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We consider the perturbative photon flows (PPFs, i.e., electromagnetic (EM) counterparts) generated by
the EM resonance response to high-frequency gravitational waves (HFGWs) with additional polarization
states in a rotating laboratory frame system. It is found that when the propagating direction of HFGWs and
the symmetrical axis of the laboratory frame system are the same, the PPFs have the maximum value.
In this case, using the rotation (the rotation of the azimuth ϕ) of the EM detection system, all six possible
polarization states of HFGWs can be separated and displayed. For the current experimental conditions, it is
quite prospective to detect the PPFs generated by the HFGWs predicted in the braneworld models, the
primordial black hole theories, the interaction mechanism between astrophysical plasma and intense EM
radiation, etc., due to the large amplitudes (or high spectral densities) and spectral characteristics of these
HFGWs. Detecting the primordial HFGWs from inflation faces great challenges at present, but it is not
impossible.
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I. INTRODUCTION

The interaction cross section between gravitational
waves (gravitons) and matter (elementary particles) is
extremely weak, which makes all matter almost transparent
to gravitational waves (GWs). Therefore, GWs can pass
through huge distances and carry the oldest and furthest
information in cosmology and astrophysics. Since the
direct detection of GWs is very difficult, the successful
detection of GWs in intermediate frequency (ν ∼ 30 Hz to
450 Hz) is undoubtedly a great achievement (see Ref. [1]
and relevant subsequent references given by the LIGO
Scientific Collaboration and the Virgo Collaboration),
which opens up a new epoch of GW astronomy and
multimessenger astronomy. On the other hand, such
GWs are located in an interesting, but special frequency
range, and the corresponding duration of the signal in the
detector is very short. Thus, how to detect continuous GWs
and GWs in other frequency bands is of great significance
and an urgent affair at present. In fact, many mainstream
cosmological models, high-energy astrophysical processes,

and even high-energy physical experiments have predicated
the existence of the high-frequency gravitational waves
(HFGWs) in the GHz band or even higher frequencies, and
the corresponding amplitudes would be expected to be h ∼
10−23 to 10−39 [2–5]. These GWs are expected to exhibit a
broad frequency spectrum, spanning from extremely low
frequencies (ν ∼ 10−17 Hz or below) to high frequencies
(ν ∼ 109 Hz or higher). Notably, the high-frequency com-
ponents of these GWs are believed to carry crucial
information about cosmology and high-energy astrophys-
ics. The observations of GWs across different frequency
bands can complement one another in unveiling various
aspects of the Universe. The observations of GWs at higher
frequencies have the potential to reveal new physics beyond
the Standard Model of particle physics, as highlighted in
Ref. [2]. Furthermore, these observations could provide
insights into exotic objects within the Universe, such as
primordial black holes and boson stars, as well as cosmo-
logical events that occurred during the early stages of the
Universe, including phase transitions, preheating after
inflation, quantum oscillons, cosmic strings, thermal fluc-
tuations after reheating, and other phenomena.
Moreover, the frequencies of the GWs (Kaluza-Klein

gravitons) expected by braneworld scenarios [6,7], and the
GWs predicted by the interaction between astrophysical
plasma and intense electromagnetic waves [8], are antici-
pated to range from ν ∼ 109 Hz to ν ∼ 1012 Hz or higher.
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The amplitudes (strains) of these HFGWs would be
expected to be in the range of h ∼ 10−21 to h ∼ 10−27. In
some studies, it is even predicted that the frequencies
of HFGWs originating from the coherent oscillation of
electron-positron pairs and fields [9] ormagnetars [10] could
exceed 1019 Hz. The detection of HFGWs within these
frequency ranges would provide valuable insights into the
nature of the Universe, including the properties of extra
dimensions, the interaction mechanism between astrophysi-
cal plasma and electromagnetic fields, and the potential
existence of exotic sources such as the coherent oscillations
of electron-positron pairs and fields or magnetars.
Since the frequencies of these GWs are far beyond the

detection range of traditional ground-band GW detectors,
their observation and detection face new challenges and
opportunities. For example, the main challenge in observ-
ing the HFGWs predicted by inflation models lies in their
inherent weakness, characterized by extremely small
amplitudes (strains) and low spectral densities. For conven-
tional inflation models, the expected amplitudes would be
on the order of h ∼ 10−30 or even smaller. If the amplitudes
of the aforementioned HFGWs are less than h ∼ 10−31,
then the current detection schemes would be unable to
detect them unless there are significant advancements in
detection principles and experimental technology.
Moreover, in addition to this challenge, there are other
obstacles to detecting the HFGWs predicted by inflation
models, including interference from noise, cosmic vari-
ance, and theoretical uncertainties. These factors make it
difficult to differentiate between the HFGWs expected by
inflation models and other sources. Nevertheless, despite
these challenges, the potential insights into the early
Universe and fundamental physics make the pursuit of
HFGW detection an exceptionally exciting area of research.
Therefore, in order to detect HFGWs with the current
experimental technology, we need to propose new princi-
ples and schemes, e.g., see Refs. [2,3,11–20]. By the way,
in Ref. [17] the authors studied the electromagnetic
detection of the HFGWs with frequencies from 1014 Hz
to 1018 Hz. This frequency band is almost the upper limit of
the current HFGW detection. In this scheme, the large-scale
background static magnetic field is an obvious advantage
because it can generate significant spatial accumulation
effects of the electromagnetic (EM) signal. Moreover, each
signal photon generated by the electromagnetic response to
the ultrahigh frequency band will have larger energy. In this
case, the requirements for suppressing the thermal noise
and the signal accumulation time of the signal photon flow
can be greatly relaxed. Recently, Liu et al. have proposed
that the nearby planets can be used to detect HFGWs [18].
In the scheme, they obtained the first limits from the
existing low-Earth-orbit satellite for specific frequency
bands and projected the sensitivities for the future more-
dedicated detections. There are also some other important
principles and schemes for detecting HFGWs, which have

been discussed and reviewed, in detail, in Refs. [2,3]. For
more details, one can refer to these references, and so we
will not fully cover these researches here.
In Ref. [20], we investigated the EM response to the

HFGWs having additional polarization states. In general,
these HFGWs might have, at most, six polarization states:
⊕-type and ⊗-type polarizations (the tensor-mode grav-
itons); x-type and y-type polarizations (the vector-mode
gravitons); b-type and e-type polarizations (the scalar-
mode gravitons). We assume that the HFGWs propagate
along the z-direction, and the ⊕-type and ⊗-type polar-
izations among the six polarization states satisfy the
transverse-traceless (TT) gauge condition in general rela-
tivity (GR). The frame system in which the ⊕-type and
⊗-type polarizations of GWs satisfy the TT gauge con-
dition can be called the standard GW frame system. In such
an ideal frame system, we have proved that it is possible to
distinguish and probe the tensor-mode, vector-mode, and
scalar-mode gravitons by the EM response to HFGWs [20].
However, any GW detection systems fixed on the Earth

have a rotation period of 24 h to the GW sources having
determinate local spacial location due to the rotation of the
Earth. Therefore, an important scientific problem would be
what directly observable quantities of the EM resonance
response to HFGWs in the laboratory frame system are.
Moreover, we need to figure out how to distinguish and
display the EM perturbations produced by different polari-
zation states of HFGWs in the laboratory frame system. In
this paper, we shall give a general relationship between the
EM perturbations and the rotation of the laboratory frame
system, including the corresponding physical effects in
different conditions.
The paper is organized as follows. In Sec. II, we show the

general relationship among the tensor polarizations (the
⊕-type and ⊗-type polarizations) and the nontensor polar-
izations (the x-type, y-type, b-type, and l-type polariza-
tions) of HFGWs. We also introduce the rotation into our
three-dimensional synchroresonance (3DSR) system. In
Sec. III, we briefly introduce the principle and scheme
of the 3DSR system and calculate the EM perturbations
(the perturbative photon flows (PPFs), i.e., the signal
photon flows) generated by the EM resonance response
to HFGWs in the 3DSR system. In Sec. IV, we give the
signal and noise analysis with the help of the numerical
estimation and study the distinguishability and detectability
of the PPFs in the 3DSR system. Our conclusions are
summarized in Sec. V, including some discussions for
future prospects.

