
Eur. Phys. J. C          (2025) 85:240 
https://doi.org/10.1140/epjc/s10052-025-13962-z

Regular Article - Theoretical Physics

Effects of gravitational waves on electromagnetic fields

Matteo Luca Ruggiero1,2,a

1 Dipartimento di Matematica “G.Peano”, Università degli studi di Torino, Via Carlo Alberto 10, 10123 Torino, Italy
2 INFN-LNL, Viale dell’Università 2, 35020 Legnaro, PD, Italy

Received: 25 January 2025 / Accepted: 16 February 2025
© The Author(s) 2025

Abstract We study the interaction between a plane grav-
itational wave and electromagnetic fields, analyzing this
interaction in the proper detector frame. The gravitational
field is treated as an effective electromagnetic medium, and
within this framework, we demonstrate that the coupling
between pre-existing electromagnetic fields and the gravita-
tional wave generates new effective currents. This approach,
an alternative to previously explored methods, has the advan-
tage of employing Fermi coordinates, which enable direct
reference to measurable quantities. To assess the impact of
the effect of gravitational waves, we solve Maxwell’s equa-
tions for some standard configurations of the electric and
magnetic fields.

1 Introduction

After their first direct interferometric detection [1], gravi-
tational waves have opened a new window for research in
astrophysics and cosmology: in fact, gravitational waves are
important not only because they constitute yet another test
of Einstein’s theory [2], but also because they serve as cru-
cial instruments for exploring the universe in the age of
multi-messenger astronomy. Advancements in technology
and specialized missions are poised to significantly enhance
the wealth of information accessible through this avenue (for
further details, see, e.g., Miller and Yunes [3,4] and related
references).

Furthermore, experiments with gravitational waves are
crucial for testing gravitational theories beyond General Rel-
ativity. Indeed, challenges to Einstein’s theory emerge from
observations of the universe on a large scale, with the prob-
lems of dark matter and dark energy [5], and at a more fun-
damental level we still don’t know how to reconcile General
Relativity with the Standard Model of particle physics. In
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order to try to cope with these issues, theories with additional
fields (such as scalar ones) or provided with a richer geomet-
rical structure were proposed and, in these cases, gravita-
tional waves might have different features with respect to
the general relativistic ones, such as for instance longitudi-
nal effects (see e.g. Capozziello and de Laurentis [6]), or
the generation process may have pecularities, such as in the
Einstein–Cartan theory [7,8]; we remember that the latter
can be thought of as an extension of general relativity to
Riemann–Cartan spaces, where both the metric and the tor-
sion determine the geometry of space-time [9]. Interestingly,
formal parallels were highlighted between the General Rela-
tivity treatment of bodies with macroscopic angular momen-
tum and the Einstein–Cartan description of spinning objects
modeled using the Weyssenhoff fluid [10,11].

These motivations drive enormous efforts to further
develop current interferometers, such as LIGO and VIRGO,
as well as to design and create brand new ones, such as LISA.

More generally, investigations on gravitational waves do
not solely rely on interferometers, where changes in rela-
tive distances between test masses are measured using lasers.
Other Earth-based experimental setups have been proposed,
including accelerators [12,13], storage rings [14], two-level
system resonance [15] and microcavities [16]. In the latter
case, particularly, researchers study the effects of gravita-
tional waves on electromagnetic fields in resonant cavity
experiments. So, the interaction between gravitational waves
and electromagnetic fields, which has extensively been stud-
ied (see e.g. Cooperstock and Faraoni [17] Fortini et al. [18],
Montanari [19], Mieling et al. [20] and references therein)
presents potential for exploring new experimental paths.

The purpose of this paper is to develop a formalism to
study the effect of a plane gravitational wave on electromag-
netic fields. In order to do this, we solve Maxwell’s equation
in the curved spacetime of a plane gravitational wave and
we do this in the proper detector frame. Indeed, gravitational
waves are typically studied using the transverse and trace-
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less (TT) tensor, which allows to introduce the so-called TT
coordinates or TT frame. The proper detector frame is an
alternative approach [21] which is based on the use of Fermi
coordinates. The latter are a quasi-Cartesian coordinates sys-
tem that can be build in the neighbourhood of the world-line
of an observer, and their definition depends both on the back-
ground field where the observer is moving and, also, on the
kind of motion. Fermi coordinates are defined, by construc-
tion, as scalar invariants [22]; they have a concrete meaning,
since they are the coordinates an observer would naturally
use to make space and time measurements in the vicinity of
his/her world-line.

Recently, the interaction of gravitational waves and elec-
tromagnetic fields has been studied in the TT frame by Cabral
and Lobo [23]. The novelty of this paper lies in the study of
the problem within the proper detector frame and in the use
of a formalism that allows Maxwell’s equations in curved
spacetime to be expressed as flat spacetime equations in the
presence of an anisotropic medium. Subsequently, some sim-
plified interaction models will be discussed to understand and
evaluate the impact of a plane gravitational wave on the elec-
tromagnetic fields already present before its passage.

The paper is organized as follows: in Sect. 2 we introduce
the formalism to study Maxwell’s equations in curved space-
time, while in Sect. 3 we focus on the construction of the
local spacetime metric in the laboratory frame, with the use
of Fermi coordinates, and we apply it to the field of a plane
gravitational wave. Next, in Sect. 4, we present the funda-
mental equations necessary for investigating the influence of
gravitational waves on electromagnetic fields, followed by
their solution in select prototypical scenarios. Subsequently,
discussion and conclusions are provided in Sect. 6.

