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We study the interaction among gravitational and electromagnetic plane waves by means of an analog
electromagnetic model of gravity, where the gravitational properties are encoded in the electromagnetic
properties of a material in flat space-time. In this setup, the variations in the metric tensor produced by the
gravitational waves are codified as space-time-varying electromagnetic properties. We use an in-house
code based on the finite-difference time-domain method to conduct numerical experiments, where we
find that, when a monochromatic gravitational plane wave interacts with a narrow-band electromagnetic
plane wave, an infinite number of sidebands, equally separated between themselves, are induced by the
gravitational wave. Finally, we discuss possible future applications of this effect as an alternative method to

directly detect gravitational waves.
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I. INTRODUCTION

Gravitational waves (GWs) were directly observed for
the first time in September 2015, thus validating the
predictions of general relativity (GR) [1,2]. Since then,
the interest in their measurement has increased consider-
ably because they are an ideal footprint for compact binary
mergers [3-5], and they can provide fundamental informa-
tion on the gravitational interaction [6,7]. Furthermore,
astrophysical GWs are normally emitted very far from
Earth, and on this long journey they do not undergo, in
good approximation, either scattering or modifications in
their properties [8].

Despite that during the last decades the sensitivity of
the current interferometers, such as Advanced LIGO [9],
Advanced Virgo [10], and KAGRA [11], has been strongly
improved, it is always worth exploring alternative tech-
niques for GW detection that could foster new observa-
tional schemes. A promising approach is based on the
developments of analog models of gravity [12]. They
represent original strategies to model various astrophysical
phenomena in GR via in-hand physical systems, which
allows us to provide feasible laboratory experiments.
Among the different proposals, it is worth mentioning that
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Zel’dovich and co-workers studied a gravitational plane
wave (GPW) with frequency fgw inside a crystal slab that
excites an acoustic wave, which in turn, produces scattering
of a photon of frequency f. and thus generates two
sidebands f, £ fgw [13]. Brodin carried out a study of
the interaction of a GW with a magnetized multicomponent
plasma medium, obtaining that the electromagnetic wave
(EMW) is modulated by density gradients created inside
the plasma due to the influence of GWs [14]. Li et al.
considered the direct interaction of light propagating in
vacuum as a Gaussian beam and discovered two modulated
sidebands in the presence of GWs [I5] similar to
Zel’dovich’s work. Servin and Brodin analyzed the reso-
nant interaction between GWs and EMWs in a plasma
medium [16]; Gertsenshtein estimated the extent of GW
excitation by light [17], and Jones and Singleton focused on
GWs propagating in vacuum and the consequent produc-
tion of electromagnetic (EM) radiation arising from it [18],
which is small but not null. However, higher-order side-
bands in the EMW’s spectrum are usually neglected in the
bibliography, and their behavior needs to be further studied
to understand their relationship with GWs. EM-based
detection systems are a promising tool to develop new
detection methods to search for new and more GW events.
In this context, resonant cavities (structures that store
and enhance EM-field magnitude) have been proposed

© 2023 American Physical Society


https://orcid.org/0000-0002-0008-0624
https://orcid.org/0000-0002-4728-1650
https://orcid.org/0000-0002-9544-2412
https://orcid.org/0000-0002-6123-4324
https://orcid.org/0000-0002-2894-6813
https://orcid.org/0000-0002-3619-7859
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.107.124042&domain=pdf&date_stamp=2023-06-20
https://doi.org/10.1103/PhysRevD.107.124042
https://doi.org/10.1103/PhysRevD.107.124042
https://doi.org/10.1103/PhysRevD.107.124042
https://doi.org/10.1103/PhysRevD.107.124042

ENDERSON FALCON-GOMEZ et al.

PHYS. REV. D 107, 124042 (2023)

as a medium for detecting GWs, which is based on the
study of the interaction between gravitational and EM
fields [19,20]. This method has been analyzed and
upgraded in several studies [20-22]. This progress is
fundamental not only for astrophysical purposes [20] but
also for cosmological reasons [23].

In this manuscript, we study the effects that a mono-
chromatic GPW of frequency fgw produces on a narrow-
band electromagnetic plane wave (EPW) with carrier
frequency f.. To accomplish this, we use an analog model
for gravity, where we encode the gravitational field into the
EM properties of a material in flat space-time [24]. In this
framework, the problem turns into the interaction of an EM
wave with a material endowed with space-time-varying EM
properties [25] that can be solved numerically via the finite-
difference time-domain (FDTD) method [26]. We show
that the interaction of a GPW with an EPW triggers the
multiple scattering of photons by gravitons, thus modifying
the spectrum of the EMWs by generating an infinite
number of sidebands with frequencies f, = f. + nfgw,
being n an integer number. This effect is quite similar to the
Brillouin cascade scattering effect occurring in photonic
crystal fibers [27]. This article is organized as follows:
In Sec. IT A, we introduce the analog EM model of
gravity, as well as our notations; in Sec. II, the simulation
methodology is devised; in Sec. III, we present and
discuss the results underlying the effects of GPWs on
the EM spectrum considering different EPW polariza-
tions; finally in Sec. IV, we draw the conclusions and
outline future perspectives.