II. PERTURBATIVE EM FIELDS GENERATED
BY DIFFERENT POLARIZATION

STATES OF HFGWs

The “monochromatic components” of GWs, which have
six polarization states and propagate along the z-direction
in the standard GW frame system, can be written as
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hij ¼ ðA⊕e
⊕
ij þ A⊗e

⊗
ij þ Axexij þ Aye

y
ij þ Abebij þ AlelijÞ

× eiðkgz−ωgtÞ; ð1Þ

where kg and ωg are wave number and angular frequency of
the GWs, respectively. Each polarization mode can be
defined as the following matrix form [21]:

e⨁ij ¼

0
B@

1 0 0

0 −1 0

0 0 0

1
CA e⊗ij ¼

0
B@

0 1 0

1 0 0

0 0 0

1
CA

exij ¼

0
B@

0 0 1

0 0 0

1 0 0

1
CA eyij ¼

0
B@

0 0 0

0 0 1

0 1 0

1
CA

ebij ¼

0
B@

1 0 0

0 1 0

0 0 0

1
CA elij ¼

ffiffiffi
2

p
0
B@

0 0 0

0 0 0

0 0 1

1
CA: ð2Þ

The labels ⊕, ⊗, x, y, b, and l represent ⊕-type, ⊗-type
polarizations (tensor-mode gravitons), x-type, y-type polar-
izations (vector-mode gravitons), and b-type, l-type polar-
izations (scalar-mode gravitons), respectively.
Since the weak GWs can be regarded as a small

perturbation hμν to the background spacetime ημν, from
Eqs. (1) and (2), the metric tensor of the weak GWs can be
given as

gμν ¼ ημν þ hμν

¼

0
BBB@

−1 0 0 0

0 1þ h⊕ þ hb h⊗ hx
0 h⊗ 1− h⊕ þ hb hy
0 hx hy 1þ hl

1
CCCA: ð3Þ

Note that Eqs. (1), (2), and (3) are the component forms
in the standard GW frame system. However, since any
detection systems fixed on the Earth have a rotation period
of 24 h to the coherent GW sources with determinate local
spacial location, the detectable and observable physical
quantities are not usually consistent with the forms in the
standard GW frame system. In this work, we study the
3DSR system (see Refs. [20,22–25]) in the laboratory
frame system, so the symmetrical axis of the 3DSR system
may deviate from the propagating direction of HFGWs (see
Fig. 1). Moreover, in our 3DSR system, the observer should
be at rest in the static magnetic fields. Thus, the observable
quantities should be the projects of the physical quantities
as a tensor on tetrads of the observer’s world line.
According to Fig. 1, the general relation between the

standard GW frame system ðx; y; zÞ and the laboratory
frame system ðx̂; ŷ; ẑÞ can always be written as the
following simple form:

x̂ ¼ x cos θ cosϕþ y cos θ sinϕ − z sin θ;

ŷ ¼ −x sinϕþ y cosϕ;

ẑ ¼ x sin θ cosϕþ y sin θ sinϕþ z cos θ: ð4Þ

However, seeking the general relation between the pertur-
bative EM fields generated by HFGWs in the standard GW
frame system ðx; y; zÞ and the ones in the laboratory frame
system ðx̂; ŷ; ẑÞ is complicated. Fortunately, our 3DSR
system has a special and determined direction, namely,
the positive direction of the symmetrical axis of the
Gaussian beam (GB) (the ẑ-direction in the laboratory
frame system, see Fig. 1). It is shown [24,25] that only
when the propagating direction (the z-direction in the
standard GW frame system) of the HFGWs and the
ẑ-direction are the same (i.e., θ ¼ 0 in Fig. 1), the PPFs
generated by HFGWs have maximum value. In this case,
the transformation between the PPFs in the standard GW
frame system and the ones in the laboratory frame system
will only depend on the azimuth angle ϕ, and so it will be
greatly simplified (see below). If they are perpendicular or
opposite to each other, then the PPFs will be 1 or 2 orders of
magnitude smaller than the maximum value. Thus, we can
determine the propagating direction of HFGWs by observ-
ing the peak moments of the PPFs.
Moreover, because the 3DSR system is a small-scale EM

detection system (whose volume is on the order of cubic
meters), there is not any difficulty with the rotation of the
3DSR system, in principle. Based on the laser gyroposi-
tioning and some other direction positioning and tracking
methods, the spatial orientation of the 3DSR system can be
effectively adjusted to the best or near optimal detection
direction for the possible HFGW signals.
According to Eqs. (1) to (4), when the propagating

direction of HFGWs and the ẑ-direction coincide (i.e.,
θ ¼ 0 in Fig. 1), the polarization states hij in the standard

FIG. 1. The standard GW frame system ðx; y; zÞ (for HFGWs)
and the laboratory frame system ðx̂; ŷ; ẑÞ (for the 3DSR system).
The HFGWs propagate along the z-direction in the standard GW
frame system. Suppose that the laboratory frame system for the
detector (i.e., the 3DSR system) is rotated by angles ðθ;ϕÞ.
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GW frame system ðx; y; zÞ and the ones in the laboratory
frame system ðx̂; ŷ; ẑÞ have following relation:

h11 ¼ h⊕ cos 2ϕþ h⊗ sin 2ϕþ hb;

h12 ¼ h21 ¼ −h⊕ sin 2ϕþ h⊗ cos 2ϕ;

h22 ¼ −h⊕ cos 2ϕ − h⊗ sin 2ϕþ hb;

h13 ¼ h31 ¼ hx cosϕþ hy sinϕ;

h23 ¼ h32 ¼ −hx sinϕþ hy cosϕ;

h33 ¼ hl: ð5Þ
Base on Eq. (5), one can find that:
(1) Once ϕ ¼ 0 (the standard GW frame system and the

laboratory frame system are perfectly coincident),
then Eq. (5) is reduced to Eqs. (1), (2) and (3) [20].

(2) There is only the conversion between the tensor-
mode gravitons (the ⊕-type and ⊗-type polariza-
tions) and the conversion between the vector-mode
gravitons (the x-type and y-type polarizations). But,
there is no conversion between tensor-mode grav-
itons and non-tensor-mode gravitons. And there is
no conversion between the vector-mode gravitons
(the x-type and y-type polarizations) and the scalar-
mode gravitons (the b-type and l-type polarizations).
The tensor mode, vector mode, and scalar mode
correspond to gravitons with spin 2, spin 1, and spin
0, respectively. Since spin is an intrinsic property of
particles, the rotation of coordinates alone does not
induce changes in particle spin. Therefore, these
results are consistent with our understanding of
particle spin.

(3) The b-type and l-type polarizations (scalar-mode
gravitons) are only located at the xx-, yy-, and
zz-components of the metric tensor of HFGWs,
respectively. They are independent on the azimuth
ϕ when the coordinates are rotated. These properties
will be very useful and important for probing
the b-type and l-type polarizations of HFGWs
(see below).

According to Eqs. (1), (2), and (3), using the electro-
dynamics equations in curved spacetime,

∂

∂xν
½ ffiffiffiffiffiffi

−g
p

gμαgνβðF̂ð0Þ
αβ þ F̃ð1Þ

αβ Þ� ¼ 0; ð6Þ

∇μFνα þ∇νFαμ þ∇αFμν ¼ 0; ð7Þ

we have obtained the first-order perturbative EM fields F̃ð1Þ
α;β

generated by HFGWs in the standard GW frame system

[20]. Here, F̂ð0Þ
α;β is the static background EM field tensor,

“0” indicates the background EM fields, “1” indicates
the first-order perturbation, “ˆ” denotes the static EM
fields, and “˜” represents the time-dependent perturbative
EM fields.