2 Maxwell’s equations in curved spacetime

We aim to investigate the influence of gravitational waves
on electromagnetic fields. To achieve this, we must solve
Maxwell’s equations in curved spacetime. If Fμν is the anti-
symmetric tensor of the electromagnetic field, the equations
that determine the electromagnetic field in curved spacetime
are1 [24,25]:

Fμν;α + Fνα;μ + Fαμ;ν = 0, (1)

ε0F
μν

;ν = jμ, (2)

where “;” indicates covariant derivative, and jμ is the four-
current. The above equations, due to the antisymmetry of the

1 Latin indices refer to space coordinates, while Greek indices to space-
time ones. We will use bold-face symbols like W to refer to space vec-
tors; the spacetime signature is +2 in our convention.

electromagnetic tensor, can be also written in the form

Fμν,α + Fνα,μ + Fαμ,ν = 0, (3)
ε0√−g

∂v

(√−gFμν
) = jμ, (4)

where “,” stands for partial derivative, and g is the deter-
minant of the spacetime metric. The covariant electromag-
netic tensor Fμν is usually defined in terms of the three-
dimensional electric and magnetic fields2 E and B

Fμν =

⎛

⎜
⎜
⎝

0 Ex Ey Ez

−Ex 0 −cBz cBy

−Ey cBz 0 −cBx

−Ez −cBy cBx 0

⎞

⎟
⎟
⎠ . (5)

Our approach to solving Eqs. (3)–(4) relies on the obser-
vation that the influence of a gravitational field on electro-
magnetic fields can be represented as a material medium.
This idea is not new; it traces back to the works on the prop-
agation of electromagnetic waves in a gravitational field by
Balazs [26] and Plebanski [27], who noted that the concept of
an equivalent material medium was first proposed by Tamm
[28] in 1924. Later, Mashhoon [29] utilized this framework to
analyze the scattering of electromagnetic radiation by black
holes (see also the discussion in Sen [30]). More recently,
Leonhardt and Philbin [31,32] demonstrated the relevance
of this approach for designing metamaterials. Specifically,
Eqs. (3)–(4) can be simplified and recast in a form resem-
bling Maxwell’s equations in flat spacetime within a material
medium. To do this, we introduce Hμν such that

Hμν = ε0
√−gFμν = ε0

√−ggμλgνρFλρ, (6)

which contains the fields D and H since

Hμν =

⎛

⎜⎜
⎝

0 −Dx −Dy −Dz

Dx 0 −Hz/c H y/c
Dy Hz/c 0 −Hx/c
Dz −Hy/c Hx/c 0

⎞

⎟⎟
⎠ . (7)

Now, if we set

Jμ = √−g jμ, (8)

the source Eqs. (4) can be written in the form

∂νH
μν = Jμ. (9)

In other words, Maxwell’s source equations in curved space-
time are written in the form of electromagnetic equations in
flat spacetime in a material medium, with current Jμ, with
the constitutive equations given by (6). The homogenous Eq.
(3) are instead expressed in terms of the fields E,B as in flat
spacetime. In three dimensional notation we have

2 We use Cartesian coordinates here and henceforth.
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∇ · D = ρ, ∇ × H = ∂D
∂t

+ j, ∇ · B = 0,

∇ × E = −∂B
∂t

. (10)

Using Eq. (6), it is possible to obtain the relation between
E,D,H. In fact, we get

D j = −ε0

√−g

g00
g ji Ei − ε j ikwk

Hi

c
, (11)

where wi = g0i

g00
; the above equation can be written in three-

dimensional form

D = ε0εE + w
c

× H, (12)

whith

ε = −
√−g

g00
gi j . (13)

To obtain the other constitutive equations between B,H,E,
we introduce the dual tensors ∗Fμν and ∗Hμν defined by [31]

∗Fμν = 1

2
eμνλρFλρ, (14)

∗Hμν = 1

2
eμνλρH

λρ, (15)

where

eμνλρ = √−g εμνλρ, eμνλρ = − 1√−g
εμνλρ. (16)

In the above equations εμνλρ is the four-dimensional Levi-
Civita tensor, with ε0123 = 1, Re-expressed in terms of the
dual tensors, the constitutive equations (6) are

∗Hμν = ε0
√−ggμλgνρ

∗Fλρ. (17)

Accordingly, we get

Bi = −
√−g

ε0c2g00
gi j Hj − 1

ε0cg00
εi jk g j0Ek, (18)

which, in three-dimensional notation becomes

B = μ

ε0c2 H − w
c

× E (19)

where μ = ε, as defined in Eq. (13).
We notice that when gμν = ημν , where ημν is the

Minkowski tensor, then μ = ε = δi j ; for instance, this is
true for spacetimes that are flat at space infinity and, in these
cases, we have D = ε0E, B = μ0E, where ε0μ0 = c−2.

In summary, Maxwell’s equations in curved spacetime are
equivalent to the flat spacetime Eq. (10) in a medium with the
constitutive Eqs. (12) and (19). The above description shows
that the interaction between electromagnetic fields and the
gravitational field is determined by ε, which describes the
features of an equivalent medium, and by the vectorw, which
originates from the off-diagonal elements of the spacetime

metric, which are usually related to the so-called gravitomag-
netic effects [33]. In this framework, it is relevant to point out
that both ε and w are independent of a confarmal factor: this
fact reflects the conformal invariance of Maxwell’s equations
[29].

3 The spacetime metric in the laboratory frame

The spacetime metric in the laboratory frame – or proper
detector frame – can be obtained using Fermi coordinates;
more generally speaking, the latter are used to express the
spacetime metric in the vicinity of a reference world-line,
which can be thought of as the world-line of the laboratory
frame where a measurement device (the “detector”) is placed.
As showed for instance by Ni and Zimmermann [34], Li
and Ni [35], Fortini and Gualdi [36], Marzlin [37], Ruggiero
and Ortolan [38] this expression depends both on how the
laboratory frame moves in spacetime (i.e. on its acceleration
and the rotation of its axes) and on the spacetime curvature
through the Riemann tensor. Here, we are concerned with the
effects produced by gravitational waves, hence we neglect
the inertial effects in the definition of the metric elements: in
other words we consider a geodesic and non rotating frame.
Accordingly, using Fermi coordinates (cT, X,Y, Z), up to
quadratic displacements |Xi | from the reference world-line,
the line element turns out to be (see e.g. Misner et al. [39],
Manasse and Misner [25])

ds2 = −
(

1 + R0i0 j X
i X j

)
c2dT 2 − 4

3
R0 j ik X

j XkcdT dXi

+
(

δi j − 1

3
Rik jl X

k Xl
)
dXidX j . (20)

