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Abstract Gravitational waves (GWs) from extra dimen-
sions, very early universe, and some high-energy astrophys-
ical processes might have at most six polarization states:
tensor- and nontensor-mode gravitons. The peak regions or
partial peak regions (of the amplitudes or energy densities)
of some of such GWs are just distributed in the GHz or
higher frequency band, which would be an optimal frequency
band for the electromagnetic (EM) response to such high-
frequency GWs (HFGW5s). In this paper we investigate the
EM response to the HFGWs, and for the first time we obtain
the concrete form of analytic solutions of the perturbative
EM fields caused by all six possible polarizations of the
HFGWs in the background stable EM fields and in the pro-
posed three dimensional synchro-resonance system (3DSR
system), respectively. It is found that all such six polariza-
tions may in principle show separability and detectability.
Moreover, the detection frequency band (~ 108 to 10'> Hz
or higher) of the signal photon fluxes by the 3DSR system
and the observation frequency range (~ 7 x 107 to 3 x 10°
Hz) of the signals by the FAST (Five-hundred-meter Aper-
ture Spherical Telescope, China) have a certain overlapping
property, and thus their coincidence experiments in the future
for observations will have high complementarity.

1 Introduction

Recently, the LIGO Scientific Collaboration and the Virgo
Collaboration reported multiple gravitational wave (GW)
evidence (GW150914,GW151226, GW170104, GW 170608,
GW170814,GW170817) [1-8] and a candidate (LVT151012)
[8]. These GW events and candidate are mainly produced by
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binary black hole mergers (frequencies around 30-450 Hz,
dimensionless amplitudes in the region of the Earth around
h~ 102 toh ~ 10_22), and one event of them is the
detection evidence of GWs produced by a binary neutron star
merger [6]. Obviously, these are the most important achieve-
ments since the observation of an indirect effect of gravi-
tational radiation from PSR1913+16 for GW projects. The
binary neutron star merger was accompanied by gamma-ray
radiation almost at the same time, which is an electromag-
netic (EM) counterpart of the GWs. In fact, the EM counter-
parts and the EM signals caused by the effect of EM response
to GWs, may exist widely in the universe, and thus they will
provide a new and effective tool for observation and detection
of the GWs. Obviously, the above-mentioned results provide
direct evidence for the detection of the GWs expected by the
GR. Moreover, these achievements have also following high
scientific significance:

1. The amplitude magnitude of & ~ 1072! to h ~ 10722
for such GWs shows the rationality of the weak field linear
approximation and the perturbation theory of gravity. Thus it
further increases the possibility and hope of searching gravi-
tons of spin-2 in the quantization process of gravity.

2. The information (including the related energy-
momentum) carried by the GWs from the wave sources of the
binary compact objects also provides strong evidence of the
positive definite property of the energy—momentum tensor
for the GW fields themselves.

3. Observation of the GWs emitted by binary neutron star
merger and the related EM counterpart (gamma-ray radia-
tion) gives a strict limit to the propagating velocity of the
GWs in the intermediate frequency band (~ 1-1000 Hz).
Also, it provides an effective constraint for the geometry of
extra dimensions [9, 10].
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On the other hand, the results obtained by LIGO and Virgo
should not mean the end of seeking the GWs. On the contrary,
they are just the beginning of the GW astronomy. This is
because of the following reasons:

1. With improvement of the sensitivities of LIGO, Virgo,
GEO, KAGRA, AIGO etc., the searchable sky area and
detectable space scale will be further expanded. Therefore, it
is very well possible that more GW evidence will be detected
and found during the next decade.

2. The GWs recently detected by the LIGO and Virgo
Collaborations are located in an interesting but special inter-
mediate frequency range (v ~ 30 to ~ 450 Hz), and their
durations of the signals in the detectors were very short. Thus,
observation and detection of the continuous GWs, other kinds
of GWs and the GWs in other frequency bands will be urgent
affairs.

3. Except for the GWs predicted by General Relativity
(GR), series of modified gravity theories and the gravity theo-
ries beyond GR also expectthe GWs[9,11-21]. Animportant
difference from the GR is that the GWs in some of such grav-
ity theories might have additional polarization states, which
can be at most six polarization states in our 3+1 dimensional
spacetime, while the GWs in the GR have only two polar-
ization states (@-type and ®-type). Thus, further theoretical
study and experimental observation of the GWs will provide
important criterion for the polarization states, the propagating
speed [3], the waveforms, and other possible novel properties
of the GWs.

For the intermediate frequency GWs (v ~ 1 to v ~ 103
Hz), Nishizawa et al. investigated effective methods and
schemes to detect and separate the different polarization
states of such GWs. In fact, such schemes are based on the
extended method of correlation analysis for the nontensorial
polarizations [22,23], and they proposed the scheme to use a
network of ground-based laser interferometers (with the pul-
sar timing array). Such a network with more than three detec-
tors can separate the mixture of polarization modes in detec-
tor outputs, and they have almost the same sensitivity to the
tensor, vector and scalar polarization mode of the stochastic
GW background. This scheme is only suitable for the inter-
mediate frequency in 1-1000 Hz, i.e., it is not suitable for the
HFGWs in the microwave frequency band. In comparison,
our scheme is to distinguish and display different polariza-
tion states of the HFGWSs in GHz or higher bands by the EM
response. Thus, they have good mutual complementarity in
terms of frequency band, method and wave source. For the
detection of low-frequency GWs (v ~ 1 to ~ 10~/ Hz), a
related scheme is based on the configuration of space-based
GW detectors [24]. Obviously, the above schemes are based
on the tidal action caused by these polarization states of the
GWs, and they would be promising for displaying and sepa-
rating all polarizations. Moreover, Visinalli et al. studied the
scheme probing extra dimensions by intermediate frequency
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GW signals and related EM counterparts from the mergers of
binary neutron stars [10]. Such a scheme and direct detection
of the additional polarizations of the HFGWs from the extra
dimensions, will be complementary in terms of frequency
band and principle.