Notation: We indicate with g, a symmetric metric
tensor with signature (—, 4, +, +), inverse metric g"*, and
determinant g = det(g,, ). Greek indices run as 0, 1, 2, 3,

and latin indices run as 1, 2, 3. We denote vectors as A and

<>
tensors as A defined componentwise as A,,. Scalar
product, vector product, and tensor-vector multiplication

5 5 o N < S

are indicated with A - B, A X B, and A B, respectively. The
differential calculus is performed in a flat space-time
throughout the paper. The vector basis adapted to the
spatial Cartesian coordinate system is given by the
orthonormal vectors: &y, &y, and &,. €, py, and ¢ are
the dielectric permittivity, magnetic permeability, and
speed of light in vacuum, respectively. In the EM-field
notations, calligraphic symbols, e.g., g and 5’ refer to
quantities in the time domain, while normal ones, e.g.,
E and B, are set in the frequency domain.

II. METHODS

In this section, we introduce the fundamental concepts
and methods exploited in our work. First of all, in Sec. I A,
we present the Maxwell equations including the effect of a
generic curved space-time within the EM analog model of
gravity. In Sec. II B, the tetrad formalism is taken into

consideration to perform the measurements of physical
observables in curved space-times, and finally, in Sec. I C,
we describe the FDTD method. To conclude, in Sec. II D,
we explain the experimental setup and procedures
employed for carrying out the numerical simulations.

A. Maxwell equations

The propagation of the EM radiation in a gravitational
field is influenced by the geometric curved background.
This interaction was studied by Plebanski in 1960 [24],
who introduced an EM analog model of gravity to describe
EM wave propagation in gravitational fields governed by
the Maxwell equations

V.-D(F.1) = \/=go(F. 1), (1a)
V-B(F.1) =0, (1b)
ngﬁJ):—aBgJX (Ic)
Vxﬂﬁj%z%%j@ﬂ%ﬁpmﬂ (1d)

ot

together with the related constitutive equations

D(F.t) = e(FOEF. 1) +T(F.£) x H(F.1),  (2a)

B(F.1) = u(F.OH(F. 1) + E(F.) x T(7.1),  (2b)
being o the charge densuy, D the electric flux density, B the
magnetic flux density, & the electric field 1nten51ty, H
the magnetic field intensity, j the current density, € the
dielectric permittivity tensor, U the magnetic permeability
tensor, and finally, Ia magnetoelectric coupling term.

Furthermore, the tensors ¢ and M together with the vector r
are related to the metric tensor g,, via

<\ ij <\ij —
() (W’ _ _V 9 i (3a)
€0 Ho 900
> 1
L (3b)
€ Joo

It is important to note that Egs. (1) and (2) are framed in a
flat space-time. The flat space-time perturbed by a GPW is
modeled via the space-time-varying tensors ¢ and 1. The
GWs are framed within the linearized GR theory and
mathematically can be written as g,, =1, + h,,, where
h,,, represents the perturbation tensor on the flat Minkowski
space-time, 7, [28-30].
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For a GPW propagating along the z axis [see Eq. (1.34)
in [28]], Eq. (3a), after manipulation, becomes

PaS <~ 1- fﬂa _f® 0
€ _u
o -fe l1+fe 0], (4)
o 0 0 1
where
fo(2.1) = hg cos(wow! — Kgwz)., (5a)

fe(z.1) = hg cos(wgwt — kgwz + Ag),  (5b)
hg and hg being the amplitudes of the polarization states
“plus” and “cross” of the GPW, respectively, A¢ the phase
difference between them, wgw the GW angular frequency,
and kgw = wgw/ ¢ the wave number. Finally, we stress that
the Maxwell equations (1) are expressed in the standard
(spherical) coordinate system.

B. Tetrad formalism and measurements
of observables in curved space-times

In GR, it is extremely important to assign a precise
meaning to the measured observables (e.g., frequency,
energy, and EM fields), and this can be achieved by
resorting to the (strong) equivalence principle. This can
be successfully accomplished by employing the local
inertial frame (LIF) coordinates. Therefore, we will need
to translate the calculations performed from the standard
coordinate system to the LIF coordinates.

To this purpose, we use the tetrads 1’(’0) (LIF vector basis),

where p represents the tetrad-component index, whereas
(o) is a tetrad-vector basis index. They must fulfill the
following equation (see Ref. [31] for details):

Tty = ©

For an observer at rest in the background of a GPW,
the tetrads assume the following form [28]:

T(o) = (1,0,0,0), (78_)
h+fe fe
Ta) = (QTI,D—I,O ’ (7b)
h—fe fe
T) = <0» - D, ,D—2,0 . (7¢)
7(3) = (0,0,0, 1), (7(1)

where

Dy =V1+h/(h+fg) + f& (8a)
D, = Vl—h\/(h—fea)z‘f'fz’
h=\/f&+ o (8c)

To project & and Bin the LIF, we exploit the tetrads to raise
and lower the indices of the EM tensor field,

(8b)

0 -& -& -E.
& 0 =B B

P = " (9)
& B. 0 B,

g -B, B, 0

as follows F,5 = F ﬂyr’(‘a)r’(“ﬂ) [30].

C. The FDTD method

The analysis of the interaction between the GW and
the EM field is performed by employing the FDTD method
[26], which is a full-wave numerical technique that has
already been used to deal with the propagation of EM fields
in space-time-varying materials (see, e.g., [25,32-35] and
references therein).

Since we need to describe the GW and EMW propaga-
tions in GR, which are both only transversal [28],
our problem configures to be one dimensional in space,
which we assume to be directed along the z axis. This is
fundamental information to prepare the numerical grid for
applying the FDTD method. We use an example to explain
how our numerical implementation works. To this end,
we consider the following one-dimensional problem:

9. =- ia—Hy (10)
ot €0 aZ

In the FDTD, both space and time domains are uniformly
discretized into cells of length Az and steps of duration
At [26], respectively. In Fig. 1, we display, as an example,
a space-time lattice of a hypothetical FDTD simulation, in
which the spatial domain consists of ten cells along the z
axis, and the algorithm runs over seven time steps (without
considering the initial instant ¢ = 0). Green- and white-
colored rectangles represent the grid cells at even and odd
time steps, respectively.

