+S

Linear Polarisation (S and P in-phase)
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Polarimetry can probe ellipticity of the EM field

P-Polarisation

S-Polarisation

Interference S+P

Elliptical Polarisation (S and P out-of-phase)
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Polarimetry for Vacuum 
Magnetic Birefringence
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Polarimetry strategy

Polariser M1 M2 PDT

Analyser
PDEMedium 𝐼2(𝑡)
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Polarimetry strategy: heterodyne interferometryPolarimetry strategy: heterodyne
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Noise
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Polariser

Analyser
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Polarimetry and UHF GWs: Heterodyne Interferometry
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Polarimetry for low-mass (sub-eV) bosonic field dark matter

• Produced in early Universe, manifests as 
oscillating field with local density ρlocal

• Trapped and virialised in gravitational potential 
wells of e.g. galaxies
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• Scalar Field

• Pseudoscalar Axion



Polarimetry for scalar filed DM
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Polarimetry for Axion DM
Ellipticity modulator

Analyser

Polariser M1 M2QWP1 QWP2 PDT

PDE

Laser

Axion field
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Noise budget

dr



Tint(106/νa)

Tint(1 Year )

CAST

ALPS-II

Axion-IFO

10-16 10-15 10-14 10-13 10-12 10-11 10-10 10-9 10-8
10-16

10-15

10-14

10-13

10-12

10-11

10-10

10-9
10-1 100 101 102 103 104 105 106

Axion mass [eV]

g α
γ[G
eV

-1
]

Axion Frequency [Hz]

Prospects for scalar and axion field dark matter

GEO 600
Holometer
Tretiak et al
Savalle et al

10-15 10-13 10-11 10-9 10-7 10-5
10-25

10-20

10-15

10-10

10-5
100 101 102 103 104 105 106 107 108 109

mϕ [eV]

Λ e
-1

[G
eV

-1
]

Frequency [Hz]



Thank you for your attention