On the other hand, almost all mainstream inflationary the-
ories and universe models predicted the primordial (relic)
GWs, with spectrum distributed in a very wide frequency
region, which may be from extreme-low-frequency range (
~ 10716 to ~ 10~'7 Hz) to high-frequency band ( ~ 10% to
~ 10'0 Hz or higher) [25-32]. Especially, the peak region
or partial peak region of the energy densities of the relic
HFGWs predicted by the pre-big-bang models [27,28], the
quintessential inflationary models [29-31], and the short-
term anisotropic inflation model [32], are just distributed
in the typical microwave band ( v ~ 10% to ~ 10'°
Hz), in which corresponding amplitudes might reach up to
h ~ 1072 to h ~ 10730, Moreover, the frequency of the
HFGWs (KK-gravitons) expected by the braneworld scenar-
ios [9,21] from extra dimensions and the HFGW s predicated
by the interaction between astrophysical plasma and intense
electromagnetic waves (EMWs) [33] has been extended to
~ 10 to ~ 10'2 Hz or higher (related amplitudes of these
HFGWs would be expected to be & ~ 1072 to ~ 10727
[9,21,33]), and some work predicted HFGWs in the very
high-frequency band even over 10'° Hz from coherent oscil-
lation of electron—positron pairs and fields [34] or from mag-
netars [35]. Another important possible source of HFGWs is
produced during the preheating in the early universe and it
would have a frequency over GHz [36,37]. Mergers [38] and
evaporation [39] of primordial black holes are also possible
HFGW sources, and their frequency band can be ~ 10° to
10'3 Hz, in which the related amplitudes might be & ~ 10731
toh ~ 10736, respectively. In fact, according to the GR,
and even modified gravity theories and the gravity theories
beyond the GR, any energy-momentum tensor in the high-
frequency oscillating states with deviation from the spher-
ical symmetry or cylindrical symmetry would be possible
and potential HFGW sources. Thus such mechanisms and
process would be very common in high-energy astrophysics
and cosmology, and these HFGWs would contain abundant
astrophysical and cosmological information.

Among the above possible HFGW sources, in this article
we will particularly put attention on those sources (e.g. see
Refs. [9,21]) which would contribute additional polarizations
(vector-mode, scalar-mode) of the HFGWs.

However, the frequencies of these HFGWs are far beyond
the detection or observation range of intermediate-frequency
GWs (~ 1to ~ 103 Hz, by ground-based GW detectors),
the low-frequency GWs (~ 1 to ~ 10~ Hz, by space GW
detectors) and the extreme-low-frequency GWs (~ 10710 to
~ 10717 Hz, by B-mode polarization in the CMB). There-
fore, detection and observation of the HFGWs (including
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separation of the additional polarization states) need a new
principle and scheme. So far, the separation and distinguish-
ing of the additional polarization states of the HFGWs in the
microwave frequency band by the EM response almost have
not been reported in the past.

In this paper, based on the electrodynamics and the quan-
tum electronics in curved spacetime, we investigate a novel
way to distinguish and display all possible six polarization
states of the HFGWs. We will address the concrete forms of
analytic solutions for the perturbative EM fields caused by all
six possible polarizations of the HFGWs in the background
stable EM fields, and study the perturbative EM signals of
the HFGWs with additional polarizations in the proposed
3DSR system [40-44] (in laboratory scale) and in galactic—
extragalactic background EM fields. The 3DSR plan is per-
formed in China by cooperations of universities and insti-
tutes from several countries. The 3DSR detector would be
able to observe and distinguish the EM signals (presented
in this work) caused by all possible six polarizations of the
HFGWs, based on very different physical behaviors between
the signal photons and the noise background, especially by
their very different strength distributions, propagating direc-
tions, spectrum, decaying rates and wave impedances (see
Sect. 5).

Our attention will focus mainly on the EM response to
the HFGWs from extra dimensions, from the very early
stage of the universe and from some high-energy astro-
physical process, especially the HFGWs (KK-gravitons)
from the braneworld [9,21], the relic HFGWs from the
short-term anisotropic inflation [32], from the pre-big-bang
[27,28], from the quintessential inflation [29-31], and the
HFGW:s from the astrophysical plasma oscillation [33]. This
is because they involve the following important scientific
issues and problems: the extra dimensions of space and
the brane universes, the very early universe and inflation-
ary epoch, the start point of time or the information from
the pre-big-bang, the essence and candidates of dark energy,
and the interaction mechanism of the astrophysical plasma
with intense EM radiations. So far, the high frequency band
GWs have not yet been detected by such EM responses (or
by any other method). However, we think it is interesting to
carry out the theoretical research on relevant effects before
the experiments, and it would also provide some theoretical
predictions and reference for the construction of detectors
and potential observations in the future.