Electric and magnetic fields are interleaved in space-time
as follows: The electric field (cyan squares in Fig. 1) is
evaluated at the edges of the cells and at the beginning of
each time step, whereas the magnetic field (red squares in
Fig. 1) is computed at the middle of each cell and in
between time steps. We define z;, = kAz and ¢, = nAt to
indicate the position and time steps, respectively, with n, k
being positive integers, in which the electric field
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- gg;
B Hy
t (A1)

FIG. 1. Space-time solving scheme diagram of the FDTD
algorithm. Green- and white-colored cells represent the computa-
tional domains at even and odd time steps, respectively. Cyan
and red squares represent the electric £, and magnetic H, fields,
respectively. »

components are evaluated, whereas the magnetic field
components are calculated at points z;,1= (k+1)Az and
- 1
tiy = (n£3)Ar.
Following this discretization pattern and interleaving
of EM-field components in space-time, we approximate

the first-order derivatives with respect to both space

and time in the Maxwell equations (1) via central finite
oH,

differences [26]. For example, to approximate the terms -

and ‘35;‘ in Eq. (10) in the generic space-time point (zy, #, +%),
we apply

agx 5x(zk’ tn+1) - 8x(Zka tn)

o (2o Ingt) = A , (11a)
oH., Hy(zess ton) — Hy(z_, fha

— (g tyys) = it o) = My Gy o) (11b)
0z 2 Az

Finally, upon substituting Eqs. (11a) and (11b) into
Eq. (10), we update £, employing the electric and magnetic
field components calculated in the previous steps, namely,

Hy(zk—%’ ln+%) - Hy (Zk+%’ tn+%)
€0AZ/At

5x(zk1 tn+l) = gx(zlw tn) +

(12)

The strategy to deal with the above equation is better
illustrated in Fig. 1 for £,(z4, t4). We note how the previous
values of the EM-field components permit us to determine
their future values (so-called causal structure). The EM-
field components are initialized with null values, and the
two electric field components at the boundaries of the
spatial domain, i.e., zy and z;(, are never updated; therefore,
we say that the computational domain is surrounded by
two perfect electric conductor (PEC) flat boundaries
(extended on the x-y plane) at each end [26]. The tangential
component of an electric field, after having assigned a PEC
boundary condition, is always null, and this will generate
reflections at the two extremes, since a PEC behaves as a
perfect reflector.

Furthermore, at this point it is worth mentioning that,
in our numerical experiments, we have used a generalized
material-independent perfectly matched layer (GMIPML)
[36] to avoid the reflections produced at both ends of the
computational domain, whereby we could simulate a
problem in open space where radiation never gets reflected
back and “propagates” toward infinity once it reaches the
GMIPML, even though a finite grid is used. The GMIPML
is a layer of finite thickness that is placed next to the
boundaries of the computational domain and consists of a
material with losses that absorbs the incoming radiation
similar to the absorbers used in the anechoic chambers in
radiation or acoustic environments (see Ref. [36] for more
details). To introduce energy in the computational domain,
we use a soft source [26], which requires the addition of a
function f = f(¢) to the electric field at a cell k, in the
grid as follows: &,(zy . 1,) = Ex(zy.. 1,) + f(t,). A more
detailed description of the FDTD algorithm can be found
in the work of Taflove et al. [26]. Implementing all the
aforementioned numerical procedures, we develop an in-
house version of the FDTD solver, which has been
validated against problems either with closed analytical
solution, e.g., Ref. [37], or through the performance of its
extensions.

D. Numerical setup and procedures

In this section, we describe and explain the configuration
of the numerical experiments underlying our simulations,
as well as the methods and the numerical implementation
inherent to the FDTD technique.

The numerical experiment concerns the interaction of a
narrow-band EPW with a monochromatic GPW when both
of them propagate along the same direction on the z axis.
In addition, we vary the EPW properties, i.e., polarization,
frequency, and amplitude, to finally study how the GPW
properties (polarization state amplitudes and frequency)
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FIG. 2. Schematic representation of the interaction between a GPW with arbitrary polarization states, and an EPW, both propagating
along the z axis. The yellow-green cuboid represents an infinite (metallic) slab (denoted here as ROI), whose EM properties are

described by ?(z, 1) and 1 (z. 1) [cf. Eq. (4)] and thickness L. It is placed with its section on top of the x-y plane. An incident EMW of
frequency fgym impinges the ROI section from the left-hand side along the z axis and is transmitted to the opposite side’s interface. The
EM-field spectrum is sampled at the following four points: z;, z,, 23, and z4. The different insets show the spectrum plot for each
aforementioned point and each arrow refers to a sideband frequency.

affect them. In Fig. 2, we display a scenario where the
region of interest (ROI) extends along 0 < z < L (repre-
sented by the green-yellow-colored cuboid) and is filled

with a material whose EM properties, i.e., ?(z, t) and

ﬁ(z, t), are described by Eq. (4). The thickness of the ROI
is set to L = 100Agw, being Agw = ¢/fgw the GPW
wavelength. The remaining part of the space, i.e., regions
7z <0 and z > L, is defined by the EM properties of the
vacuum, i.e., €(z,1) = €y and p(z, 1) = po.