Combining with Eqs. (1) to (7) and Ref. [20], the
perturbative EM fields (the EM counterparts) generated
by the EM response to HFGWs, in the general frame
system (in mks units) can be given by

Ẽð1Þ
x ¼ −

i
2
kgcz

�
ð−h⊕ sin 2ϕþ h⊗ cos 2ϕÞB̂ð0Þ

x

−
�
h⊕ cos 2ϕþ h⊗ sin 2ϕþ 1

2
hl

�
B̂ð0Þ
y

þ ð−hx sinϕþ hy cosϕÞB̂ð0Þ
z

�
; ð8Þ

B̃ð1Þ
y ¼ −

i
2
kgz

�
ð−h⊕ sin 2ϕþ h⊗ cos 2ϕÞB̂ð0Þ

x

−
�
h⊕ cos 2ϕþ h⊗ sin 2ϕþ 1

2
hl

�
B̂ð0Þ
y

þ ð−hx sinϕþ hy cosϕÞB̂ð0Þ
z

�
; ð9Þ

Ẽð1Þ
y ¼ i

2
kgcz½ðhb − h⊕ cos 2ϕ − h⊗ sin 2ϕþ hlÞB̂ð0Þ

x

þ ð−h⊕ sin 2ϕþ h⊗ cos 2ϕÞB̂ð0Þ
y

þ ðhx cosϕþ hy sinϕÞB̂ð0Þ
z �; ð10Þ

B̃ð1Þ
x ¼ −

i
2
kgz½ðhb − h⊕ cos 2ϕ − h⊗ sin 2ϕþ hlÞB̂ð0Þ

x

þ ð−h⊕ sin 2ϕþ h⊗ cos 2ϕÞB̂ð0Þ
y

þ ðhx cosϕþ hy sinϕÞB̂ð0Þ
z �; ð11Þ

Ẽð1Þ
z ¼ B̃ð1Þ

z ¼ 0: ð12Þ

Ifϕ ¼ 0, then Eqs. (8) to (11) are reduced to the perturbative
EM fields to the background static magnetic fields in the
standard GW frame system. Therefore, the expressions for
the perturbative EMfields and the corresponding PPFs in the
standard GW frame system are the special forms of the EM
response to HFGWs. Here, we have neglected the pertur-
bative EM fields in the opposite direction of the propagation
of HFGWs because they are very weak (they do not have the
space-accumulation effect) or absent [26]. Moreover, here
we only consider the EM response of the static magnetic
fields to HFGWs and do not study the case of the static
electric fields. This is because from the perspective of the
experiment, it is more realistic to produce a strong static
magnetic field (such as the 10-tesla magnetic field) than to
generate an equivalent static electric field.
However, to detect the power flows of the EM signal (i.e.,

signal photon flows or PPFs) produced by HFGWs in the
laboratory frame system, we face two problems. On the one
hand, the PPFs represented by Eqs. (8) to (11) are actually
the second-order perturbative EM effects produced by
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HFGWs because their strengths are proportional to
the square of the amplitude (h ∼ 10−23 to 10−30 or less)
of HFGWs. Since the PPFs are very faint, it is difficult to
probe them directly under the current laboratory conditions.
On the other hand, the rotation of the Earth will lead to some
uncertainty of the PPFs in the laboratory frame system.
Fortunately, two such problems, in principle, can be solved.
For the first problem, we can introduce a Gaussian-type

photon flow [i.e., (GB)] into the background static mag-
netic fields. Then, utilizing the EM resonance response to
HFGWs, we can obtain first-order PPFs [20,22,25] [e.g.,
see the following Eqs. (27) and (28)]. Since the first-order
PPFs are proportional to the amplitude h of HFGWs rather
than the square of the amplitude, the first-order PPFs will
be much larger than the second-order PPFs, and then the
difficulty of detecting PPFs is greatly reduced. The quan-
tum picture of this process can be expressed by Feynman
diagrams (see Fig. 2), which describe the resonant inter-
action between the photons (i.e., GB) and the gravitons
(HFGWs) in a background (static magnetic field) of virtual
photons. The static magnetic field as a catalyst can greatly
increase the interaction cross section between the photons
and the gravitons. Thus, introducing a GB into the back-
ground EM field can effectively compensate to the weak-
ness of the HFGW amplitudes when we use the EM
resonance response to HFGWs to detect HFGWs.
It should be pointed out that the introduction of the GB

will cause large background noise photon flows (BPFs).
However, since the first-older PPFs and the BPFs have very
different physical behaviors in special local areas of the
3DSR system, such as intensity distribution, propagating
direction, decay rate, wave impedance, etc. (see below), the
3DSR system has a very low standard quantum limit [30] so
that it is always possible to distinguish and display the PPFs
and the BPFs in the 3DSR system.
For the second problem, according to the general relation

between the perturbative EM fields in the laboratory frame

system and the ones in the standard GW frame system, it is
possible to determine the observable quantities of the
perturbative EM fields, including the PPFs generated by
HFGWs in the laboratory frame system.

III. FIRST-ORDER PPFs IN THE
LABORATORY FRAME SYSTEM

A. 3DSR system

The 3DSR system consists of background static magnetic
fields, a Gaussian-type photon flow (i.e., GB), a fractal
membrane (an equivalent microwave lens [31–34]), and a
weak photon flow detector. Here, “three-dimensional”
means that under the resonance condition (ωe ¼ ωg), not
only the longitudinal first-order PPFs along the propagating
direction (i.e., the z-direction) of HFGWs can be produced,
but the transverse first-order PPFs (propagating along the
x- and y-directions) can also be generated (see below).Based
on the very low standard quantum limit (high-sensitivity) of
the 3DSR system and the different physical behaviors
between the transverse first-order PPFs and the BPFs,
distinguishing and probing all possible six polarization
states of HFGWs would be, in principle, possible.
In general, GBs can have different forms, such as circular

polarization of fundamental frequency modes or elliptical
polarization of higher-order modes. Without loss of gen-
erality, here we consider a GB, which has nonvanishing
longitudinal magnetic component B̃ð0Þ

z , and the magnetic

component B̃ð0Þ
z has the standard form of the fundamental

frequency circular mode in the framework of quantum
electronics [35].
Combining with the Helmholtz equation, Gauss’s law for

the free EMfield (without sources) (∇ · Ẽð0Þ ¼ ∇ · B̃ð0Þ ¼ 0)
and Ẽð0Þ ¼ ic

ke
∇ × B̃ð0Þ, the EM components of the GB in the

3DSR system have the following forms:

B̃ð0Þ
x ¼ ψbx ¼ 0; ð13Þ

B̃ð0Þ
y ¼ ψby ¼ −

Z
∂ψbz

∂z
dy; ð14Þ

B̃ð0Þ
z ¼ψbz¼ψ ¼ ψ0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þðz=fÞ2
p exp

�
−r2

W2

�

×exp

�
i

�
ðkez−ωetÞ− tan−1

z
f
þker2

2R
þδ

��
; ð15Þ

Ẽð0Þ
x ¼ ψex ¼

ic
ke

�
∂ψbz

∂y
−
∂ψby

∂z

�
; ð16Þ

Ẽð0Þ
y ¼ ψey ¼ −

ic
ke

∂ψbz

∂x
; ð17Þ

Ẽð0Þ
z ¼ ψez ¼ −

ic
ke

∂ψby

∂x
; ð18Þ

FIG. 2. Feynman diagrams of the resonant interaction between
the gravitons (HFGWs) kg1 and the photons (GB) ke1 in the
static magnetic field M (virtual photon background acting as a
“catalyst”). Here, “resonant” means that they have the same
frequency. Then, the interaction cross section is much larger than
the one of the direct interaction between the gravitons (HFGWs)
and thevirtual photon backgroundM. The latter interactionwithout
the GB is often called (pure) inverse Gertsenshtein effect [27–29].
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where ψ0 is the amplitude of the longitudinal magnetic field

of the GB. The other parameters are given as f ¼ π
W2

0

λe
,

W ¼ W0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ðzfÞ2

q
, and R ¼ zþ f2

z . Here, W0 is the mini-

mum spot radius, R is the curvature radius of the wave front
of the GB at z, ωe is the angular frequency, λe is the EM
wavelength, the z-axis is the symmetrical axis of theGB, and
δ is a phase factor.
In the 3DSR system, the static magnetic field

B̂ð0ÞðB̂ð0Þ
x ; B̂ð0Þ

y ; B̂ð0Þ
z Þ can point in an arbitrary direction,

and the direction can be adjusted (see Figs. 3, 4, and 5). It is
worth noting that even if the 3DSR system is positioned in

the optimal detection direction (the propagating direction
(the z-direction) of HFGWs in the 3DSR system is
along the ẑ-axis) by the laser gyropositioning and some
other direction positioning and tracking methods, there are
still some differences between the EM perturbations in
the laboratory frame system and the ones in the standard
GW frame system. In the standard GW frame system, the
tensor polarizations (h⊕ and h⊗) of GWs satisfy the TT
gauge condition. Therefore, studying the observable
quantities of the EM counterparts (i.e., the PPFs)
generated by HFGWs in the laboratory frame system is
an important issue.

FIG. 3. 3DSR system with the coupling between the transverse static magnetic field B̂ð0Þ
y and the GB. Here, nð1Þx̂−⊗ [see Eq. (27)] is the

PPF propagating along the x̂-direction, while nð1Þŷ−⊕;l [see Eq. (28)] is the PPF propagating along the ŷ-direction. The PPFs are generated
by the pure ⊗-type polarization and the combined state of the ⊕-type and l-type polarizations of HFGWs, respectively.