Here Rαβγ δ = Rαβγ δ(T ) is the projection of the Rie-
mann curvature tensor on the orthonormal tetrad eμ

(α)(τ ) of

the reference observer, parameterized by the proper time3

τ : Rαβγ δ(T ) = Rαβγ δ(τ ) = Rμνρσ e
μ

(α)(τ )eν
(β)(τ )eρ

(γ )(τ )

eσ
(δ)(τ ) and it is evaluated along the reference geodesic, where

T = τ and Xi = 0. The line element (20) can be written in
a compact form by introducing �,Ai , �i j defined as

�

c2 = g00 + 1

2

�i j

c2 = gi j − δi j

2

Ai

c2 = −g0i

2
,

Accordingly, we get

ds2 = −c2
(

1 − 2
�

c2

)
dT 2 − 4

c
AidX

idT

+
(

δi j + 2
�i j

c2

)
dXidX j (21)

3 In eμ

(α) tetrad indices like (α) are within parentheses, while μ is a
background spacetime index; however, for the sake of simplicity, we
drop here and henceforth parentheses to refer to tetrad indices, which
are the only ones used.
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where, explicitly:

�(T, Xi ) = −c2

2
R0i0 j (T )Xi X j , (22)

Ai (T, Xi ) = c2

3
R0 j ik(T )X j Xk, (23)

�i j (T, Xi ) = −c2

6
Rik jl(T )Xk Xl . (24)

In the above definitions, � andAi are, respectively, the grav-
itoelectric and gravitomagnetic potential, and �i j is the per-
turbation of the spatial metric [33,38,40,41]. Notice that the
line element (21) is a perturbation of flat Minkowski space-
time; in other words | �

c2 | � 1, |�i j

c2 | � 1, |Ai
c2 | � 1.

As for our purposes, we are interested in describing the
field of a plane gravitational wave using this formalism.
Before doing that, we briefly recall the standard approach
to the description of plane gravitational waves. Starting from
Einstein’s equations

Gμν = 8πG

c4 Tμν, (25)

we suppose that the spacetime metric gμν is in the form gμν =
ημν + hμν , where |hμν | � 1 is a small perturbation of the
Minkowski tensor ημν of flat spacetime. Setting h̄μν = hμν−
1
2ημνh, with h = hμ

μ, Einstein’s field Eq. (25) in the Lorentz
gauge ∂μh̄

μν = 0 turn out to be

�� h̄μν = −16πG

c4 Tμν, (26)

where �� = ∂μ∂μ = ∇2 − 1
c2

∂
∂t2

. The vacuum (i.e. Tμν =
0) solutions of Eq. (26) are gravitational waves propagat-
ing in empty space. Imposing the transverse and trace-
less (TT) gauge and using the corresponding coordinates
(ctTT, xTT, yTT, zTT) [21,42] the solutions for a plane wave
propagating along the x direction are given by

h̄μν = − (
h+e+

μν + h×e×
μν

)
, (27)

with

h+ = A+ cos
(
ωtTT − kxTT + φ+)

,

h× = A× cos
(
ωtTT − kxTT + φ×)

, (28)

where φ+, φ× are constants, and the linear polarization ten-
sors of the wave are

e+
μν =

⎡

⎢⎢
⎣

0 0 0 0
0 0 0 0
0 0 1 0
0 0 0 −1

⎤

⎥⎥
⎦ , e×

μν =

⎡

⎢⎢
⎣

0 0 0 0
0 0 0 0
0 0 0 1
0 0 1 0

⎤

⎥⎥
⎦ . (29)

Here A+, A× are the amplitude of the wave in the two
polarization states, φ+, φ× the corresponding phases, while
ω is the frequency and k the wave number, so that the wave

four-vector is kμ =
(ω

c
, k, 0, 0

)
, with kμkμ = 0. The two

linear polarizations states can be added with phase difference
of ±π/2 to get circularly polarized waves. We will use

h+ = A+ sin (ωtTT − kxTT) ,

h× = A× cos (ωtTT − kxTT) , (30)

thus fixing the phase difference: accordingly, circular polar-
ization corresponds to the condition A+ = ±A×. In con-
clusion, in TT coordinates the spacetime element is given
by

ds2 = −c2dt2
TT + dx2

TT + (1 − h+)dy2
TT + (1 + h+)dz2

TT

−2h×dyTTdzTT. (31)

To express the metric (20) where the curvature tensor
appears, we remember that up to linear order in the pertur-
bation hμν , we can write the following expressions for the
Riemann tensor [25]:

Rik jl = 1

2

(
hil, jk + hkj,li − hkl, j i − hi j,lk

)
(32)

and

Ri j0l = 1

2

(
hil, j0 − h jl,i0

)
. (33)

Accordingly, we exploit the gauge invariance in linear
approximation [43] and use the above expressions to cal-
culate the Riemann tensor in Fermi coordinates.

In particular, in the metric (20) the Riemann tensor is
evaluated along the reference world-line: so, after calculat-
ing the components of Riemann tensor using Eq. (30), we
set Xi = 0. We point out that the expression of the met-
ric tensor is obtained in the large wavelength limit, which
means that the typical dimension L of the frame is negligible
with respect to the wavelength λ; more accurate expressions
can be obtained, which contains higher order terms in the

small parameter ε = L

λ
(see e.g. Ruggiero [44] and refer-

ences therein). Actually, the series expansion can be exactly
summed to obtain a compact form [16,36].