An EPW is generated from the left-hand side of the ROI,
for instance, at the position z; shown in Fig. 2. Regarding
its spectral content, the EPW must be narrow band, i.e.,
with a bandwidth Af < fgw if f.> fgw, to properly
appreciate the spectral features after the interaction. As it
can be seen from Egs. (2a) and (2b), we can consider that
the GPW modulates the EPW in amplitude a countless
number of times. Therefore, we use as a source waveform
a Gaussian pulse modulated by a carrier frequency f.
expressed by

f(t.A0,A,1,.T) = Asin(2zf .t + AQ)e™ T, (13)
where A is the maximum EM-field amplitude of the
component, A# is a phase, T is the Gaussian pulse width

defined as T = % to ensure that 99% of its energy is

contained in the bandwidth Af = fgw/3,and t, = 3T is a
delay used to avoid the introduction of numerical insta-
bilities due to the source abrupt variations [26]. Regarding

the polarization properties of the source (or also known as
the trace left by the electric field varying in time), it
encompasses the following cases: linear on the x axis (LX,
horizontal) or y axis (LY, vertical), linear and tilted about
45° (L45°) or 135° (L135°), left-hand circular polarization
(LHCP), and right-hand circular polarization (RHCP),
whose analytical expressions are all reported in Table 1.
After a simulation has been finished, we apply the
Fourier transform to the time domain data of each compo-
nent of the EM field already projected in the LIF to
calculate the spectral properties of the EM field and its
related polarization. The Fourier transform is computed at
discrete frequencies given by f, = f. + nfgw, since the
interference among sidebands in the frequency domain is

TABLE L.

gi(zs, 1) of the incident EPW used as a source in our simulations.
Here, z, is the source position, which is located on the left side
of the ROL

Explicit mathematical expression of the electric field

Polarization Incident electric field (V/m)

LX Eilzo 1) = F(1,0,1,1,, T)E,

LY Elz 1) = £(1.0. 1,1, T)é,

L45° Eizent) = f(1,0,1,1,, T)e, + f(1,0,1,1,, T)é,
L135° Eilzent) = £(,0,1,1,, T)é, — £(1,0,1,1,,T)Z,
LHCP Eizent) = (1,0, 1,1, T)E, + f(1,%,1,1,, T)E,
RHCP Eizyt) = f(1.5, 1,1, T)E, + f(1,0,1,1,, T,

124042-5
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TABLE II. Typical ranges of AR measured in dB for different
EMW polarization states.

Range of AR EMW polarization
0<ARKL3 Circular
3<AR<L25 Elliptical

25 < AR < @ Linear

expected to be negligible. Then, upon sampling the EM
spectrum at the aforementioned frequencies, we obtain a
global and complete vision of the interaction effects within
the frequency domain. Figure 2 shows several insets that
report hypothetical changes in the EM-field spectrum over
the computational domain at points z;, z,, z3, and z4.

The study of the polarization properties of the EM field
in the LIF is carried out via the axial ratio (AR) defined as
AR = OA/OB, where OA and OB are the major and minor
axes (OB) of the trace left by the EPW on the x-y plane over
time, respectively.

The major and minor axes are given by [38]

E+IEP+GC
OA_\/|X\+|2,V+,

(14a)

2 2 _

2

where G = \/\le“ + €4 + 2|, P |E, 2 cos (A), £, and

&, are the maximum magnitudes along the x and y axes,
and A¢ is the phase difference between &£, and &,. In
Table II, we report the ranges of AR in dB units for the three
types of polarizations that an EMW can have, namely,
circular, elliptical, and linear. Since we have a space-time-
varying material, we compute the average value of AR to
account for its possible variations

Nrot
AR,
ARy = : (15)
Ave ~ Nror

where AR; = AR(z;) is evaluated at the kth cell inside
the ROI and Ny = |L/Az] denotes the number of cells
contained inside the ROI with [-| representing the floor
function; see Sec. 11 C.

Finally, the grid used for the FDTD method possesses the

following characteristics: cell length Az = o = 6 mm,
where f.x = fe +40fgw 1s the maximum frequency
expected to be computed with accuracy; time step AT =
CFLN% = 10 ps, where CFLN stands for the Courant-
Friedrichs-Lewy number [26] and is set to CFLN = 0.5;
GMIPML with polynomial profile degree m = 3, normal
theoretical reflection R(0) = 1077, and number of cells
Npmi =20 [36]; the total number of cells of the

computational domain is set to N, = 52940, and the
number of time steps is given by N = 2N, + |5T/At|.

III. RESULTS

In this section, we present the results of our FDTD
numerical simulations. We compute the interaction of linear
or circular polarized EPWs with a GPW endowed with
only one of the linear polarization states between hg, (see
Sec. III A) and hg (see Sec. III B).

A. GPWs with hg polarization state

We first consider a GPW with hg #0 and hg =0,
which interacts with an incident EPW with polarization LX
(see Table I). The results of these numerical experiments
are displayed in Fig. 3, where each plot shows the evolution
of 11 spectral components at frequencies f, = f, + nfgw
for different values of GPW parameters /g, and fgyw, where
n=0,+1,+2,...,£5 (vertical axes) related to the magni-
tude of the x component of the electric field (expressed in
dB units in the lateral color map) as seen by an observer at
rest at each point of the z axis (horizontal axes measured in
megameter units, i.e., 1| Mm = 1000 km). Here, the ROI
(yellow-green-colored block shown in Fig. 2) is represented
in each plot of Fig. 3 as the region delimited between the
dashed red lines. In this case, no y component is excited,
since the EM properties defined in Eq. (4) have no off-
diagonal terms under the current simulation conditions.
Therefore, there is no coupling between the x and y
components of the electric field in the standard frame or
in the LIF.