The plan of this paper is as follows. In Sect. 2, we shall
show the general form of the HFGWs having six polariza-
tion states. In Sect. 3, we address the analytic solutions for
the perturbative EM fields caused by six polarization states
of HFGWs in the background stable EM fields. In Sect. 4,
we study the EM signals caused by the six polarizations of
HFGWs in the 3DSR system (in laboratory scale), and their
separation and displaying effects. In Sect. 5, numerical esti-

mations of the perturbative photon fluxes in the 3DSR system
and in the galactic—extragalactic magnetic fields are given.
Our conclusion is summarized in Sect. 6.

2 High-frequency gravitational wave (HFGWs) having
additional polarization states

1. In general, the “monochromatic components” of the GWs
having six polarization states and propagating along the z-
direction can be written as

0 0 0 0
_|04s+ 4 Ag Ax | itkgz—awgn)
=10 Ay At A, A, ¢ D
0 Ay A, V2A;

where @, ®, X, y, b and [ represent ®-type, ®-type polar-
izations (tensor-mode gravitons), x-type, y-type polariza-
tions (vector-mode gravitons), b-type and [-type polariza-
tions (scalar-mode gravitons), respectively. For the coherent
and non-stochastic GWs, such as the GWs from extra dimen-
sions (e.g. K-K GWs from braneworld [9,21]), the Ag, Ag,
Ay, Ay, Ap and A; are constant values of amplitudes of the
GWs in the laboratory frame of reference. For the relic GWs,
Ag, Ag, Ay, Ay, Ap and A; are stochastic values of the
amplitudes of the relic GWs in the laboratory frame of ref-
erence, which contain the cosmology scale factor; kg and w,
are wave number and angular frequency of the GWs, respec-
tively. Equation (1) can be conveniently represented in the
following matrix form [22]:

100 010
e??: 0-101, e;@/.’z 100
' 000 ‘ 000
001 000
e;=1000], eiy]: 001
100 010
100 000
e=1010], ¢;=v2(000]. 2
000 001

2. Phase modification issues in the EM response to the
HFGWs.

We have previously showed that (Sect. III of Ref. [45]),
although the gravitons may have extremely small but non-
vanishing masses, the phase modification caused by the dif-
ference between the phase velocity v, of the HFGWs (gravi-
tons) and the phase velocity ¢ of the EMW (photon fluxes) can
often be neglected even for a large propagation range. This
means that even if the propagating distance of the HFGWs
into the background stable EM fields reaches up to typical
astrophysical size (e.g. Az ~ 102! m), such a modification

@ Springer



879 Page 4 of 24

Eur. Phys. J. C (2020) 80:879

will not impact the generation and accumulation effect of the
perturbative EM waves.

3. The metric components of the HFGWs having six polar-
ization states.

It is well known that, for weak GWs, the metric can often
be expressed as a small perturbation to the background space-
time 1, i.e.,

8uv = NMuv + Ay 3

From Egs. (1) and (2), it is easy to give the covariant com-
ponents of the metric tensor for the HFGWs, and we have

det|guv| =1+ h11 + hop + h33
+Oh?) ~ 1+ 2hy +hy. )

In the above expressions, we neglected the second-order
infinite small quantity 42 of the perturbation ; iz

Obviously, the HFGWs expressed by Egs. (1) and (2) do
not satisfy the transverse and traceless gauge condition (TT-
gauge condition). Different polarization states in Eq. (1) cor-
respond to different kinds of gravitons, where the @-type and
®-type polarization states represent gravitons of spin-2; the
x-type and y-type polarization states indicate gravitons of
spin-1, and the b-type and /-type polarization states denote
gravitons of spin-0, respectively.

In fact, the EM perturbation effects produced by the
HFGWs and their detections had been discussed. These EM
detection systems include constructed and proposed ones
like the two coupled spherical cavities [46], high-frequency
phonon trapping acoustic cavities [47], closed cylindrical
superconducting cavity [48] and coupling system between
the planar superconducting open cavity and static magnetic
field [49]. However, in this previous research, the HFGWs
interacting with such EM systems are almost restricted to
GWs in the GR framework, i.e., they satisfy the TT-gauge
condition. So far, it is not clear what a concrete form (of
the EM response to the HFGWSs having additional polar-
ization states) should be; it is also not clear whether such
different polarization states of the HFGWs can be separated
and displayed, and how to separate and display them. We
shall show these issues in the expanded EM systems (see
Sect. 4), which consist not only of static magnetic fields,
but also of static electric fields. Moreover, they also include
the coupling system between the Gaussian-type microwave
photon flux (Gaussian beam) and the static high EM fields.
Then the EM perturbative effects produced by the different
polarization states of the HFGWs will have different physi-
cal behaviors. Therefore, these different polarization states,
in principle, can be separated and displayed.

@ Springer
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Fig. 1 The background stable electric field E© hagan arbitrary direc-
tion. Here the HFGW propagates along the z-direction

0,

Fig. 2 The background stable magnetic field B© has also an arbitrary
direction. This magnetic field and the background electric field in Fig. 1
are in the same region as the region that the HFGW passes through, and
the HFGW propagates along the z-direction

3 The perturbative effects of the HFGWs having six
polarization states to the background stable EM fields

1. The perturbative solutions in the stable EM fields.

In the EM response, the electric and magnetic fields may
be present at the same time, and they can point in arbitrary
directions (see Figs. 1 and 2).