As a consequence, if we define the functions

f + = 1

2
A+ sin (ωT ) , f × = 1

2
A× cos (ωT ) (34)

the gravitoelectric potential (22) is written as

� = ω2

2

[
f +Y 2 + 2 f × Y Z − f +Z2

]
, (35)

while the components of the gravitomagnetic potential (23)
are

AX = ω2

3

[
f +(Y 2 − Z2) + 2 f × ZY

]
, (36)

AY = ω2

3

[− f +Y X − f ×Z X
]
, (37)

AZ = ω2

3

[− f ×Y X + f +X Z
]
. (38)
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In addition, starting from the definition

�i j (T, Xi ) = −c2

6
Rik jl(T )Xk Xl , (39)

we explicitly calculate the remaining metric components:

�XX = −1

6
ω2

(
− f +Y 2 + f +Z2 − 2 f ×Y Z

)
,

�XY = −1

6
ω2 (

f +Y X + f +Z X
)
,

�XZ = −1

6
ω2 (

f ×Y X − f +Z X
)
,

�YY = −1

6
ω2

(
− f +X2

)
,

�Y Z = −1

6
ω2

(
− f ×X2

)
,

�Z Z = −1

6
ω2

(
f +X2

)
. (40)

4 Modified electromagnetic fields

We showed that it is possible to study electromagnetic fields
in curved spacetime in complete analogy with the formula-
tion of Maxwell’s equations in flat spacetime in presence of
an equivalent (generally non isotropic) medium. It is impor-
tant to emphasize the limitations of this approach. Specifi-
cally, we assume that the electromagnetic field doesn’t impact
the background spacetime; in essence, we focus on how
the background spacetime affects the electromagnetic fields
while disregarding any reciprocal influence of these fields on
the spacetime itself. Of course, this is not the general case,
in fact in extreme astrophysical events the electromagnetic
field can be source of the gravitational field, and the coupled
Maxwell’s and Einstein’s equations must be solved. How-
ever, this approach is adequate for our purposes.

In what follows, we suppose to have and electric field
or a magnetic field before the passage of the wave: we are
interested in understanding how these fields are perturbed by
the passage of the wave. As we discussed above, the natural
framework to study this interaction is the laboratory met-
ric (21), with the definitions (34)–(40): in other words, we
consider a reference frame which, before the passage of the
gravitational wave, is endowed by a flat space-time metric
(see Eq. (21) when the Riemann tensor is zero). In this frame,
the unperturbed electric and magnetic fields are solution of
Maxwell’s equations (see also the discussion in Ratzinger et
al. [45]).

Let us start by the case when, before the passage of the
gravitational wave, an electric field E0 is present. Hence,
we consider the first of Eq. (10) with the constitutive Eq.
(11); notice that a magnetic field eventually produced by the
gravitational wave, does not enter this equation, since both
wi and Hi are first order terms in the wave perturbation, so if

we work at linear order their contribution can be neglected.
As a consequence, the constitutive equation reads

D j = −ε0

√−g

g00
g ji Ei . (41)

We work at linear order with respect to the wave ampli-
tude, so we may write

−
√−g

g00
� 1 + f, (42)

g ji � δ j i + f j i , (43)√−g � 1 + p, (44)

where f , f j i and p are proportional to the wave amplitude,
i.e. they are linear functions of A+, A×. In addition, we look
for a solution for the electric field in the form Ei = E0

i + ei
where, again, ei is a linear function of A+, A×. So, up to first
order in the wave amplitude, we may write Eq. (41) in the
form

D j =
[
δi j (1 + f ) + f j i

]
E0
i + δ j i ei . (45)

As a consequence:

∂ j D
j = ∂ j

(
δ j i E0

i

)
+ ∂ j

[(
δ j i f + f j i

)
E0
i

]
+ ∂ j

(
δ j i ei

)
.

(46)

According to Eq. (8), we have ρ = (1 + p)ρ0 where ρ0 is
the “true” charge density, i.e. the source of the unperturbed
electric field E0:

∂ j E
0 j = ρ0

ε0
. (47)

Then, the first of Eq. (10) can be written as

∂ j

(
δ j i E0

i

)
+ ∂ j

[(
δ j i f + f j i

)
E0
i

]
+ ∂ j

(
δ j i ei

)

= (1 + p)ρ0

ε0
. (48)

Taking into account Eq. (47), we finally have

∂ j

(
δ j i ei

)
= pρ0

ε0
− ∂ j

[(
δ j i f + f j i

)
E0
i

]
. (49)

We see that the effective charge density

ρe f f

ε0
= pρ0

ε0
− ∂ j

[(
δ j i f + f j i

)
E0
i

]
(50)

becomes source for the perturbation of the electric field

∂i e
i = ρe f f

ε0
. (51)

From Eq. (50), we observe that in vacuum, where ρ0 = 0,
gravitational waves interact with the unperturbed electric
field, determining an effective charge density. This leads to
a perturbed electric field similar to that found in a medium
rather than in vacuum.
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Now, let us consider the case of the presence of a mag-
netic field B0 before the passage of the wave. To this end,
we consider the second of the Maxwell’s Eq. (10) with the
constitutive Eq. (19): exactly as before, an electric field even-
tually produced by the gravitational wave does not enter this
constitutive equation, since both wi and Ei are first order
terms in the wave perturbation.

From Eq. (19) we may write

Hi = −ε0c
2 g00√−g

γi j B
j , (52)

where γi j = gi j − gi0 jg j0
g00

is the spatial metric [33]; at linear
order we have γi j = gi j . As before, we write

− g00√−g
= 1 + � (53)

where � = − f ,

gi j = δi j + si j , (54)

Bj = B0
j + b j . (55)

Again, we observe that �, si j and b j are linear functions of
the gravitational wave amplitudes A+, A×.