The results shown in the first row of Fig. 3 are obtained
by varying the GPW amplitude as follows: hg = 0.1, 0.01,
and 0.001 [see Figs. 3(a)-3(c), respectively], while the GW
frequency is held constant at fgw = 100 Hz. Therefore,
when the EPW passes through the ROI, it interacts with
the space-time-varying region that models the GPW with
polarization state hg. In addition, its spectrum is progres-
sively modulated at each point of the z axis, exciting then
several sidebands at frequencies f, = f. * nfgw. These
progressive up- and down-conversion processes can be
interpreted as a multiple scattering of photons by gravitons
in the GR realm [13], whereas in the telecommunication
framework, it shares deep similarities with the cascade
Brillouin scattering effect [27] generated in photonic crystal
fibers or in nonreciprocal microwave devices based on
isotropic materials with space-time-varying EM properties
[25,39]. This situation is schematically illustrated in Fig. 2,
where the insets show samples of the electric field spectrum
at different positions inside the grid. This is the most
remarkable difference among the proposed analogies,
namely, the number of spectral components present in
each one. Even though we only display 11 spectral
components, the breadth of the effect is wider, since if
the EPW is propagated in an unlimited GPW space-time

124042-6
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Spatial distribution of the x component of the electric field for ten sidebands. The dashed red vertical lines delimit the results

calculated in the LIF. The lateral color map is expressed in dB units and normalized with respect to the maximum magnitude attained at

the n = 0 polarization state.

background, i.e., L — oo, an infinite number of sidebands
would be produced, but their amplitudes would be expected
to be extremely small, but not null.

Figures 3(a)-3(c) show how the influence of the GPW
amplitude is responsible for the increment or reduction of
the spatial rate at which the energy is exchanged between
sidebands. The larger the GPW amplitude, the shorter the
interaction length will be, such that even higher-order
sidebands appear. In addition, from our simulations we
deduce that even-order sidebands have higher amplitudes
than odd-order ones.

Instead, Figs. 3(d)-3(f) show the results when the
GPW frequency is varied as fgw = 75, 100, and 125 Hz,
while its amplitude is kept constant to hg = 0.1. Again,
as it occurred when the GPW amplitude was varied,
several sidebands appear, but similarly, the GW fre-
quency affects the spatial rate with which the sidebands
are excited. In this case, the larger the GPW frequency,
the shorter the necessary interaction length for energy
transfer among sidebands.

We now discuss the EM polarization effects not shown in
Fig. 3. We first note that the polarization of each sideband
keeps linear when the incident EPW is LX or LY polarized.
Instead, when the incident EPW has either LHCP or RHCP
polarization, then the EM-field components for the even
sidebands will keep the same polarization of the incident
wave, whereas the odd sidebands will be either RHCP or
LHCP polarized, respectively. Finally, when the incident
EPW is a superposition of LX and LY, i.e., L45° or L135°,
the polarization of each sideband is linear, but again, even

sidebands keep the polarization of the incident EPW, while
odd sidebands are out of phase by 7.

B. GPW with hg polarization state

In this section, we concentrate on the effects induced by a
GPW with hg = 0 and hg # 0. We found that the effect
of both GPW amplitude &g, and frequency fgw are same as
those explained in the previous section. In other words, a set
of sidebands are generated due to the modulation effects
produced by the EM-analog model of the GPW and the
production rate is influenced by the GPW amplitude and
frequency. Therefore, we focus on the effect that the GPW has
on the incident EMW polarizations LX, 1.45°, and LHCP.
Since the EM-analog model of gravity [cf. Eq. (4)] presents
off-diagonal components in both the dielectric permittivity
and magnetic permeability tensors, there is a coupling
between the EM-field components &£, and &, both in the
standard and LIF frames. In this tranche of simulations, the
GPW amplitude and frequency are set to hg = 0.1 and
fow = 100 Hz, respectively. The first and second rows of
Fig. 4 again show the spatial evolution of the magnitude of 11
sidebands for the x and y components of the electric field,
respectively. Each column corresponds to a polarization
state of the incident EPW: LX [Figs. 4(a) and 4(d)], L45°
[Figs. 4(b) and 4(e)], and LHCP [Figs. 4(c) and 4(f)].

When the polarization of the incident wave is LX, we
have that the observers in the LIF experience an electric
field with both £, and £, components, but the polarization
still remains linear. In addition, we discover that there is a
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FIG. 4. Spatial distribution of the x and y components of the electric field for ten sidebands and for several polarization states of the
incoming EMW. We employ the same notations of Fig. 3. GPW characteristics are hg = 0.1 and fgw = 100 Hz. The symbol “POL”

stands for polarization.

an additional phase difference of 7 between the field
components of odd sidebands that is not present for even
sidebands. On the other hand, for an incident EPW with
polarization L45° there is no y component excited in the
LIF, since given the symmetry of the problem, the electric
field in the standard coordinate system lays along the
direction of the tetrad r’(‘l) (settled by us along the x axis in

the LIF). We can say that there is a total destructive
interference effect for the y component of the EM field.
If the incoming EPW has polarization L.135° (not shown
in Fig. 4), then in the LIF only the y component will be
observed. However, this time the reason behind this effect
is due to the fact that the polarization of the incident EPW
in the standard coordinate system lays on the direction of
the tetrad T’(’z), which corresponds in our conventions to the

y axis in the LIF.