In Egs. (5), (10) and Figs. 1, 2, the “A” stands the stable
EM fields, and superscript “0” denotes the background EM
fields. From Figs. 1 and 2, the background stable EM fields
can be written in the following component forms:

1;")(60) = EOgin 01 cos @1, EA;O) = EDgin 01 sin ¢,
EZ(O) = EO ¢cos 01, I%O) = BOgin 6> cos ¢,
I§\(,O) = BOgin 6> sin ¢y, BZ(O) = BO cos 0>, (@)
According to Eq. (5), the covariant and the contra-variant
components of the background EM field tensor are given
(we gse MKS units) byOFé(l)) = —g"l(g) = —%E)(CO), F?()g) =
(U L 70 ) _ (U 1 50 ) _
o P S
— RO _ — _RO _ _
TF21 - BZ ’F13 - _F31 - _By ’F23 - _F32 -
BY, and

FHV(O) _ n,uanvﬂFoig)- (6)

Interaction of the HFGWs, Eq. (1), with such background
EM fields, Eqgs. (5) and (6), will generate the EM perturba-
tion, and the perturbative effects can be calculated by the
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electrodynamics equations in curved spacetime:

1

N0 LR g Y + E = ot ()
Vqua+vvFau+vaFuv=O: (8)
where, Vo Fuy = Fuva — Iy Fov — Iyg Fuos )

Fl‘j‘v is the Christoffel connection of the second kind, and
J* indicates the four-dimensional electric current density.

For the EM perturbation in the free space (vacuum), it
has neither a real four-dimensional electric current nor other
equivalent electric current, so J* = 0 in Eq. (7). Moreover,
for the EM perturbatlon generated by the weak HFGWs, we
have F),, = F,w + F,w , where F,w is the background EM
field tensor, Eqs (5) and (6), and F, l(w is the first-order per-
turbation to F.5 ,w ; the “~” represents time-dependent per-
turbative EM fields. Here we neglected the second-order and
higher-order infinite small perturbations. In this case, we have

Fu=F9 +FY) +o0m. (10)

Introducing Egs. (1), (2), (5) and (6) into Egs. (7), (8), we
obtain the following inhomogeneous hyperbolic equations:
PE" 1 9?EY

a2 2 o2

1
= i2{ (e - zh,) ED + ho B +h L]

OED =

+ck2ha B — (ho + Eh,)é;.‘”
+ 1y B, (11)

228" 1 928"
02 2 a2

1\ - . 5
= k§/6{<h@ - Ehl)E,(CO) +hoEQ + thz“”}

OB =

+k§{h®1§;°> — (he
1 .
2B +1,B0), (12)

DE(I)_azéi“ 1 92EY
Yo a2 2 92

~ 1 ~ .
- kf,{th;O) - (h@ + Ehz)Eﬁ,O) + hyEf”}

— ck2{ iy = he + ) B

+he B +h B}, (13)
2p() 2
0RO = 92B, 1 32B}

9022 2 o2
o A <h@+ Sh)EC + 1, E0)
+k§{(hb — he +h))BO

+heB® +h B}, (14)

Oy ng Oy 3 1\
A, i = SRR 4 SR RO -y — hy) B,
s o v T g1 \tb T ) Be

= (1)
DES  ony £O hy aq 9 1\ o
- el ——(h —7h>ES),

R T Rt el (e 1

0 )
B! 9B

S S (15)
ot 90z

where “[]” indicates the d’ Alembertian.
From Egs. (11) to (15), after lengthy calculations, we
obtain the general solutions of these equations as follows:

i 1\ . A A
ED = ~Zkyz| (e - Eh,)ES” +he B+ EO )

g 2
i ) 1\« .
- Ekgcz{h@)B)(co) ~ (he + Eh;)B§°> +hy B}
+ C1 expli(kgz + wgt)], (16)
~ i koz 1 A . .
B = —5%{(% - Ehl)Eff” +he B+ EO)
i A 1o\ & .
_Ekgz{h®3;°) — (h@ T 5}11)3;0) + h_sz(,O)]
+ Ca expli (kg z + wg )], (17)

(1 i (0 1 () 7 (0
ED = —Ekgz{th)(c )~ (ho + Eh,)E; )+ 1y £

i ~ A A
+5kecz| (hy = g + B + he B + 1y B |
+ C3 expli (kgz + wg1)], (18)

= i kgz - 1 . .
BY = 5%{h,{E§O) — (ho + ihl)E;O) +hy BP0

i . . )
- 5kgz{(hb — hey+ h)B? + hg B + hXBZ(())}

+ Cyexpli (kgz + wgt)], (19)

. . . 1 ;
and, B = h B0 + 1y B + (31— o) EL, (20)
BY =o. 2D

Equations (16) to (21) show that:

(1) If the background stable EM fields have all spatial
components (i.e., the x-, y- and z-components, here the
HFGW propagates along the z-direction), then not only the
EM response to the ®-type, ®-type polarization states in the
GR framework can be produced, but also the EM response
to the additional polarization states (the x-, y-, b- and [-type
polarization states) beyond the GR can be generated.

(2) The transverse polarization components (E )(Cl), Eﬁl),
Eﬁl), B;El)) of the perturbative EM fields show the space-
accumulation effect (i.e., their strengths are proportional to
the propagating distance z of the HFGW in the background
EM fields). This is because the HFGW (gravitons) and the
perturbative EM waves (photons) have the same or almost the
same propagating velocity (see Sect. 2). Thus, they can gener-
ate an optimal space-accumulation effect in the propagating
direction, i.e., they and the results [50,51] from the Feynman
perturbative techniques and the Einstein—-Maxwell equations
are self-consistent. However, Egs. (16) to (20) include new
perturbative photon fluxes generated by the EM response to
HFGWs in the longitudinal stable background EM fields E Z(O)
and I§Z(O) [see Egs. (16) to (19)] and the longitudinal pertur-
bative EM fields, Eq. (20). Moreover, even considering the

@ Springer
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correction to the propagating velocity for the HFGWs [45],
such a correction to the space-accumulation effect can still be
neglected even on a typical astronomical scale. Therefore, the
final phase difference caused by the phase velocity v, does
not cause any essential impact to the space-accumulation
effect.