Accordingly, at linear order in the perturbation due to the
gravitational wave, we may write the lhs member of the sec-
ond Maxwell’s Eq. (10) εkmi∂mHi in the form

εkmi∂m

[(
δi j + si j + δi j f

)
B0
j + δi j b j

]
. (56)

Then, the source equation for the magnetic field reads

εkmi∂mδi j B
0
j + εkmi∂m

[(
si j + δi j f

)
B0
j

]

+εkmi∂m
(
δi j b j

) = μ0 (1 + p) j0
k . (57)

where j0
k is the “true” current which appears in the equation

for the unperturbed magnetic field

εkmi∂mB
0
i = μ0 j

0
k . (58)

Consequently, we may write Eq. (57) in the form

εkmi∂m
(
δi j b j

) = μ0 pj
0
k − εkmi∂m

[(
si j + δi j f

)
B0
j

]
. (59)

If we define the effective current

μ0 j
e f f
k = μ0 pj

0
k − εkmi∂m

[(
si j + δi j f

)
B0
j

]
(60)

we finally may write

εkmi∂mbi = μ0 j
e f f
k . (61)

Once more, we observe that the effective current, originating
from the interaction between the gravitational field and the
initial magnetic field, acts as a source for the perturbation bi .

In summary, at linear order in the gravitational wave
amplitude, we have obtained the source equations for the
perturbed electric (51) and magnetic (61) field.

5 Some examples

Below, we will apply the formalism described so far to solve
Maxwell’s equations in some particular cases. We point out
that Eqs. (51) and (61) correspond to the perturbed Maxwell’s
equations for the sources of the electric and magnetic field.
However, in order to fulfill the whole set of Maxwell’s equa-
tions, we need to consider also the homogenous ones. To this
end, as it customary, we will introduce a scalar and vector
potential.

5.1 A uniform electric field

We suppose that before the passage of the wave we have a
uniform electric field E0 = E0uZ , where E0 = const. To fix
ideas, we can consider the field within a capacitor.

We need to solve Eq. (51), with ρ0 = 0. In order
to solve also the homogenous Maxwell equations, we set
e = −∇φ. Before the passage of the wave, we have φ0(Z) =
V0

(
1 − Z

d

)
, where V0 is the difference of potential between

the two armatures, and d the distance between them. In this
case, E0 = V0/d is the unperturbed constant electric field,
and φ0 satisfies the Laplace equation.

Accordingly, Eq. (51) becomes

∇2φ = −ρe f f

ε0
. (62)

Taking into account the expression of the line element (21),
with the definitions (34)–(40), we obtain the following effec-
tive charge density:

ρe f f = −ε0
ω2

c2

5
(
A× cos(ωT ) Y − A+ sin(ωT ) Z

)
E0

6
.

(63)

The solution of Eq. (62) with the conditions φ(Y, 0) =
V0 = E0d, φ(Y, d) = 0 turns out to be:

φ(Y, Z) = E0(d − Z)

[
1 + 5

36

ω2

c2 A+ sin (ωT )

× (d + Z) Z − 5

12

ω2

c2 A× sin(ωT ) Y Z

]
. (64)

Accordingly, the electric field is in the form E = EYuY +
EZuZ , where

EY = 5

12
E0(d − Z)Z

ω2

c2 A× cos(ωT ) , (65)

EZ = E0
[

1 + 5

12
(d − 2Z)Y

ω2

c2 A× cos(ωT )

− 5

36

(
d2 − 3Z2

) ω2

c2 A+ sin(ωT )

]
, (66)

A sketch of his electric field is plotted in Fig. 1.

123



Eur. Phys. J. C           (2025) 85:240 Page 7 of 10   240 

Fig. 1 On the left: the qualitative effect of the gravitational wave on
the (initially uniform) electric field E in the plane Y Z ; on the right, the
same for the magnetic field B. Both figures show the field at a fixed

time, such that ωT = π/3. The effects of the wave perturbation are
greatly increased to make them visible: see the discussion in Sect. 6

5.2 A uniform magnetic field

Let us consider the case when a uniform magnetic field B0 =
B0uZ is present before the passage of the wave. To this end,
we need to solve Eq. (61) and, in addition, in order to solve
also the homogenous Maxwell’s equation for the magnetic
field, we set b = ∇ × A, where A is the vector potential.
Accordingly, exploiting the gauge freedom and imposing the
Coulomb gauge (∇ · A = 0), we may write Eq. (61) in the
form

∇2A = −μ0je f f , (67)

where, in this case, from Eqs. (21), (34)–(40), we obtain

j e f fX = ω2

c2

(
2A+ sin(ωT ) Y + 2A× cos(ωT ) Z

)

3
B0,

j e f fY = −ω2

c2

A+ sin(ωT ) X

2
B0,

j e f fZ = −ω2

c2

A× cos(ωT ) X

2
B0. (68)

On solving Eq. (67), taking into account the vacuum unper-
turbed solution A0 such that B0 = ∇ × A0 where

A0
X = − B0Y

2
, A0

Y = B0X

2
, A0

Z = 0, (69)

we have

AX = −ω2

c2

A+ sin(ωT ) Y 3

9
B0 − ω2

c2

A× cos(ωT ) Z3

9
B0

−YB0

2
, (70)

AY = ω2

c2

A+ sin(ωT ) X Z2

4
B0 + XB0

2
, (71)

AZ = ω2

c2

A× cos(ωT ) X Z2

4
B0, (72)

and, consequently the magnetic field B has the following
components

BX = −ω2

c2

A+ sin(ωT ) X Z

2
B0 (73)

BY = −7
ω2

c2

A× cos(ωT ) Z2

12
B0 (74)

BZ = B0
[

1 + ω2

c2

A+ sin(ωT ) Z2

4
+ ω2

c2

A+ sin(ωT ) Y 2

3

]

(75)

This magnetic field in the plane Y Z is plotted in Fig. 1.