Finally, we consider the case where the incident EPW
has LHCP polarization. Similar to the situation described
in the previous section, where there is an alternation of
the polarizations among even and odd sidebands with
respect to the fundamental band (n =0), now even
sidebands keep the polarization of the incident wave,
whereas odd sidebands have RHCP polarization. If the
polarization of the incident wave is RHCP (not shown in
Fig. 4), the perpendicular polarization (cross-polar com-
ponent) manifests. It is worth mentioning that from our
simulations emerges that the amplitude of the odd side-
bands is in general lower than the even ones for all the
studied cases.

IV. CONCLUSIONS

The interaction between a monochromatic GPW of
frequency fgw and a narrow-band EPW with carrier
frequency f., respectively, when propagating in the same
direction, generates infinite sidebands in the EM spectrum,
having frequencies f,, = f. + nfgw, where n is an integer
number corresponding to the order of the sideband. The
phenomenon is similar to the cascade Brillouin effect
between sidebands [27]. This may be interpreted as
multiple scattering of a photon by gravitons. When the
GPW and EPW are propagating in opposite direction,
no interaction is produced. The effect is present for both
LP — hg and LP — hg polarization states of the GPW. The
amplitude and frequency of the GPW define the amplitude
and spatial rate of sideband excitation.

Studying the GW properties by means of the polarization
of the induced sidebands is feasible but can be also quite
subtle. For example, when an EM with LP — 45° polari-
zation is incoming, no y component will be generated at
the sidebands. This effect could be understood as having
LP — hg GPW, which is not the case. This problem might
be solved when the GPW and the EPW do not propagate
in the same direction or in opposite ones, but they form a
specific angle. This case deserves a detailed study in a
separate paper.

Finally, it is worth mentioning that neither the Ag nor hg
values for the GWs proposed here are realistic, since
they are very large compared with the already obtained
measurements of strain amplitude from GW detection
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events on earth (e.g., see Refs. [40—43] for details). We
have used high numerical numbers only for testing the
cascade Brillouin effect. However, if we refer to the
astrophysical event GW 150914 constituted by two merging
black holes [43-45], this generates a GW with hg = 1076
and fgw = 100 Hz at a distance of 0.157 A.U. If we
consider f, = 1 kHz, then two sidebands will be generated
with amplitudes of around —100 dB with respect to the
n = 0 band.

Since the breadth of the effect under study depends on
the interaction length (distance along which both the
GW and EPW interact), simulations involving lower
GWs amplitudes (hg, hg < 107°) are constrained by com-
putational resources. Therefore, if the interaction length is
not long enough, then the sidebands will be masked by the
spectrum of the source. However, we remark that the
amplitude of the sidebands is not null. In addition, although
these levels are extremely weak for being measured
with the present observational technology, future higher-
sensitivity instruments might be able to measure them.

The effect we have studied in this paper represents an
alternative and original mechanism to indirectly detect GW
emissions by means of nearby luminous stars or accreting
sources. Indeed, the variations of their EM x-ray radiation

(being astrophysically related to changes in luminosity or
flux), albeit very small, can be used as natural interferom-
eter instruments. Indeed, their EM emission can be ana-
lyzed by exploiting standard methods in x-ray astronomy,
together with the scheme presented in this work.
Depending where such brilliant astrophysical objects are
located with respect to the GW source, it is related to the
amplitude of variations present in their EM spectrum.
However, generally, to appreciate these changes we need
higher observational sensitivity that may be reached with
the future upgrades.

The data that support the findings of this study are
available from the corresponding author upon reasonable
request.

ACKNOWLEDGMENTS

The authors would like to thank Millimeter wave Array
at Room Temperature for Instruments in LEO Altitude
Radio Astronomy (MARTINLARA) Project No. P2018/
NMT-4333. V. D. F. acknowledges the Istituto Nazionale di
Fisica Nucleare, Sezione di Napoli, iniziative specifiche
TEONGRAYV, and Gruppo Nazionale di Fisica Matematica
of Istituto Nazionale di Alta Matematica.

[1] B.P. Abbott er al. (LIGO Scientific and Virgo Collabora-
tions), Observation of Gravitational Waves from a Binary
Black Hole Merger, Phys. Rev. Lett. 116, 061102 (2016).

[2] B.P. Abbott, R. Abbott, T. Abbott, F. Acernese, K. Ackley,
C. Adams, T. Adams, P. Addesso, R. Adhikari, V. B. Adya
et al. (LIGO Scientific and Virgo Collaborations),
GW170817: Observation of Gravitational Waves from a
Binary Neutron Star Inspiral, Phys. Rev. Lett. 119, 161101
(2017).

[3] R. Ciolfi, Binary neutron star mergers after GW170817,
Front. Astron. Space Sci. 7, 27 (2020).

[4] E. Pian, Mergers of Binary Neutron Star Systems: A
Multimessenger Revolution, Front. Astron. Space Sci. 7,
108 (2021).

[5] R. Abbott et al. (LIGO Scientific Collaboration, Virgo
Collaboration, and KAGRA Collaboration), Population of
Merging Compact Binaries Inferred Using Gravitational
Waves through GWTC-3, Phys. Rev. X 13, 011048 (2023).

[6] A. Buonanno and B. S. Sathyaprakash, Sources of gravita-
tional waves: Theory and observations, arXiv:1410.7832.

[7] P. Schmidt, Gravitational waves from binary black hole
mergers: Modelling and observations, Front. Astron. Space
Sci. 7, 28 (2020).

[8] M. Bailes et al., Gravitational-wave physics and astronomy
in the 2020s and 2030s, Nat. Rev. Phys. 3, 344 (2021).