(3) Equations (16) to (19) also show that the perturba-
tive EM fields propagating along the opposite direction of
the HFGW [i.e., the perturbative EM fields containing the
propagating factor (kgz + wgt)] do not have such a space-
accumulation effect. Obviously, this is a self-consistent result
to the EM perturbation, because there is no accumulation
effect of energy for such EM fields in the opposite propagat-
ing direction of the HFGW.

(4) Unlike usual planar EM waves without longitudinal
polarizations in free space, here the perturbative EM fields
have the longitudinal polarizations, Eq. (20), and the lon-
gitudinal component is only from the EM response of the
background electric fields, 12")(50), E §0) and Eéo) and not of
the background magnetic fields BS’), é;o) and éz(o). More-
over, since there is a phase difference of 7 /2 between the
transverse perturbative EM fields [E )(Cl), Ig’}(,l), Eﬁl) and B,El),
Egs. (16) to (19)] and the longitudinal perturbative electric
field Egl), Eq. (20), then the average values with respect
to time of the transverse Poynting vector (i.e., the Poynting
vector in the x- and y-directions) are equal to zero [see Eq.
(43)]. Clearly, such results ensure total momentum conser-
vation in the interaction of the HFGW with the background
EM fields. However, such a longitudinal perturbative electric
field £ Z( D will play an important role in displaying and dis-
tinguishing the additional polarization states (the x-, y-, b-
and /-polarizations) of the HFGWs in the 3DSR system (see
below Sect. 4 and Appendix A).

2. The perturbative photon fluxes in the EM response.

Interaction of the HFGWs with the EM fields will gener-
ate perturbative EM power fluxes (signal EM power fluxes).
In order to conveniently represent the above EM signal in the
background noise photon flux fluctuation (see Appendix B),
we will express them in quantum language, i.e., the pertur-
bative photon fluxes (the PPFs, or signal photon fluxes). It is
interesting to study the following cases:

(1) The EM response to the HFGWs in transverse back-

ground stable magnetic field é}o).
In this case, E}({O) = E;O) = E§°) = E)EO) = é;o) = 0in
Egs. (16) to (20), i.e., only é)(,o) has non-vanishing value.
Then from Egs. (16) to (19), we obtain the following results
immediately:

EO

i 1 A~
zkgCZ <h@ + E/’ll) B)(}O)

i V2 o\ 4 .
= 3 (A@ + 7A1> B;O)kgcz expli(kgz — wgt)],
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i
2
i

V2 A
= (Aea + TAI B}(,O)kgz expli(kgz — wet)], (22)

2
and
~ i A i A .
E;l) = Ekgczh®B§0) = §A®B§O)kgcz expli(kgz — wgt)],

BY = ~ Lk B
= iA BOk ' 2
= 5 Ao B kgzexpli(kez — wg0)]. (23)

Here, as well as in all discussions below, the perturbative
EM fields propagating along the negative z-direction (i.e.,
the opposite propagating direction of the HFGWs) will be
neglected, because they are very weak (they do not have the
space-accumulation effect) or they are absent [50,51]. There-
fore, we can make the constants C, Cy, C3 and C4 equal to
zero in Egs. (16) to (19).

The perturbative EM fields in Eqgs. (22), (23) are simi-
lar to that in Refs. [50,51]. However, there is an important
difference, i.e., the perturbative EM fields, Eq. (22), contain
not only the contribution from the &-type polarization state
of the HFGWs, but also the contribution from the longitu-
dinal polarization (the [-type polarization) of the HFGWs.
In other words, the contribution of the @-type polarization
state is always accompanied by the /-type polarization states.
Moreover, they have the same symbol in the amplitudes of
the perturbative EM fields, Eq. (22), i.e., this is a construc-
tive coherence effect between the @-type polarization and
the [-type polarization states. Thus, the interaction of the
HFGWs having additional polarization states with the back-
ground transverse magnetic fields éﬁo) will consume more
energy [see Eq. (24)] than the HFGWs in the GR, i.e., the
former will cause faster radiation damping than that of the
latter for the HFGW sources in local regions.

Unlike such effect, the perturbative EM fields, Eq. (23),
produced by the ®-type polarization state of the HFGWs,
does not contain the contribution from the /-type or other
additional polarization states.