6 Discussion and conclusions

We studied the interaction of a plane gravitational wave with
electromagnetic fields. In particular, we focused on the per-
turbation induced by a gravitational wave on electromagnetic
fields that are present before its passage. Working at first
order in the wave amplitude, we showed that the perturbed
electromagnetic fields satisfy equations Eqs. (51) and (61),
where new terms are present which originate from the cou-
pling of the gravitational field of the wave with the sources of
the unperturbed fields and with the unperturbed fields them-
selves. This coupling results in an effective charge density

123



  240 Page 8 of 10 Eur. Phys. J. C           (2025) 85:240 

and current, which are the sources of the perturbed fields:
this fact was already identified in previous works [16,45,46],
where both the TT frame and the laboratory frame are con-
sidered. Our approach is novel as it combines the formulation
of Maxwell’s equations in curved spacetime as flat spacetime
equations in an effective medium with the explicit use of the
proper detector frame. By employing Fermi coordinates, this
framework allows direct reference to measurable quantities.
Naturally, measurable effects are independent of the method
used to parameterize spacetime events; however, we believe
that the laboratory frame approach may be preferable due to
its descriptive simplicity. Given the world-line of the labora-
tory, the Fermi metric allows the measurement process to be
described in a coherent way from a relativistic point of view:
generally, this metric depends on both the motion of the lab-
oratory in a background spacetime and the spacetime curva-
ture itself. For simplicity, we neglected the actual motion of
a terrestrial laboratory which is not in free fall, since we are
interested only in the time-depending effects produced by
a monochromatic gravitational wave. In this approach, the
unperturbed fields are assumed to exist and be measurable in
the laboratory frame before the passage of the wave.

To give an idea of the impact of gravitational waves on
electromagnetic fields, we considered two simple situations:
the case where static and uniform electric and magnetic fields
are present. These situations ideally correspond to the field
within a capacitor and a within a solenoid. In both cases (see
Eqs. (65)–(66) and (73)–(75)) we showed not only that the
preexisting fields are perturbed along their initial direction,
but also that components in new directions arise. In particular,
the perturbations are in the order of

�E

E0 � h
L2

λ2 ,
�B

B0 � h
L2

λ2 , (76)

where h � A+ � A× is the wave amplitude, λ �
(ω

c

)−1
is

the wavelength and L is a typical dimension of the measure-
ment device.

We remark that we used a reference frame adapted to the
direction of propagation of the wave: namely the X axis is the
direction of propagation, andY Z is the plane orthogonal to it.
In general, the laboratory frame has an arbitrary orientation
with respect to the direction of propagation of the wave so we
should introduce a set of coordinates that are adapted to the
laboratory: this is usually accomplished by using the Euler
angles (see e.g. [47]). However, this would not change the
order of magnitude and the physical meaning of the effects
that we are studying.

What is the physical interpretation of the modified electric
(65)–(66) and magnetic (73)–(75) fields? We must remember
that gravitational waves produce tidal effects, as it is man-
ifest since their impact in the laboratory metric (20) enters
through the components of the Riemann tensor. As a conse-

quence, these effects cannot be detected locally, e.g. along
the reference world-line, but only by means of a compari-
son of what happens at different locations in the laboratory
frame. To fix ideas, if we consider two identical capacitors,
one at the origin of our frame, and the other at the location
(X = X0,Y = Y0, Z = Z0) what we expect is a relative
variation of the electric field as described by (65)–(66); the
same happens for the magnetic field. As a matter of fact, the
passage of gravitational waves also in presence of static elec-
tric and magnetic field produce time-varying electromagnetic
fields with the same frequency of the waves.

In our view, the tidal nature of the perturbation induced
by a gravitational wave was not clearly emphasised in previ-
ous works [16,45,46], possibly because their focus was on
studying the effect on specific devices such as cavities (see
below). Additionally, our approach highlights another signif-
icant consequence. In fact, as we discussed elsewhere [38],
the effect of the passage of gravitational waves on test masses
can be described in terms of a Lorentz-like force equation
where the tidal gravitoelectromagnetic fieldsEG ,BG appear.
These fields can be derived from the gravitoelectric (35) and
gravitomagnetic (36)–(38) potentials and, in the frame con-
sidered, they have the following components

EG
X = 0, EG

Y = −ω2

2

[
A+ sin (ωT ) Y + A× cos (ωT ) Z

]
,

EG
Z = −ω2

2

[
A× cos (ωT ) Y − A+ sin (ωT ) Z

]
, (77)

BG
X = 0, BG

Y = −ω2

2

[−A× cos (ωT ) Y + A+ sin (ωT ) Z
]
,

BG
Z = −ω2

2

[
A+ sin (ωT ) Y + A× cos (ωT ) Z

]
. (78)

By comparison with the perturbed electric (65)–(66) and
magnetic (73)–(75) fields, it is manifest that the tidal electro-
magnetic perturbations are quadratic in the distance param-
eter with respect to the reference world-line, while the purely
gravitational ones (77), (78) are linear. The different scaling
of the electromagnetic and purely gravitational perturbations
can be also inferred by comparing the electromagnetic poten-
tials (64), (70), (71), (72) with the gravitational ones (35),
(36), (37), (38). Consequently, the effects caused by electro-
magnetic perturbations are expected to be more challenging
to detect. Currently, interferometers measure gravitoelectric
effects described by (77), while gravitomagnetic effects act
on test particles that are already in motion before the passage
of the wave or on spinning particles [38].

As a consequence of the modification of the electromag-
netic fields in the examples we focused on, the fields are
no longer uniform during the passage of the wave, since they
now depend on spatial location. This, in turn, can lead to new,
peculiar effects. Consider, for instance, an electric dipole p:
before the wave passes, a uniform electric field exerts no
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force on the dipole. However, the perturbed field is no longer
uniform, so a time-depending force F = (p · ∇)E arises.
To calculate this force, we must account for the fact that the
test particles constituting the dipole are also displaced by the
gravitational wave; however, at first order in the wave pertur-
bation, this effect can be neglected. Consequently, a rough

estimate of the force magnitude is given by F � pE0
ω2

c2 hd,

where d is the separation between the two dipole charges.
While these effects are very small, as we discuss below, they
could potentially be observed as a change in the polarization
of a macroscopic sample. We have previously proposed that
gravitational waves can be detected by observing modifica-
tions in electromagnetic properties, specifically referencing
changes in magnetization [38]. In future work, we aim to
develop a comprehensive approach to exploring the effects
of gravitational waves on macroscopic electromagnetic prop-
erties.