FIG. 4. 3DSR system with the coupling between the transverse static magnetic field B̂ð0Þ
x and the GB. Here, nð1Þx̂−⊕;b;l [see Eq. (33)] is

the PPF propagating along the x̂-direction, while nð1Þŷ−⊗ [see Eq. (34)] is the PPF propagating along the ŷ-direction. The PPFs are
generated by the combined state of the ⊕-type, b-type, and l-type polarizations and the pure ⊗-type polarization of HFGWs,
respectively.
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B. Observable quantities of the EM counterparts
in the laboratory frame system

In curved spacetime, only the local measurement made
by an observer traveling in his/her world line has definite
observable meaning. The corresponding observable quan-
tities are just the projections of the physical quantities as a
tensor on tetrads of the observer’s world line. The tetrads
consist of three mutually orthogonal spacelike vectors
and a timelike vector directed along the four-velocity of
the observer. The timelike vector is perpendicular to the
spacelike vectors. We indicate the tetrads with τμðαÞ, where
the lower index in parentheses numbers the vectors, and the
upper index refers to components of the tetrads in the
chosen frame. Consequently, the quantities FðαβÞ measured
by the observer are the tetrad components of the EM field
tensor, which are given as

FðαβÞ ¼ FðμνÞτ
μ
ðαÞτ

ν
ðβÞ: ð19Þ

For the 3DSR system, the observer should be at rest in the
static magnetic field B̂ð0Þ, so only the zeroth component of
the four-velocity is nonvanishing. Therefore, the tetrad τνð0Þ
is given by

τνð0Þ ¼ ðτ0ð0Þ; 0; 0; 0Þ: ð20Þ

Using Eqs. (1)–(4) and the orthonormality of the tetrads
gμντ

μ
ðαÞτ

ν
ðβÞ ¼ ηαβ, neglecting the higher order infinitesimals

(∼h2), we find that the tetrads τμðαÞ in the HFGW field

having additional polarization states [see Eqs. (1), (2), (3)
and (5)] can be expressed as

τμð0Þ ¼ ½1; 0; 0; 0�;

τμð1Þ ¼
�
0; 1 −

1

2
h11; 0;−h13

�
;

τμð2Þ ¼
�
0;−h12; 1 −

1

2
h22;−h23

�
;

τμð3Þ ¼
�
0; 0; 0; 1 −

1

2
h33

�
: ð21Þ

Here, h11, h22, h33, h12, h13, and h23 are given by Eq. (5).
Obviously, once hx ¼ hy ¼ hb ¼ hl ¼ 0 and ϕ ¼ 0 in
Eqs. (5) and (8)–(11), then Eq. (21) will be reduced to
the expression of the tetrads τμðαÞ in the standard GW frame

system (the TT frame system) [36]. Moreover, Eq. (21)
indicates that the zeroth component of τμðαÞ coincides

completely with the time axis in the standard GW frame
system, while the deviations of τμð1Þ; τ

μ
ð2Þ, and τμð3Þ from the

x-, y-, and z- axes in the standard GW frame system are
only on the order of h.
In this case, using Eqs. (19) and (21), considering

jẼð0Þj ≪ jÊð0Þj and jB̃ð0Þj ≪ jB̂ð0Þj, and neglecting the
higher order infinitesimals (∼h2), one can obtain the
observable quantities of the pure perturbative EM fields

F̃ð1Þ
μν in the tetrad system as follows:

Ẽð1Þ
ðxÞ ¼−cF̃ð1Þ

ð01Þ ¼−cF̃ð1Þ
μν τ

μ
ð0Þτ

ν
ð1Þ ¼ Ẽð1Þ

x −
1

2
h11Ê

ð0Þ
x −h13Ê

ð0Þ
z ;

Ẽð1Þ
ðyÞ ¼−cF̃ð1Þ

ð02Þ ¼−cF̃ð1Þ
μν τ

μ
ð0Þτ

ν
ð2Þ

¼ Ẽð1Þ
y −h12Ê

ð0Þ
x −

1

2
h22Ê

ð0Þ
y −h23Ê

ð0Þ
z ;

Ẽð1Þ
ðzÞ ¼−cF̃ð1Þ

ð03Þ ¼−cF̃ð1Þ
μν τ

μ
ð0Þτ

ν
ð3Þ ¼ Ẽð1Þ

z −
1

2
h33Ê

ð0Þ
z ; ð22Þ

FIG. 5. 3DSR system with the coupling between the longitudinal static magnetic field B̂ð0Þ
z and the GB. Here, nð1Þx̂−x [see Eq. (37)] is the

PPF propagating along the x̂-direction, while nð1Þŷ−y [see Eq. (38)] is the PPF propagating along the ŷ-direction. The PPFs are generated by
the pure x-type polarization and the pure y-type polarization of HFGWs, respectively.
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B̃ð1Þ
ðxÞ ¼ F̃ð1Þ

ð23Þ ¼ Fμντ
μ
ð2Þτ

ν
ð3Þ

¼ B̃ð1Þ
x −

1

2
ðh22 þ h23ÞB̂ð0Þ

x þ h12B̂
ð0Þ
y ;

B̃ð1Þ
ðyÞ ¼ −F̃ð1Þ

ð13Þ ¼ −Fμντ
μ
ð1Þτ

ν
ð3Þ ¼ B̃ð1Þ

y −
1

2
ðh11 þ h33ÞB̂ð0Þ

y ;

B̃ð1Þ
ðzÞ ¼ F̃ð1Þ

ð12Þ ¼ Fμντ
μ
ð1Þτ

ν
ð2Þ ¼ B̃ð1Þ

z þ h13B̂
ð0Þ
x þ h23B̂

ð0Þ
y

−
1

2
ðh11 þ h22ÞB̂ð0Þ

z : ð23Þ

Equations (22) and (23) show that there exists an EM

response of the longitudinal static EM fields Êð0Þ
z and B̂ð0Þ

z

to HFGWs in the tetrad system, while the longitudinal static
EM fields have no such effect in the standard GW frame
system (the TT frame system of the GR framework). It is an
important difference between the general tetrad system and
the standard GW frame system.
In our 3DSR system, since Êð0Þ

x ¼ Êð0Þ
y ¼ Êð0Þ

z ¼ 0,
Eq. (22) can be reduced to

Ẽð1Þ
ðxÞ ¼ Ẽð1Þ

x ; Ẽð1Þ
ðyÞ ¼ Ẽð1Þ

y ; Ẽð1Þ
ðzÞ ¼ Ẽð1Þ

z : ð24Þ

1. PPFs in the standard GW frame
system (ϕ= 0; x̂ = x; ŷ = y; ẑ = z)

In this section, we study the PPFs in the standard GW
frame systems.
(1) Distinguishing and probing the pure ⊗-type polari-

zation and the combined state of the ⊕-type and l-type
polarizations of HFGWs.
Putting B̂ð0Þ along the y-direction, the 3DSR system

becomes a coupling system between the transverse static

magnetic field B̂ð0Þ
y and the GB (see Fig. 3). In this case, we

have B̂ð0Þ
x ¼ B̂ð0Þ

z ¼ 0 and B̂ð0Þ
y ≠ 0. From Eqs. (8), (10),

and (22), we can obtain

Ẽð1Þ
ðxÞ ¼

i
2
kgcz

�
h⊕ þ 1

2
hl

�
B̂ð0Þ
y ; ð25Þ

Ẽð1Þ
ðyÞ ¼ −

i
2
kgczh⊗B̂

ð0Þ
y : ð26Þ

According to Eqs. (25), (26), and (15), the PPFs
propagating along the x̂-direction and ŷ-direction are,
respectively,

nð1Þx̂−⊗ ¼ c
2ℏωe

RehT
ð1Þ

01iωe¼ωg
¼ 1

2μ0ℏωe
RehẼð1Þ�

ðyÞ B̃
ð0Þ
ðzÞiωe¼ωg

¼ A⊗B̂
ð0Þ
y ψ0ẑ

4μ0ℏ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ðz=fÞ2

p exp

�
−

r2

W2

�

× sin

�
kgr2

2R
− tan−1

�
z
f

�
þ δ

�

¼ A⊗B̂
ð0Þ
y ψ0ẑ

4μ0ℏ
A sinB; ð27Þ

nð1Þŷ−⊕;l ¼
c

2ℏωe
RehT

ð1Þ
02iωe¼ωg

¼ −1
2μ0ℏωe

RehẼð1Þ�
ðxÞ B̃

ð0Þ
ðzÞiωe¼ωg

¼ ðA⊕ þ ffiffiffi
2

p
=2AlÞB̂ð0Þ

y ψ0ẑ

4μ0ℏ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ðz=fÞ2

p exp

�
−

r2

W2

�

× sin

�
kgr2

2R
− tan−1

�
z
f

�
þ δ

�

¼ ðA⊕ þ
ffiffi
2

p
2
AlÞB̂ð0Þ

y ψ0ẑ

4μ0ℏ
A sinB; ð28Þ

where

A ¼ exp ð− r2

W2Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ðz=fÞ2

p ; ð29Þ

B ¼ kgr2

2R
− tan−1

�
z
f

�
þ δ: ð30Þ

Note that nð1Þx̂−⊗ is the PPF propagating along the x̂-direction
generated by the pure ⊗-type polarization of HFGWs,