From Egs. (22), (23), the perturbative photon fluxes gen-
erated by the interaction of the HFGWs with the background
magnetic field I§)(,O) can be given by (also see Fig. 3)

2 _ ~(Dx (1)
nz® = mRE(EX By )
2
1 V2 .
- K| | Ao+ —A; ) BO| | 24
Speofian K& C[< ot z) y (24)
1 kZZZC(A é(o))Z
2@ _ Re(EW*py — Z¢= 08T 7 sy
@7 2u0h Y L 8o ’
ohwe HoNwe
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Fig. 3 When HFGW, Eq. (1), propagate in a transverse stable mag-
netic field B;O), the PPF n% Eq. (24), is generated by E~i-l) and lN?)(,l),
containing contributions from both @-type and /-type polarizations, and
the PPF nfg Eq. (25), is produced by E )(,l) and E&l) containing only
contribution from ®-type polarization

where * denotes the complex conjugate; the angular brackets
represent the average over time, and the superscript “2” rep-
resents a second-order perturbation to the EM fields because
they are proportional to the square of the HFGW amplitudes:
Ag, A;and Ag. Here, w, = wy; there are two cases: (i) if the
PPFis caused by the HFGWs interacting with the background
stable galactic magnetic fields (see later part of this section),
according to the electrodynamic equations in curved space-
time, the PPF has the same frequency to the HFGW which
causes such PPF; (ii) in the 3DSR system (e.g. see Sect. 4),
we need to adjust the frequencies of background EM waves
(Gaussian beam) to match the HFGW frequencies, to meet
the condition for the optimal EM response to HFGWs (i.e. the
condition for resonance), and thus itis required that w, = wyg.

(2) The EM response to the HFGW in transverse back-
ground stable magnetic field 13’)(60).

Then £ = EV = £ = B = B = 0in Egs.
(16) to (19), i.e., only I%O) is not equal to zero. In the same
way, from Egs. (16) to (19), the corresponding perturbative
photon fluxes are (see Fig. 4a)

~(D)* 5 (1 2.2
0 _ RUEDBD) ke s (26)
d — - Dy )

2ohwe 8uohw,
n(z) _ Re(Egvl)*B)El))
@ 2uohw,

k2z%c .72
- 8:0hw [(A,, — Ag + ﬁA,)B@] . 27)
e

Equation (26) is very similar to Eq. (25), namely, the con-
tribution of the ®-type polarization state is always indepen-
dent of the additional polarization states. Meanwhile, Eqs.
(24), (27) show that the contribution of the @-type polariza-
tion state is always accompanied by the /-type, or the b-type
and /-type polarization states.

Notice that although Ig’)(,o) and I%EO) are all the transverse
stable magnetic fields, their EM response to the HFGW have
certain differences. The term ngb), Eq. (24), is a constructive
coherence effect between the @-type and the /-type polar-

ization states (they have the same symbols), while ngg, Eq.
(27), is a destructive coherence effect between the @-type
and the b-type, [-type polarization states (the éb-type and the
b-type, [-type polarization states have the opposite symbols).
This is because the impacts of the b-type polarization to the
@-type polarization in the xx- and the yy-components of the
HFGW metric A, are different [see Eq. (1)]. The former
is “constructive superposition” (where the b-type and the
@-type polarizations have the same symbols), and the lat-
ter is “destructive superposition” (where the b-type and the
@-type polarizations have the opposite symbols). Moreover,
the /-type polarization only appears in the zz-component of
the metric 4. In this case, the EM response of é,(co) (the
yz-component F>3 of the EM field tensor) and éﬁo) (the xz-
component F13 of the EM field tensor) are non-symmetric.
This is the physical origin of such a difference.

(3) The EM response to the HFGWs in the transverse
background stable electric field £\ or £ ;0).

In such cases (see Fig. 4b, c¢), the results are similar to the
above cases, €.g.,

0 Re(EM*BP) K240 — LAVELP

= , (28
a0 2 uohwe 8ochw, (28)
(D (1 2.2
@ _ Re(E\*BYY)  kgz 4 B %
N,o = N = (Ax x )°. (29)
nohw, 8uochiow,

(4) The EM response to the HFGWs in the longitudinal
stable EM fields B!” and E.

In fact, whether according to the electrodynamic equations
in curved spacetime [40,50], or the Feynman perturbation
techniques to analyze the conversion of GWs into EM waves
(and vice versa) [51], the GWs (including the HFGWs) in the
GR framework (having only @- and ®-polarizations) do not
generate any perturbation to the longitudinal static EM fields
[40,50,51]. In contrast, the HFGWs having the additional
polarization states will generate EM perturbations to such
EM fields. Thus, their physical behaviors are quite different.

Putting £ = E” = B = B’ = 0 in Egs. (16)
to (19), only Ig’z(o) and E éo) have non-vanishing values. Then
Egs. (16) to (19) are reduced to

I i p0) _ L A0
EWD = —Ekgzthz( ) — Ekgczhsz( )

i . A )
= —Skgz(Ax ED 4+ cAyBY) expli(kez — wet)],
(30)
1 i ~Oo) L 50
BV = —Ekgzthé ) EkgzhyBZ( )

i 1 . R
= — k2 <;AXEZ(O) + AyBZ(O)) expli (kgz — wgt)],
€29)
i . i .
E® = —EkgzhyEgo) + EkgczthZfO)
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A/ E,

n® A
y Em o y

Fig. 4 Similar to Fig. 3, here: a n% Eq. (26), caused only by ®-
polarization HFGWS'n(z) Eq. (27), caused by@®-, b- and [-polarization
HFGWs. b n(z) Eq. (28) caused by @- and the /-polarization HFGWs;

i . . .
- _Ekgz(AyEg(’) — cA B expli(kgz — wyt)],
(32)

s _ L £0) 1 A (0)
B _ZkgzhyEz _EnghXBz

i 1. R
= kg2 (EAyEZ(O) - AXBZ(O)) expli(kgz — wgt)].
(33)

From Eqgs. (30) to (33), the corresponding PPFs can be given
by (see Fig. 4c)

2) _ Re(ENVJ(Cl)*é‘(l)) k§Z2C

(IA EO + 4, B(O)) .