The electromagnetic perturbations determined by the pas-
sage of a gravitational wave have the order of magnitude
expressed by Eq. (76). To estimate them it is important to
remember that the laboratory metric (20) is approximated

up to second order in
L

λ
. That being said, and considering

that the typical amplitude of gravitational waves reaching
the Earth is h ∼ 10−21, we see that relative magnitude of the
perturbations can be of the order of ∼ 10−23. Notice that pre-
vious estimates such as those reported by Cabral and Lobo
[23] overestimated the impact of the effect, since they are
developed in the TT frame where, however, quantities have
not a direct meaning in terms of observables.

In any case, as discussed by Cabral and Lobo [23] (see
also references therein), one possibility to detect very small
magnetic fields is the use of SQUIDS which can measure
magnetic field ranging from 10−15 T to 10−18 T [48]; how-
ever, the order of magnitude of the effects we are consider-
ing suggests that even using such devices huge unperturbed
magnetic field are needed, which are really out of our cur-
rent technological possibilities. Similar considerations apply
to electric fields.

Another kind of approach is the use of resonant cavities
(see e.g. Berlin et al. [16]): the basic idea is that the pas-
sage of a gravitational wave affects the shape of a cavity
and alters the magnetic flux passing through it, resulting in
an electric signal that can be measured. In addition, as we
showed, the passage of the wave produces an effective cur-
rent in Maxwell’s equations, causing an electromagnetic field
to oscillate at the same frequency as the gravitational wave.
Recent proposals of experimental setups seem quite promis-
ing for the detection of gravitational waves [49].

The general feeling is that, even if current technology does
not allow these effects to be measured in terrestrial labora-
tories, this possibility is not excluded in the future: to this

end, we believe that the descriptive simplicity of the labora-
tory frame approach is important for gaining better physical
insight, as demonstrated by the examples we have consid-
ered.

A completely different scenario is offered by astrophysical
events, where the combination of enormous electromagnetic
fields and more intense gravitational waves can open up new
interesting possibilities; however, this would require a dif-
ferent analysis than the one used in this work as it requires
the simultaneous solution of Einstein’s and Maxwell’s equa-
tions.

In conclusion, our approach lends itself to a very simple
description of the interaction of electromagnetic devices with
gravitational waves in terms of observable quantities, and
can be used for further studies in this field; the possibility of
developing a real experimental proposal is in any case guided
by technological developments.
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20. T.B. Mieling, P.T. Chruściel, S. Palenta, Class. Quantum Grav-
ity 38, 215004 (2021). https://doi.org/10.1088/1361-6382/ac2270.
arXiv:2107.07727 [gr-qc]

21. M. Maggiore, Gravitational Waves: Volume 1: Theory and Exper-
iments (OUP, Oxford, 2007)

22. J. Synge, Relativity: The General Theory, North-Holland series
in physics No. v. 1 (North-Holland Publishing Company, 1960)
https://books.google.it/books?id=CqoNAQAAIAAJ

23. F. Cabral, F.S.N. Lobo, Eur. Phys. J. C 77, 237 (2017). https://doi.
org/10.1140/epjc/s10052-017-4791-z. arXiv:1603.08157 [gr-qc]

24. L.D. Landau, E.M. Lifshitz, The Classical Theory of Fields, vol.
2 (Elsevier, 2013)

25. C.W. Misner, K.S. Thorne, J.A. Wheeler, Gravitation (WH Free-
man and Co., San Francisco, 1973)

26. N.L. Balazs, Phys. Rev. 110, 236 (1958). https://doi.org/10.1103/
PhysRev.110.236

27. J. Plebanski, Phys. Rev. 118, 1396 (1960). https://doi.org/10.1103/
PhysRev.118.1396

28. J. Tamm, J. Russ. Phys-Chem. Soc. 56, 284 (1992)
29. B. Mashhoon, Phys. Rev. D 7, 2807 (1973). https://doi.org/10.

1103/PhysRevD.7.2807
30. A.K. Sen, Astrophysics 53, 560 (2010). https://doi.org/10.1007/

s10511-010-9148-3
31. U. Leonhardt, T.G. Philbin, New J. Phys. 8, 247 (2006). https://

doi.org/10.1088/1367-2630/8/10/247. arXiv:cond-mat/0607418
32. U. Leonhardt, T.G. Philbin, Prog. Opt. 53, 69 (2009). https://

doi.org/10.1016/S0079-6638(08)00202-3. arXiv:0805.4778
[physics.optics]

33. M.L. Ruggiero, D. Astesiano, J. Phys. Commun. 7, 112001 (2023).
https://doi.org/10.1088/2399-6528/ad08cf. arXiv:2304.02167
[gr-qc]

34. W.-T. Ni, M. Zimmermann, Phys. Rev. D Part. Fields 17, 1473
(1978)

35. W.-Q. Li, W.-T. Ni, J. Math. Phys. 20, 1473 (1979)
36. P.L. Fortini, C. Gualdi, Nuovo Cimento B Serie 71, 37 (1982).

https://doi.org/10.1007/BF02721692
37. K.-P. Marzlin, Phys. Rev. D 50, 888 (1994). https://doi.org/10.

1103/PhysRevD.50.888
38. M.L. Ruggiero, A. Ortolan, J. Phys. Commun. 4, 055013 (2020).

https://doi.org/10.1088/2399-6528/ab9320
39. F. Manasse, C.W. Misner, J. Math. Phys. 4, 735 (1963)
40. B. Mashhoon, in The Measurement of Gravitomagnetism: A Chal-

lenging Enterprise, ed. by L. Iorio (Nova Science, New York,
2003). arXiv:gr-qc/0311030

41. M.L. Ruggiero, Universe 7, 451 (2021). https://doi.org/10.3390/
universe7110451. arXiv:2111.09008 [gr-qc]

42. M. Rakhmanov, Class. Quantum Gravity 31, 085006 (2014).
https://doi.org/10.1088/0264-9381/31/8/085006

43. N. Straumann, General Relativity, with Applications to Astro-
physics (Springer, 2013)

44. M.L. Ruggiero, Gen. Relativ. Gravit. 54, 97 (2022). https://doi.org/
10.1007/s10714-022-02983-8. arXiv:2204.08914 [gr-qc]