while nð1Þŷ−⊕;l is the PPF propagating along the ŷ-direction
produced by the combined state of the ⊕-type and l-type

polarizations of HFGWs (see Fig. 3). The parameters T
ð1Þ

01

and T
ð1Þ

02 are 01 and 02 components of the energy-
momentum tensors of the first-order perturbative EM fields,
respectively. The variable ẑ is the propagating distance of
HFGWs in the static magnetic field of the 3DSR system,
which shows a spatial accumulation effect [20,26] for
HFGWs in the EM response.
(2) Distinguishing and probing the combined state of

the ⊕-type, b-type, and l-type polarizations and the pure
⊗-type polarization of HFGWs.
Putting B̂ð0Þ along the x̂-direction, the 3DSR system

becomes a coupling system between the transverse static

magnetic field B̂ð0Þ
x and the GB (see Fig. 4). In this case, we

have B̂ð0Þ
y ¼ B̂ð0Þ

z ¼ 0 and B̂ð0Þ
x ≠ 0. From Eqs. (8), (10),

and (24), we can get

Ẽð1Þ
ðxÞ ¼ −

i
2
kgcẑh⊗B̂

ð0Þ
x ; ð31Þ

Ẽð1Þ
ðyÞ ¼

i
2
kgcẑðhb − h⊕ þ hlÞB̂ð0Þ

x : ð32Þ

In the same way, the PPFs propagating along the
x̂-direction and ŷ-direction are given, respectively, by
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nð1Þx̂−⊕;b;l ¼
c

2ℏωe
RehT

ð1Þ
01iωe¼ωg

¼ 1

2μ0ℏωe
RehẼð1Þ�

ðyÞ B̃
ð0Þ
ðzÞiωe¼ωg

¼
ðAb − A⊕ þ ffiffiffi

2
p

AlÞB̂ð0Þ
ðxÞψ0ẑ

4μ0ℏ
A sinB; ð33Þ

nð1Þŷ−⊗ ¼ c
2ℏωe

RehT
ð1Þ

02iωe¼ωg

¼ −1
2μ0ℏωe

RehẼð1Þ�
ðxÞ B̃

ð0Þ
ðzÞiωe¼ωg

¼
A⊗B̂

ð0Þ
ðxÞψ0ẑ

4μ0ℏ
A sinB; ð34Þ

where nð1Þx̂−⊕;b;l is the PPF propagating along the x̂-direction
generated by the combined state of the⊕-type, b-type, and

l-type polarizations of HFGWs, and nð1Þŷ−⊗ is the PPF
propagating along the ŷ-direction produced by the pure
⊗-type polarization of HFGWs (see Fig. 4).
(3) Distinguishing and probing the pure x-type polari-

zation and the pure y-type polarization of HFGWs.
Putting B̂ð0Þ along the ẑ-direction, the 3DSR system

becomes a coupling system between the longitude static

magnetic field B̂ð0Þ
z and the GB (see Fig. 5). In this case, we

have B̂ð0Þ
y ¼ B̂ð0Þ

x ¼ 0 and B̂ð0Þ
z ≠ 0. From Eqs. (8), (10),

and (24), we can get

Ẽð1Þ
ðxÞ ¼ −

i
2
kgcẑhyB̂

ð0Þ
z ; ð35Þ

Ẽð1Þ
ðyÞ ¼

i
2
kgcẑhxB̂

ð0Þ
z : ð36Þ

Then, the PPFs propagating along the x̂-direction and
ŷ-direction are given, respectively, by

nð1Þx̂−x ¼
c

2ℏωe
RehT

ð1Þ
01iωe¼ωg

¼ 1

2μ0ℏωe
RehẼð1Þ�

ðyÞ B̃
ð0Þ
ðzÞiωe¼ωg

¼ AxB̂
ð0Þ
z ψ0ẑ

4μ0ℏ
A sinB; ð37Þ

nð1Þŷ−y ¼
c

2ℏωe
RehT

ð1Þ
02iωe¼ωg

¼ −1
2μ0ℏωe

RehẼð1Þ�
ðxÞ B̃

ð0Þ
ðzÞiωe¼ωg

¼ AyB̂
ð0Þ
z ψ0ẑ

4μ0ℏ
A sinB; ð38Þ

where nð1Þx̂−x is the PPF propagating along the x̂-direction
generated by the pure x-type polarization of HFGWs, and

nð1Þŷ−y is the PPF propagating along the ŷ-direction produced
by the pure y-type polarization of HFGWs (see Fig. 5). It is

worth mentioning that nð1Þx̂−x and nð1Þŷ−y are only produced by
the pure additional polarization states (the x-type and
y-type polarizations, i.e., the vector-mode gravitons) of
HFGWs. It is a new characteristic which cannot be found
in the GR framework, and so it could provide an effective
way to directly test the gravitational theories beyond
the GR.

It is interesting to compare the PPF nð1Þx̂−⊗ [see Eq. (27)]
and the BPF resulted from the GB. In fact, the BPF resulted
from the GB is the dominant noise photon flow in the
3DSR system because it is much larger than other noise
photon flows, such as shot noise, thermal noise (operating
temperature lower than 1 K), Johnson noise, quantum

noise, etc [22]. Therefore, once the PPF nð1Þx̂−⊗ can be
distinguished and identified from the BPF resulted from the

GB, the PPF nð1Þx̂−⊗ (and the other PPFs) would also be
distinguished and identified from the other noise photons.
Reviewing Eqs. (15) and (17), we have

Ẽð0Þ
ðyÞ ¼ ψey ¼

2cx
ke

�
i
W2

þ ke
2R

�
ψ : ð39Þ

Thus, the BPF propagating along the x̂-direction can be
given by

nð0Þx̂ ¼ 1

2μ0ℏωe
RehẼð0Þ�

ðyÞ B̃
ð0Þ
ðzÞiωe¼ωg

¼ ψ2
0x

2μ0ℏkeR½1þ ðz=fÞ2� exp
�
−
2r2

W2

�
: ð40Þ

Comparing Eqs. (27) and (40), one can find the following
important properties:
(a) nð1Þx̂−⊗ is an even function of the coordinates x, which

means that nð1Þx̂−⊗ has the same propagating direction in
the regions of x > 0 and x < 0 (see Fig. 7). However,

nð0Þx̂ is an odd function of the coordinates x, so the

propagating directions of nð0Þx̂ are opposite in the
regions of x > 0 and x < 0 (see Fig. 6).

(b) Equations (27) and (40) indicate

nð1Þx̂−⊗ ∝
exp ð− r2

W2Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ðz=fÞ2

p ¼ exp ð− x2þy2

W2 Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ðz=fÞ2

p ; ð41Þ

nð0Þx̂ ∝
exp ð− 2r2

W2Þ
1þ ðz=fÞ2 ¼

exp ð− 2ðx2þy2Þ
W2 Þ

1þ ðz=fÞ2 : ð42Þ
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Therefore, the decay rate of nð1Þx̂−⊗ is observably slower

than that of nð0Þx̂ , although the peak value of nð0Þx̂ is much

larger than that of nð1Þx̂−⊗. However, it is always possible

to find suitable positions where nð1Þx̂−⊗ and nð0Þx̂ are
comparable and distinguishable due to their different
physical behaviors such as peak value positions,
propagating directions, decay rate, wave impedance,
etc. Especially, the signal photon flows generated by
some HFGWs could have large spectral densities (e.g.,
the HFGWs expected by the brane oscillation [6,7], the
evaporation of primordial black holes [2], the inter-
action between astrophysical plasma and intense EM
radiation [8], etc., see Fig. 8 and Table I), which makes

it quite possible to distinguish the PPF nð1Þx̂−⊗ from the

BPF nð0Þx̂ . By the way, for the electromagnetic waves
(photon flows) in the GHz band, the wave impedances
of copper, silver, and gold are 0.060Ω, 0.063Ω, and
0.046Ω, respectively, and the usual superconductor is
about 10−3Ω to them [37]. The wave impedance of the
3DSR system to the PPFs is only 10−4Ω or less [38].
Therefore, the 3DSR system looks like a “good
equivalent superconductor” to the PPFs. Moreover,
the wave impedance to the BPF resulted from the GB
and other noise photons in the 3DSR system is about
300 Ω or larger [38]. Therefore, wave impedance
matching will be an effective way to distinguish the
PPFs and the BPFs in the 3DSR system.