[9] J. Aasi, B. Abbott, R. Abbott, T. Abbott, M. Abernathy, K.
Ackley, C. Adams, T. Adams, P. Addesso, R. Adhikari et al.,

Advanced LIGO, Classical Quantum Gravity 32, 074001
(2015).

[10] F. Acernese et al., Advanced Virgo: A second-generation
interferometric gravitational wave detector, Classical Quan-
tum Gravity 32, 024001 (2015).

[11] Y. Aso, Y. Michimura, K. Somiya, M. Ando, O. Miyakawa,
T. Sekiguchi, D. Tatsumi, and H. Yamamoto, Interferometer
design of the KAGRA gravitational wave detector, Phys.
Rev. D 88, 043007 (2013).

[12] C. Barceld, S. Liberati, and M. Visser, Analogue gravity,
Living Rev. Relativity 14, 3 (2011).

[13] U.Kh. Kopvillem, V.R. Nagibarov, V. V. Samartsev, and
S. A. Zel’dovich, Detection of gravitational waves by the
method of light scattering from elastic oscillations, Sov.
Phys. J. 16, 303 (1973).

[14] G. Brodin, M. Marklund, and M. Servin, Photon frequency
conversion induced by gravitational radiation, Phys. Rev. D
63, 124003 (2001).

[15] E-Y. Li, M.-X. Tang, and D.-P. Shi, Electromagnetic
response of a Gaussian beam to high-frequency relic
gravitational waves in quintessential inflationary models,
Phys. Rev. D 67, 104008 (2003).

[16] M. Servin and G. Brodin, Resonant interaction between
gravitational waves, electromagnetic waves, and plasma
flows, Phys. Rev. D 68, 044017 (2003).

[17] M.E. Gertsenshtein, Wave resonance of light and gravi-
tional waves, J. Exp. Theor. Phys. 41, 113 (1961).

124042-9


https://doi.org/10.1103/PhysRevLett.116.061102
https://doi.org/10.1103/PhysRevLett.119.161101
https://doi.org/10.1103/PhysRevLett.119.161101
https://doi.org/10.3389/fspas.2020.00027
https://doi.org/10.3389/fspas.2020.609460
https://doi.org/10.3389/fspas.2020.609460
https://doi.org/10.1103/PhysRevX.13.011048
https://arXiv.org/abs/1410.7832
https://doi.org/10.3389/fspas.2020.00028
https://doi.org/10.3389/fspas.2020.00028
https://doi.org/10.1038/s42254-021-00303-8
https://doi.org/10.1088/0264-9381/32/7/074001
https://doi.org/10.1088/0264-9381/32/7/074001
https://doi.org/10.1088/0264-9381/32/2/024001
https://doi.org/10.1088/0264-9381/32/2/024001
https://doi.org/10.1103/PhysRevD.88.043007
https://doi.org/10.1103/PhysRevD.88.043007
https://doi.org/10.12942/lrr-2011-3
https://doi.org/10.1007/BF00895415
https://doi.org/10.1007/BF00895415
https://doi.org/10.1103/PhysRevD.63.124003
https://doi.org/10.1103/PhysRevD.63.124003
https://doi.org/10.1103/PhysRevD.67.104008
https://doi.org/10.1103/PhysRevD.68.044017

ENDERSON FALCON-GOMEZ et al.

PHYS. REV. D 107, 124042 (2023)

[18] P. Jones and D. Singleton, Interaction between gravitational
radiation and electromagnetic radiation, Int. J. Mod. Phys. D
28, 1930010 (2019).

[19] J. L. H. Mik, B. M. Sparkes, C. Perrella, P. S. Light, S. Ng,
A.N. Luiten, and D.J. Ottaway, High-transmission fiber
ring resonator for spectral filtering of master oscillator
power amplifiers, OSA Continuum 2, 2487 (2019).

[20] A. Berlin, D. Blas, R.T. D’Agnolo, S. A.R. Ellis, R.
Harnik, Y. Kahn, and J. Schiitte-Engel, Detecting high-
frequency gravitational waves with microwave cavities,
Phys. Rev. D 105, 116011 (2022).

[21] F. Pegoraro, E. Picasso, P. Bernard, and L. Radicati,
Electromagnetic detector for gravitational waves, Phys.
Lett. 68A, 165 (1978).

[22] F. Pegoraro, E. Picasso, and L. A. Radicati, On the operation
of a tunable electromagnetic detector for gravitational
waves, J. Phys. A 11, 1949 (1978).

[23] N. Herman, L. Lehoucq, and A. Fiizfa, Electromagnetic
antennas for the resonant detection of the stochastic gravi-
tational wave background, arXiv:2203.15668.

[24] J. Plebanski, Electromagnetic waves in gravitational fields,
Phys. Rev. 118, 1396 (1960).

[25] S. Taravati, Giant Linear Nonreciprocity, Zero Reflection,
and Zero Band Gap in Equilibrated Space-Time-Varying
Media, Phys. Rev. Appl. 9, 064012 (2018).

[26] A. Taflove, S.C. Hagness, and M. Piket-May, Computa-
tional electromagnetics: The finite-difference time-domain
method, in The Electrical Engineering Handbook (Artech
House, USA, 2005), Vol. 3.

[27] C. Wolff, B. Stiller, B.J. Eggleton, M. J. Steel, and C. G.
Poulton, Cascaded forward Brillouin scattering to all stokes
orders, New J. Phys. 19, 023021 (2017).

[28] M. Maggiore, Gravitational Waves: Volume 1: Theory and
Experiments (Oxford University Press, Oxford, 2007).

[29] L.D. Landau, The Classical Theory of Fields (Elsevier,
New York, 2013), Vol. 2.