"t = 2uohiwe  Buohw,
(34)
= (D)% (1
0 _ Re(BY'BY) kg (1 4 50)
n% = SAED —ABY )
@ zltoha)e 8ﬂ0hwe ’
(35)

It is interesting to note that such PPFs are only produced
by the pure additional polarization states (the x- and y-
polarizations, i.e., the vector mode gravitons). In other words,
they are independent of the tensor-mode gravitons (- and
®-polarizations) and the scalar-mode gravitons (the b-type
and the [-type polarizations).

If we consider only the EM response of the longitudinal
stable magnetic field égo), ie., Eéo) = 0 in Egs. (34) and
(35), then the equations are reduced to

> k2 2
g% £ (0)2
= AyB, 36
@ 8/L0ﬁa)( " (36)
k2z2¢ N
@ _ " (0)y2
=———(A\B . 37
"2 S,uofia)e( xB:7) 7

In this case, the x-type and the y-type polarizations of
the HFGWs can be more clearly displayed and have obvious
physical effects. In fact, according to contemporary astro-
nomic observation [52], it is certain that there are very
widespread background galactic—extragalactic stable mag-
netic fields with strengths ~ 10~ 7 to 10727 within 1 Mpc

@ Springer
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l N
N v

2

(2 Eq. (29), caused only by x-polarization HFGWs. ¢ n and ng

Egs. (34) and (35), caused by x- and y-polarization HFGW@

in galaxies and galaxy clusters (see Fig. 5). These magnetic
fields might provide a large space-accumulation effect dur-
ing the propagating of the HFGWs from possible sources to
the Earth. This means that either the EM response to HFGW's
in the transverse background EM fields [see Egs. (24), (295),
(26), (27), (28), (29)] or in the longitudinal background EM
fields [see Egs. (34) to (37)], it is all possible to detect or
observe such an effect provided these background EM fields
are distributed in a very wide region. Since the wide distribu-
tion of the background galactic—extragalactic magnetic fields
has been observed [52], the EM response to the HFGWs in
such background magnetic fields would have more realistic
significance than that in the background electric fields, and
the EM response in the background longitudinal magnetic
fields, Egs. (36) and (37), might provide observational evi-
dence produced by the pure additional polarization states (the
x- and the y-polarizations of the HFGW).

Here, we can present a brief estimation of the perturba-
tive photon fluxes (PPFs) in the EM response of galactic—
extragalactic background stable EM fields to the HFGWs.
In the above discussion, we assume that the GWs are planar
waves. For the observers and detection systems in the far-field
region from the GW sources, such an assumption is obviously
reasonable. However, if we study a large space-accumulation
effect in the EM response to the HFGWs, which concerns
a large distance from their sources to the Earth, then such
HFGWs should be considered as the spherical GWs for GW
sources in the local regions, i.e., these HFGW sources would
be in approximately a point-like distribution. This means that
the amplitudes of the HFGW s emitted by such sources would
be inversely proportional to the propagating distance z (i.e.,
along the z-axis in our coordinate system; see Ref. [45]).
Then the amplitudes Ag, Ag, Ax, Ay, Ap and A; of the
HFGWs in Eqgs. (24), (25), (26), (27), (28), (29), and (34)
to (37) should be replaced by Agz4/z, Agzd/2, Axzd/2,
Ayzq/z, Apza/z and Ajzq/z, respectively, where z4 is the
distance between the GW source to the Earth, and the Ag,
Ag, Ax, Ay, Ap and A; are the amplitudes around the Earth.
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Then approximately the PPFs generated by the EM response
in the background stable magnetic fields can be reduced to
the following forms, respectively:

K2z2c N 2
2 8%d 0)
= A —A)B , 38
D1 8M0ﬁ6f)g ( D + ) l) y ( )
k2z%c N A
18’ = g (A B + (AsB)) (39)
8uohw ’
2 k2
nGhs = gy — As + V2ADBOT. @0)
n® — k2 2 B (0)y2
AyB; 41
n = g (A B, (41)
k2Z2
2 _ dc A,B (0) 2 42
e T R i (42)

The Ag, Ag, Ax, Ay, Ap and A; are amplitudes in the
far-field region (e.g., the Earth). As mentioned above, this is
because the large space-accumulation effect would compen-
sate for the decay of the spherical HFGWs and their weakness
of the far-field amplitudes.

Fortunately, related observation shows that the distribu-
tion region of the stable background magnetic field (see
Fig.5) in our galaxy is at nearly a few thousand light-year dis-
tance (~ 10'%m [52,53]), and such a magnetic field basically
keeps fixed direction and intensity, ~ 1072 to 10~ 9Tesla:
thus this background magnetic field would provide an effec-
tive space-accumulation effect to the PPFs produced by the
HFGWs.

According to a related estimation for the distance of pos-
sible HFGW sources of the braneworld scenarios [see, e.g.,
Ref. [21]] in our galaxy, they may be ~ 10'8m to ~ 10m
away from the Earth. In this case, if the amplitudes of the
HFGWs (v ~ 10° to 10'* Hz) can reach up to the pre-
dicted values once they arrive at Earth, i.e., A ~ 10-2% (lower
bound) to & ~ 10~2! (upper bound). Then the related signal
photon flux densities could reach up to the value in Table 1.

Table 1 shows estimations of the signal photon flux den-
sities generated by the EM response of the background sta-
ble magnetic fields to the HFGWs. Here B® ~ 1071 T to
~ 107197 ; the propagating distance Az ~ 10"m of the
HFGWs from the source to the Earth; the amplitudes of the
HFGWs at the Earth are & ~ 1072 t0 1072 [21].