2. PPFs in the nonstandard GW frame systems
(ϕ= π

4 and ϕ= π
2)

Next, we study the PPFs in the nonstandard GW frame
systems. We consider two special cases: ϕ ¼ π

4
and ϕ ¼ π

2
.

(1) ϕ ¼ π
4
: distinguishing and probing the pure ⊕-type

polarization and combined state of the ⊗-type and l-type
polarizations of HFGWs.
When ϕ ¼ π

4
, from Eq. (5), we have

h11 ¼ h⊗ þ hb;

h12 ¼ h21 ¼ −h⊕;

h22 ¼ −h⊗ þ hb;

h13 ¼ h31 ¼
ffiffiffi
2

p

2
ðhx þ hyÞ;

h23 ¼ h32 ¼
ffiffiffi
2

p

2
ð−hx þ hyÞ;

ĥ33 ¼ hl: ð43Þ

Comparing Eqs. (3) and (43), it can be seen that the
positions of the ⊕-type and ⊗-type polarizations are
exchanged to each other.

Putting B̂ð0Þ along the ŷ direction, the EM response to
HFGWs in the 3DSR system could be a coupling system

between the transverse static magnetic field B̂ð0Þ
y and the

GB. In this case, we have B̂ð0Þ
x ¼ B̂ð0Þ

z ¼ 0 and B̂ð0Þ
y ≠ 0.

According to Eqs. (8), (10), and (22), one can obtain

Ẽð1Þ
ðxÞ ¼

i
2
kgcẑ

�
h⊗ þ 1

2
hl

�
B̂ð0Þ
y ; ð44Þ

Ẽð1Þ
ðyÞ ¼ −

i
2
kgcẑh⊕B̂

ð0Þ
y : ð45Þ

Combining with Eqs. (8), (10), (44), and (45), the PPFs
propagating along the x̂-direction and ŷ-direction are given,
respectively, as

nð1Þx̂−⊕ ¼ c
2ℏωe

RehT
ð1Þ

01iωe¼ωg

¼ 1

2μ0ℏωe
RehẼð1Þ�

ðyÞ B̃
ð0Þ
ðzÞiωe¼ωg

¼ −A⊕B̂
ð0Þ
y ψ0ẑ

4μ0ℏ
A sinB; ð46Þ

nð1Þŷ−⊗;l ¼
c

2ℏωe
RehT

ð1Þ
02iωe¼ωg

¼ −1
2μ0ℏωe

RehẼð1Þ�
ðxÞ B̃

ð0Þ
ðzÞiωe¼ωg

¼ −ðA⊗ þ ffiffiffi
2

p
=2AlÞB̂ð0Þ

y ψ0ẑ
4μ0ℏ

A sinB; ð47Þ

where nð1Þx̂−⊕ is the PPF propagating along the x̂-direction
generated by the pure ⊕-type polarization of HFGWs, and

nð1Þŷ−⊗;l is the PPF propagating along the ŷ-direction pro-
duced by the combined state of the ⊗-type and l-type
polarizations of HFGWs.
The EM response to HFGWs in the 3DSR system could

also be a coupling system between the longitude static

magnetic field B̂ð0Þ
z and the GB. Then, we have B̂ð0Þ

x ¼
B̂ð0Þ
y ¼ 0 and B̂ð0Þ

z ≠ 0. From Eqs. (8), (10), and (24), we
can obtain

Ẽð1Þ
ðxÞ ¼ i

ffiffiffi
2

p

4
kgcẑ½hx − hy�B̂ð0Þ

z ; ð48Þ

Ẽð1Þ
ðyÞ ¼ i

ffiffiffi
2

p

4
kgcẑ½hx þ hy�B̂ð0Þ

z : ð49Þ

Clearly, if hx ¼ hy, then they can be reduced to

Ẽð1Þ
ðxÞ ¼ 0; ð50Þ
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Ẽð1Þ
ðyÞ ¼ i

ffiffiffi
2

p

2
kgcẑhxB̂

ð0Þ
z ¼ i

ffiffiffi
2

p

2
kgcẑhyB̂

ð0Þ
z : ð51Þ

In this case, we have

nð1Þx̂−x ¼ nð1Þx̂−y ¼
c

2ℏωe
RehT

ð1Þ
01iωe¼ωg

¼ 1

2μ0ℏωe
RehẼð1Þ�

ðyÞ B̃
ð0Þ
ðzÞiωe¼ωg

¼
ffiffiffi
2

p
AxB̂

ð0Þ
ðzÞψ0ẑ

4μ0ℏ
A sinB

¼
ffiffiffi
2

p
AyB̂

ð0Þ
ðzÞψ0ẑ

4μ0ℏ
A sinB; ð52Þ

nð1Þŷ−x ¼ nð1Þŷ−y ¼ 0: ð53Þ

Equations (52) and (53) mean that there is only the PPF
propagating along the x̂-direction and no PPF propagating
along the ŷ-direction. The PPF propagating along the
x̂-direction is the sum of the contribution from the x-type
and y-type polarizations of HFGWs.
(2) ϕ ¼ π

2
: distinguishing and probing the pure ⊗-type

polarization and combined state of the ⊕-type and l-type
polarizations of HFGWs.
When ϕ ¼ π

2
, from Eq. (5), we have

h11 ¼ −h⊕ þ hb;

h12 ¼ h21 ¼ −h⊗;

h22 ¼ h⊕ þ hb;

h13 ¼ h31 ¼ hy

h23 ¼ h32 ¼ −hx;

h33 ¼ hl: ð54Þ

In this case, the EM response to HFGWs in the 3DSR
system could be a coupling system between the transverse

static magnetic field B̂ð0Þ
y and the GB. Then, we have B̂ð0Þ

x ¼
B̂ð0Þ
z ¼ 0 and B̂ð0Þ

y ≠ 0. In the sameway, from Eqs. (8), (10),
and (22), we can obtain

Ẽð1Þ
ðxÞ ¼ −

i
2
kgcẑ

�
−h⊕ þ 1

2
hl

�
B̂ð0Þ
ðyÞ;

Ẽð1Þ
ðyÞ ¼ −

i
2
kgcẑh⊗B̂

ð0Þ
ðyÞ: ð55Þ

Then, the PPFs propagating along the x̂-direction and
ŷ-direction are given, respectively, by

nð1Þx̂−⊗ ¼ c
2ℏωe

RehT
ð1Þ

01iωe¼ωg

¼ 1

2μ0ℏωe
RehẼð1Þ�

ðyÞ B̃
ð0Þ
ðzÞiωe¼ωg

¼
−A⊗B̂

ð0Þ
ðyÞψ0ẑ

4μ0ℏ
A sinB; ð56Þ

nð1Þŷ−⊕;l ¼
c

2ℏωe
RehT

ð1Þ
02iωe¼ωg

¼ −1
2μ0ℏωe

RehẼð1Þ�
ðxÞ B̃

ð0Þ
ðzÞiωe¼ωg

¼
ð−A⊕ þ ffiffiffi

2
p

=2AlÞB̂ð0Þ
ðyÞψ0ẑ

4μ0ℏ
A sinB; ð57Þ

where nð1Þx̂−⊗ is the PPF propagating along the x̂-direction
generated by the pure ⊗-type polarization of HFGWs, and

nð1Þŷ−⊕;l is the PPF propagating along the ŷ-direction pro-
duced by the combined state of the ⊕-type and l-type
polarizations of HFGWs.
Note that although both Eqs. (28) and (57) represent the

transverse PPFs propagating along the ŷ-direction generated
by the combined state of the⊕-type and l-type polarizations
of HFGWs, they correspond to different combination forms:
the former is a “constructive” combination (i.e., the ⊕-type
and l-type polarizations have the same symbols), and the
latter is a “destructive” combination (i.e., the ⊕-type and
l-type polarizations have opposite symbols). Therefore,
according to Eqs. (28) and (57), it can be found that

nð1Þŷ−l ¼ ðnð1Þy−⊗;lÞϕ¼π
2

þ ðnð1Þy−⊗;lÞϕ¼0

¼
ffiffiffi
2

p
AlB̂

ð0Þ
ðyÞψ0ẑ

4μ0ℏ
A sinB: ð58Þ

So, nð1Þŷ−l is just the value of the PPF propagating along the ŷ-
direction generated by the pure l-type polarization of
HFGWs.
The EM response to HFGWs in the 3DSR system could

also be a coupling system between the longitude static

magnetic field B̂ð0Þ
z and the GB. Then, we have B̂ð0Þ

x ¼
B̂ð0Þ
y ¼ 0 and B̂ð0Þ

z ≠ 0. From Eqs. (8), (10), and (22), we
can obtain

Ẽð1Þ
ðxÞ ¼

i
2
kgcẑhxB̂

ð0Þ
ðzÞ ; ð59Þ

Ẽð1Þ
ðyÞ ¼

i
2
kgcẑhyB̂

ð0Þ
ðzÞ : ð60Þ

Then, the PPFs propagating along the x̂-direction and
ŷ-direction are given, respectively, by
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nð1Þx̂−y ¼
c