[30] S. M. Carroll, Spacetime and Geometry (Cambridge Uni-
versity Press, Cambridge, England, 2019).

[31] S. Capozziello, V. De Falco, and C. Ferrara, Comparing
equivalent gravities: Common features and differences,
Eur. Phys. J. C 82, 865 (2022).

[32] S. A. Stewart, T.J. Smy, and S. Gupta, Finite-difference
time-domain modeling of space-time-modulated metasur-
faces, IEEE Trans. Antennas Propag. 66, 281 (2018).

[33] C. Scarborough, Z. Wu, and A. Grbic, Efficient computation
of spatially discrete traveling-wave modulated structures,
IEEE Trans. Antennas Propag. 69, 8512 (2021).

[34] M. S. Mirmoosa, G. Ptitcyn, V.S. Asadchy, and S.A.
Tretyakov, Time-Varying Reactive Elements for Extreme
Accumulation of Electromagnetic Energy, Phys. Rev. Appl.
11, 014024 (2019).

[35] A. Kord, H. Krishnaswamy, and A. Alu, Magnetless
Circulators with Harmonic Rejection Based on N-Way
Cyclic-Symmetric Time-Varying Networks, Phys. Rev.
Appl. 12, 024046 (2019).

[36] A. Zhao, J. Juntunen, and A. Raisanen, Generalized
material-independent PML absorbers for the FDTD simu-
lation of electromagnetic waves in arbitrary anisotropic
dielectric and magnetic media, IEEE Microwave Guided
Wave Lett. 8, 52 (1998).

[37] F. Morgenthaler, Velocity modulation of electromagnetic
waves, IRE Trans. Microwave Theory Tech. 6, 167 (1958).

[38] C. A. Balanis et al., Antenna Theory (John Wiley & Sons,
Inc., Hoboken, New Jersey, 2005).

[39] S. Taravati, N. Chamanara, and C. Caloz, Nonreciprocal
electromagnetic scattering from a periodically space-time
modulated slab and application to a quasisonic isolator,
Phys. Rev. B 96, 165144 (2017).

[40] B. P. Abbott, R. Abbott, T. Abbott, F. Acernese, K. Ackley,
C. Adams, T. Adams, P. Addesso, R. Adhikari, V. Adya
et al.,, Gw170608: Observation of a 19 solar-mass binary
black hole coalescence, Astrophys. J. Lett. 851, L35
(2017).

[41] B. Abbott, R. Abbott, T. Abbott, S. Abraham, F. Acernese,
K. Ackley, C. Adams, R. Adhikari, V. Adya, C. Affeldt
etal., GWTC-1: A Gravitational-Wave Transient Catalog of
Compact Binary Mergers Observed by LIGO and Virgo
during the First and Second Observing Runs, Phys. Rev. X
9, 031040 (2019).

[42] B.P. Abbott, R. Abbott, T. Abbott, M. Abernathy, F.
Acernese, K. Ackley, C. Adams, T. Adams, P. Addesso,
R. Adhikari et al. (LIGO Scientific and Virgo Collabora-
tions), GW151226: Observation of Gravitational Waves
from a 22-Solar-Mass Binary Black Hole Coalescence,
Phys. Rev. Lett. 116, 241103 (2016).

[43] B.P. Abbott, R. Abbott, T. D. Abbott, M. R. Abernathy, F.
Acernese, K. Ackley, C. Adams, T. Adams, P. Addesso et al.
(LIGO Scientific and Virgo Collaborations), The basic
physics of the binary black hole merger GW150914,
Ann. Phys. (Berlin) 529, 1600209 (2017).

[44] K. A. Postnov and L. R. Yungelson, The evolution of compact
binary star systems, Living Rev. Relativity 17, 3 (2014).

[45] C. Huwyler, Testing general relativity with gravitational
waves, Ph.D. thesis, University of Zurich, 2014.

124042-10


https://doi.org/10.1142/S0218271819300106
https://doi.org/10.1142/S0218271819300106
https://doi.org/10.1364/OSAC.2.002487
https://doi.org/10.1103/PhysRevD.105.116011
https://doi.org/10.1016/0375-9601(78)90792-2
https://doi.org/10.1016/0375-9601(78)90792-2
https://doi.org/10.1088/0305-4470/11/10/013
https://arXiv.org/abs/2203.15668
https://doi.org/10.1103/PhysRev.118.1396
https://doi.org/10.1103/PhysRevApplied.9.064012
https://doi.org/10.1088/1367-2630/aa599e
https://doi.org/10.1140/epjc/s10052-022-10823-x
https://doi.org/10.1109/TAP.2017.2772045
https://doi.org/10.1109/TAP.2021.3111337
https://doi.org/10.1103/PhysRevApplied.11.014024
https://doi.org/10.1103/PhysRevApplied.11.014024
https://doi.org/10.1103/PhysRevApplied.12.024046
https://doi.org/10.1103/PhysRevApplied.12.024046
https://doi.org/10.1109/75.658638
https://doi.org/10.1109/75.658638
https://doi.org/10.1109/TMTT.1958.1124533
https://doi.org/10.1103/PhysRevB.96.165144
https://doi.org/10.3847/2041-8213/aa9f0c
https://doi.org/10.3847/2041-8213/aa9f0c
https://doi.org/10.1103/PhysRevX.9.031040
https://doi.org/10.1103/PhysRevX.9.031040
https://doi.org/10.1103/PhysRevLett.116.241103
https://doi.org/10.1002/andp.201600209
https://doi.org/10.12942/lrr-2014-3