45. W. Ratzinger, S. Schenk, P. Schwaller, (2024). arXiv:2404.08572
[gr-qc]

46. V. Domcke, C. Garcia-Cely, N.L. Rodd, Phys. Rev. Lett. 129,
041101 (2022). https://doi.org/10.1103/PhysRevLett.129.041101.
arXiv:2202.00695 [hep-ph]

47. B.F. Schutz, M. Tinto, MNRAS 224, 131 (1987). https://doi.org/
10.1093/mnras/224.1.131

48. N. Crescini, G. Carugno, P. Falferi, A. Ortolan, G. Ruoso, C.C.
Speake, Phys. Rev. D 105, 022007 (2022). https://doi.org/10.1103/
PhysRevD.105.022007. arXiv:2011.07100 [hep-ex]

49. K. Schmieden, M. Schott, PoSEPS-HEP2023, 102 (2024). https://
doi.org/10.22323/1.449.0102. arXiv:2308.11497 [gr-qc]

123

https://doi.org/10.1038/s42254-021-00303-8
https://doi.org/10.1038/s42254-021-00303-8
https://doi.org/10.3390/universe2040023
https://doi.org/10.3390/universe2040023
https://doi.org/10.1016/j.physrep.2011.09.003
http://arxiv.org/abs/1108.6266
https://doi.org/10.1103/PhysRevD.104.084067
https://doi.org/10.1103/PhysRevD.104.084067
http://arxiv.org/abs/2109.01384
https://doi.org/10.1140/epjc/s10052-022-10558-9
https://doi.org/10.1140/epjc/s10052-022-10558-9
http://arxiv.org/abs/2206.12907
https://doi.org/10.1119/1.1596176
https://doi.org/10.1119/1.1596176
http://arxiv.org/abs/gr-qc/0306029
https://doi.org/10.1103/PhysRevD.108.064032
https://doi.org/10.1103/PhysRevD.108.064032
http://arxiv.org/abs/2309.00319
https://doi.org/10.1140/epjc/s10052-024-12476-4
https://doi.org/10.1140/epjc/s10052-024-12476-4
http://arxiv.org/abs/2401.13374
https://doi.org/10.1103/PhysRevD.102.122006
https://doi.org/10.1103/PhysRevD.102.122006
http://arxiv.org/abs/2012.00529
http://arxiv.org/abs/2301.08331
http://arxiv.org/abs/2105.00992
https://doi.org/10.1119/1.1596176
https://doi.org/10.1103/PhysRevD.105.116011
https://doi.org/10.1103/PhysRevD.105.116011
http://arxiv.org/abs/2112.11465
https://doi.org/10.1088/0264-9381/10/6/016
http://arxiv.org/abs/astro-ph/9303018
https://doi.org/10.1006/aphy.1996.0050
http://arxiv.org/abs/gr-qc/9808080
https://doi.org/10.1088/0264-9381/15/8/024
https://doi.org/10.1088/0264-9381/15/8/024
http://arxiv.org/abs/gr-qc/9806054
https://doi.org/10.1088/1361-6382/ac2270
http://arxiv.org/abs/2107.07727
https://books.google.it/books?id=CqoNAQAAIAAJ
https://doi.org/10.1140/epjc/s10052-017-4791-z
https://doi.org/10.1140/epjc/s10052-017-4791-z
http://arxiv.org/abs/1603.08157
https://doi.org/10.1103/PhysRev.110.236
https://doi.org/10.1103/PhysRev.110.236
https://doi.org/10.1103/PhysRev.118.1396
https://doi.org/10.1103/PhysRev.118.1396
https://doi.org/10.1103/PhysRevD.7.2807
https://doi.org/10.1103/PhysRevD.7.2807
https://doi.org/10.1007/s10511-010-9148-3
https://doi.org/10.1007/s10511-010-9148-3
https://doi.org/10.1088/1367-2630/8/10/247
https://doi.org/10.1088/1367-2630/8/10/247
http://arxiv.org/abs/cond-mat/0607418
https://doi.org/10.1016/S0079-6638(08)00202-3
https://doi.org/10.1016/S0079-6638(08)00202-3
http://arxiv.org/abs/0805.4778
https://doi.org/10.1088/2399-6528/ad08cf
http://arxiv.org/abs/2304.02167
https://doi.org/10.1007/BF02721692
https://doi.org/10.1103/PhysRevD.50.888
https://doi.org/10.1103/PhysRevD.50.888
https://doi.org/10.1088/2399-6528/ab9320
http://arxiv.org/abs/gr-qc/0311030
https://doi.org/10.3390/universe7110451
https://doi.org/10.3390/universe7110451
http://arxiv.org/abs/2111.09008
https://doi.org/10.1088/0264-9381/31/8/085006
https://doi.org/10.1007/s10714-022-02983-8
https://doi.org/10.1007/s10714-022-02983-8
http://arxiv.org/abs/2204.08914
http://arxiv.org/abs/2404.08572
https://doi.org/10.1103/PhysRevLett.129.041101
http://arxiv.org/abs/2202.00695
https://doi.org/10.1093/mnras/224.1.131
https://doi.org/10.1093/mnras/224.1.131
https://doi.org/10.1103/PhysRevD.105.022007
https://doi.org/10.1103/PhysRevD.105.022007
http://arxiv.org/abs/2011.07100
https://doi.org/10.22323/1.449.0102
https://doi.org/10.22323/1.449.0102
http://arxiv.org/abs/2308.11497

	Effects of gravitational waves on electromagnetic fields
	Abstract 
	1 Introduction
	2 Maxwell's equations in curved spacetime
	3 The spacetime metric in the laboratory frame
	4 Modified electromagnetic fields
	5 Some examples
	5.1 A uniform electric field
	5.2 A uniform magnetic field

	6 Discussion and conclusions
	Acknowledgements
	References