2ℏωe
RehT

ð1Þ
01iωe¼ωg

¼ 1

2μ0ℏωe
RehẼð1Þ�

ðyÞ B̃
ð0Þ
ðzÞiωe¼ωg

¼
AyB̂

ð0Þ
ðzÞψ0ẑ

4μ0ℏ
A sinB; ð61Þ

nð1Þŷ−x ¼
c

2ℏωe
RehT

ð1Þ
02iωe¼ωg

¼ −1
2μ0ℏωe

RehẼð1Þ�
ðxÞ B̃

ð0Þ
ðzÞiωe¼ωg

¼
−AxB̂

ð0Þ
ðzÞψ0ẑ

4μ0ℏ
A sinB; ð62Þ

where nð1Þx̂−y is the PPF propagating along the x̂-direction
generated by the pure y-type polarization of HFGWs, and

nð1Þŷ−x is the PPF propagating along the ŷ-direction produced

by the pure x-type polarization of HFGWs. It is interesting
to compare Eqs. (61) and (62) with Eqs. (37) and (38).
Obviously, the roles of the x-type and y-type polarizations
for ϕ ¼ 0 and ϕ ¼ π

2
exchange with each other. The

propagating directions of the PPFs in the x̂-direction for
ϕ ¼ 0 and ϕ ¼ π

2
are identical, while the propagating

directions in the ŷ-direction are opposite.
For the stochastic and incoherent HFGWs (e.g., the

primordial HFGWs), their distributions are almost uniform
and isotropic. Thus, the intensities of the PPFs generated by
these HFGWs are almost independent on the rotation of the
3DSR system. However, due to the randomness of the
features of the HFGWs mentioned above (including their
energy flows and phases, etc.), probing the stochastic and
incoherent HFGWs will be more difficult than probing the

FIG. 6. The transverse background noise photon flow nð0Þx̂ caused by the GB with P ¼ 10Wand ν ¼ 10 GHz [see Eq. (40)] is an odd

function of the coordinate x, so the propagating directions of nð0Þx̂ are opposite in the regions of x > 0 and x < 0.
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coherent HFGWs with the same amplitudes. The intensities
of the PPFs generated by the former will be 1 to 2 orders of
magnitude smaller than those generated by the latter. But it
is not impossible to probe the stochastic and incoherent
HFGWs [42,44,45].
Now, we have calculated the PPFs of various situations,

including the PPFs generated by the pure ⊗-type polariza-
tion of HFGWs [see Eqs. (27), (34), and (56)], the PPF
generated by the pure⊕-type polarization [see Eq. (46)], the
PPF generated by the pure x-type polarization [see Eq. (37)],
the PPF generated by the pure y-type polarization [see
Eq. (38)], and the PPF generated by the pure l-type
polarization [see Eq. (58)], respectively. Based on the results
above, one can find that the pure b-type polarization of
HFGWs is completely determined by Eq. (33). In principle,

all the polarizations (i.e., the⊕-type,⊗-type, x-type, y-type,
l-type, and b-type polarizations) of HFGWs can be distin-
guished and probed by the corresponding PPFs. Therefore,
the six polarization states of HFGWs have separability and
detectability in the 3DSR system.

IV. NUMERICAL ESTIMATION: THE
CONDITIONS FOR DISPLAYING THE
PPFs IN THE BPF FLUCTUATION

In Refs. [20,25], we have discussed the conditions for
displaying the PPFs in the BPF fluctuation, but the
numerical estimation of the transverse PPFs at the different
receiving surfaces were not presented. In this section, we
shall give the conditions for displaying the PPFs of several

FIG. 7. The transverse signal photon flow nð1Þx̂−⊗ caused by the pure ⊗-type polarization of the HFGW expected by the braneworld

models [6,7]. It is shown that nð1Þx̂−⊗ [see Eq. (27)] is an even function of the coordinate x, so nð1Þx̂−⊗ has the same propagating direction in
the regions of x > 0 and x < 0.
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typical HFGWs and the corresponding best receiving
surface positions. It is found that if we consider the
opposite propagating directions (e.g., see Figs. 6 and 7)
between the PPFs and the BPFs at some receiving surfaces,
then the conditions for displaying the PPFs can be further
relaxed.
In our 3DSR system, the PPFs are always accompanied

by the BPF caused by the GB and other noise photons. In
order to probe the PPFs, it must satisfy the following
condition for displaying the PPFs in the BPF fluctuation:

Nð1Þ
x̂ Δt ≥

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Nð0Þ

x̂ Δt
q

; ð63Þ

or

Δt ≥
Nð0Þ

x̂

ðNð1Þ
x̂ Þ2

¼ Δtmin; ð64Þ

where Δtmin is the requisite minimal accumulation time of
the signals. Here,

Nð1Þ
x̂ ¼

Z
ΔS

nð1Þx̂ dydz ð65Þ

and

Nð0Þ
x̂ ¼

Z
ΔS

nð0Þx̂ dydz ð66Þ

represent the total transverse signal photon flow and the
total transverse noise photon flow passing through the
receiving surface ΔS, respectively. It should be pointed out
that although these noise photon flows include the BPF
caused by the GB and other various noise photon flows
(such as shot noise, Johnson noise, quantization noise,
thermal noise, preamplifier noise, diffraction noise, etc.),
the latter ones are much less than the BPF caused by the GB
if the operating temperature T ≤ 1 K [22]. Thus, we can
mainly focus on the BPF fluctuation caused by the GB. In
other words, once the PPFs can be displayed in the BPF
fluctuation caused by the GB, the influence of all other
noise photon flow fluctuation would be negligible.

FIG. 8. The total transverse signal photon flows Nð1Þ
x̂ at the revering surface ΔS ∼ 3 × 10−2 m2 generated by several typical HFGWs

and the total transverse background noise photon flow Nð0Þ
x̂ caused by the GB. The figure shows that when the receiving surface

ΔS ∼ 3 × 10−2 m2 is within the range of ∼36 cm to 46 cm (about 6 to 8 times the spot radius of the GB) from the symmetry plane
(yz-plane) of the GB, the requisite minimal accumulation time of the signals for the PPFs generated by the HFGWs from the brane
oscillation, the primordial black holes, and the astrophysical plasma oscillation can be limited to 106 s or less. Note that the receiving
surface at x ∼ 60 cm is significant (about 10 times the spot radius of the GB) because, for this distance, the PPFs generated by the
HFGWs from the brane oscillation, the primordial black holes, and the astrophysical plasma oscillation, etc., are the same order of
magnitude as the BPF, which is satisfactory for detecting these HFGWs. For the PPFs produced by the primordial HFGWs in the pre-big
bang and the quintessential inflation, displaying them is still facing great challenges. However, since the PPFs and the BPF propagate
along the opposite directions (e.g., see the regions of x < 0 in Figs. 6 and 7), the displaying conditions for them would be relaxed greatly.
Here, the ratio of the central brightness of the GB in the 3DSR system to its spot radius is a typical parameter of the ordinary GB [35].
Therefore, there is no strict requirement for the geometric purity of the GB.
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From Figs. 6 and 7, one can find that the propagating
directions between nð1Þx̂−⊗ and nð0Þx̂ are opposite in the regions
of x < 0. At this point, highly oriented receivers, such as
fractal films [32–34], can be employed to discern variations
in the propagation direction. This means that the receiver
can be oriented towards a specific direction to receive the
signal photon flow, thus facilitating the reception of the
signal photon flow. Consequently, it becomes feasible to
reduce the intensity of the noise photon flow passing
through the receiving surface ΔS, while maintaining the
intensity of the signal photon flow. Therefore, the accu-
mulation time of the displayed signal [see Eq. (64)] can be
reduced, leading to an enhancement in sensitivity.
Therefore, considering the different strength distributions,

the decay rates, and the wave impedances between nð1Þx̂−⊗

and nð0Þx̂ , it is quite possible to distinguish and probe the
signal photon flows produced by the HFGWs expected by
the braneworld models [6,7], the primordial black holes [2],
and the interaction between the astrophysical plasma and
the intense EM radiation [8] due to their larger amplitudes
(or higher spectral densities) and the spectral character-
istics. At present, distinguishing and detecting the signal
photon flows generated by the primordial (relic) HFGWs,
such as pre-big bang [40,41], quintessential inflation [43],
etc., are still facing great challenges, but they are not
impossible (see Fig. 8).
Certainly, even if the 3DSR system attains the afore-

mentioned ideal state, then the presence of reflection noise
resulting from the reflection of photon flow remains a
major challenge. To suppress these noises, several highly
beneficial and innovative ideas and suggestions have been
proposed, for example, placing effective absorbing micro-
wave “blackbody materials” on the cavity wall, increasing
the transverse distance between the reflecting surface and
the Gaussian beam, applying highly directional selective
fractal films (an equivalent microwave lens), adopting a
high-quality GB, using deep learning and neural network
methods for signal analysis, etc., [22,31–34,45–47].
Table I lists the conditions for displaying the total

transverse signal photon flow Nð1Þ
x̂ at the receiving surface

ΔSð∼3 × 10−2 m2Þ for various situations in our 3DSR

system. Nð0Þ
x̂ is the allowable upper limit of the total noise

photon flow at the receiving surface ΔS, and Δtmin (see
Figs. 6 and 7) is the requisite minimal accumulation time of
the signals [see Eq. (64)].
In our 3DSR system, B̂ð0Þ ¼ 10 T (the background static

magnetic field), the power of the GB is ∼10 W, and the
operating temperature is less than 1 K. Therefore, the

maximum of Nð0Þ
x̂ at the receiving surface ΔSð∼3 ×

10−2 m2Þ is about ∼1018 s−1. Thus, even if the peak values
of the noise photon flow and the PPFs appear at the same
receiving surface (see Table I), then Δtmin can be limited to
∼106 s or less for the HFGWs expected by the braneworld
models [6,7], the astrophysical plasmaoscillation [8], and the TA
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primordial black hole theories [2]. However, for most cases
in our 3DSR system, the peak positions of the two kinds of
photon flows do not appear at the same receiving surface.
Moreover, if we consider the very different physical behav-
iors (such as the strength distribution, the propagating
direction, the decay rate, and the wave impedance) between

nð0Þx̂ and nð1Þx̂ in some special local regions, the displaying
conditions for these HFGWs can be further relaxed.

V. CONCLUDING REMARKS

In this paper, we study the EM resonance response to the
HFGWs having additional polarization states in the labo-
ratory frame system and show that the PPFs generated by
the tensor and nontensor polarization states of HFGWs
have separability and detectability. Our conclusions can
boil down to the following points:
(1) In general, the intensities and propagating directions

of the signal photon flows in the EM resonance
response depend on the relative position of the
3DSR system and the standard GW frame system.
When the propagating direction of HFGWs and the
direction of the symmetrical axis of the 3DSR
system are the same, the transverse signal photon
flows have a maximum value. In this case, the
difference between the EM perturbations in the
standard GW frame system and the ones in the labo-
ratory frame system will be the first-order EM
perturbations ∼h [see Eqs. (22) and (23)].

(2) Under the above EM resonance response, the coor-
dinate rotation (the rotation of the azimuth ϕ) only
causes the conversion between the ⊗-type and
⊕-type polarizations (the tensor polarizations) and
the conversion between the x-type and y-type polar-
izations (the vector polarizations). Therefore, there is
no conversion between the tensor polarizations and
the nontensor polarizations. Also, there is no con-
version between the vector polarizations and the
scalar polarizations.

(3) In the standard GW frame system (i.e., θ ¼ ϕ ¼ 0),
the pure ⊗-type polarization, the pure x-type polari-
zation, and the pure y-type polarization can be

displayed by the PPFs nð1Þx̂−⊗, n
ð1Þ
x̂−x, and nð1Þx̂−y, re-

spectively. The combination state of the ⊕-type and
l-type polarizations, and the combination state of the
⊗-type, b-type, and l-type polarizations, can be

displayed by the PPFs nð1Þŷ−⊕;l and nð1Þx̂−⊗;b;l, respec-
tively. Moreover, the coupling between the longi-

tudinal static magnetic field B̂ð0Þ
z and the GB can

display the pure additional polarizations (the x-type
and y-type polarizations). Therefore, this is a useful
way to test the gravity theory beyond GR.

(4) In the laboratory frame system (θ ¼ 0, ϕ ¼ π=4, and
π=2), the pure ⊕-type polarization, the pure x-type

polarization, and the pure y-type polarization can be

displayed by the PPFs nð1Þx̂−⊕, n
ð1Þ
x̂−x, and nð1Þx̂−y, re-

spectively. The combination state of the ⊕-type and
l-type polarizations, and the combination state of the
⊗-type and l-type polarizations, can be displayed by

the PPFs nð1Þŷ−⊕;l and nð1Þŷ−⊗;l, respectively. According
to the above analysis, the pure l-type polarization

can be displayed by the PPF nð1Þŷ−l.
If we consider the different physical behaviors

between the transverse PPFs and the BPFs in some
special local regions, such as the intensity distribu-
tion, the decay rate, the wave impedance, and
especially, the opposite propagating direction (see
Figs. 6 and 7), then the displaying conditions for the
PPFs would be greatly relaxed. Our numerical
estimations show that at about 6 to 8 times the spot
radius of the GB (∼36 to 46 cm) from the symmetry
plane (yz-plane), the PPFs have the best displaying
conditions, where the minimal accumulation time of
the signals would be reduced to 106 s or less for
some high-energy HFGWs. Moreover, all six polari-
zation states of HFGWs would have separability and
detectability.

(5) The numerical estimations show that the PPFs
generated by the HFGWs from the braneworld
models, the primordial black holes, and the high
energy astrophysical plasma, etc., have the best
detectability due to the very high frequency, the
large amplitudes (or the high spectral densities), and
the coherent property. The detection of the primor-
dial HFGWs expected by some inflationary models
faces great challenges due to the small amplitudes
(or the low spectral densities), but it is not
impossible.

Finally, it should be pointed out that there are still some
important and interesting issues which are worthy of future
study. (1) Since the positions of some possible coherent
HFGW sources are uncertain, it will lead to the uncertainty
of the intensities of the PPFs in the 3DSR system.
Therefore, it is an important project to seek the general
relationship between the orientations of the HFGW sources
and the intensities of the PPFs, including the 24-h periodic
change of the intensities of the PPFs due to the rotation of
the Earth. In this case, a possible solution is to use three or
more 3DSR systems in different locations to carry out
relevant coincidence experiments. (2) In fact, what is
shown in Figs. 6–8 is only the intensities of the signal
photon flow and the background noise photon flow.
Clearly, if the characteristics of the spectrum of HFGWs
can be included in the figures, then the effects will be
further improved (e.g., the discrete spectrum of the HFGWs
from the braneworld models, the continuous spectrum of
the HFGWs from the primordial black holes, etc.). (3) The
law of conservation of angular momentum for the EM
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resonance response to HFGWs in the GR framework
system strongly implies the existence of the massless
spin-2 gravitons. These issues will be discussed and studied
in detail elsewhere.
About 50 years ago (1973), C. W. Misner, Kip. S.

Thorne and J. A. Wheeler once pointed out that “But
whether they do or not, gravitational wave astronomy
has begun and seems to have a bright future” [48]. Today,
the LIGO Scientific Collaboration and the Virgo
Collaboration have successfully fulfilled this desire. If
people hope to observe more information on cosmology
and high-energy astrophysics, and find a way to realize the
quantization of gravity from an observational perspective,
it is necessary for us to focus on the effect of HFGWs (i.e.,
high-energy gravitons). When there is significant break-
through in the observation of HFGWs in the future, it is
not only expected to be an important window for unifying
quantum theory and classical gravity theory, but will also

lead us to a more fundamental physical background than
spacetime.
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