Obviously, the PPFs (the EM signals) in Table 1 are
larger than the minimal detectable EM power ~ 10722
to ~ 1072*Wm~2 under current technological condition
[e.g., the Five-hundred-meter Aperture Spherical Telescope
(FAST) [54,55], which has been constructed in 2017 in
Guizhou province of China. However, the above EM signals
and the space background EM noise often accompany each
other. Thus distinguishing of the EM signals from the back-
ground EM noise at the Earth will be a major challenge. For-

.3
back d galact arth, HE,
_______ ackground galactic_ _ _ ___ —_ - - [ O L S
magnetic fields =" }?\ -GW-%"@
7 i
e i A \\
! \
A i %, Ny
o Ree
|
W i N "
\ @
\ K /f(%
\
y /
A IX
= 5
& § § -8 _ iGe Tz g %
/ / I \ \ \

Fig. 5 The spatial scale of distribution for the background magnetic
fields in the Milky Way reaches up to ~ thousand light-years long [52,
53,56], and the magnetic fields have a stable strength and direction in
the scale. Thus any HFGWs passing through the background magnetic
field would generate a significant space-accumulation effect in the Earth
region. This figure is made based on some materials of Refs. [56]

tunately, the PPFs (the EM signals) produced by the HFGWs
from the braneworld also contain important characteristics of
the HFGWs, such as the discrete spectrum property, special
waveform, strength distribution and very-high frequency fea-
tures. Thus, in principle, it is always possible to distinguish
and display the PPFs (the EM signals) from the background
EM noise.

It should be pointed out again that, if the propagating direc-
tion of the GWs (including the HFGWs) and the pointing
direction of the background EM fields are parallel to each
other (i.e., only the longitudinal stable EM fields E §°>, éz(.o)
exist here), then GWs in the GR framework do not generate
any perturbative effect to the EM fields [50,51]. In com-
parison, the GWs having additional polarization states will
generate perturbative EM fields to the background EM fields
in any case, even if the pointing direction of the background
EM fields and the propagating direction of the HFGWs are
parallel to each other [see Eqgs. (34), (35), (41), (42)], which
are just the perturbation effects produced by the pure addi-
tional polarization states (x- and y-polarizations, i.e., vector
mode gravitons) of the HFGWs.

In this case, the displaying condition of the HFGWs can be
greatly relaxed. In other words, this is an important symbol
to display and distinguish the HFGWs in the GR framework
and the HFGWs beyond the GR.

It should be pointed out that the coupling between the
longitudinal perturbative electric fields £ Z(l), Eq. (20), and the
transverse perturbative magnetic fields, Egs. (17) and (19),
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Table 1 The EM response to the KK-HFGWs from the braneworld
[21] in the galactic—extragalactic magnetic fields, where N® is the
perturbative photon flux densities (m~2s~!), P is corresponding EM

signal power flux densities (Wm™2) at the Earth. Here, “A” represents
possible GW amplitude around the Earth [could be one of Ag), Ag, Ay,
Ay, Ap, A; in Egs. (38) to (42)]

Vg ~ 102 Hz

Background magnetic field B© Vg ~ 10° Hz

BO = 10-107

A~1072% N® =6 x 10*(m~2s~ ) (P = 107 "Wm2)
A~ 1072 N® =6 x 108(m=2s~1)(P = 107 5Wm2)
A~10"2 N® =6x102m 25~ (P =10""Wm2)
BO = 10T

A~107% N® =6 x 10*(m~2s~ ) (P = 1072'Wm2)
A~10"2 N® =6x10°m 25~ (P =10""Wm2)
A~10"2 N® =6x1009m=2s~ (P =10"PWm2)

N® =6x 10"(m 25~ 1) (P =107 BWm2)
N® =6 x 10 (m 2~ (P = 107°Wm™?)
N® =6x10°m2s~ 1) (P = 10°Wm2)

N® =6x105(m2s~ )P =10"5Wm2)
N® =6x10°m 25~ ")(P =10 "Wm2)
N® =6x103m2s~ 1) (P =1077Wm2)

do not generate any transverse PPFs, i.e.,

=(1)x (1
2@ Re(EV* B{V)

=0,
Y 2ohw,
(D p(1)
@ _ RelEe By) 3)
* 2uohaw,

This is because Ez(l), Eq. (20), and E)El), E;l), Egs. (17), (19),
have a phase difference of /2. Therefore, the average values
of the transverse perturbative EM power fluxes, Eq. (43), are
vanishing. In fact, such results ensure the total momentum
conservation in the interaction of the HFGWs (gravitons)
with the background EM fields. However, the longitudinal
perturbative electric field E~§1) will play an important role
in the 3DSR system (see Sect. 4). We will show that the
transverse PPFs generated by the coupling between the E ;l)
and the transverse magnetic fields of the Gaussian beam (GB)
might display the effect of the pure additional polarization
states (the x-type, y-type, [-type and b-type polarizations) of
the HFGWs.

Nevertheless, if we only consider the interaction of the
HFGWs with the galactic—extragalactic background mag-
netic fields, and only use some large-scaled facilities (e.g.
the FAST) to observe the PPFs produced by such interac-
tion, we cannot separate all possible six polarization states of
the HFGWs, due to the FAST being fixed on the Earth (and
we cannot rotate it as a whole in large ranges of the polar
and azimuth angles just like rotating the 3DSR), so we only
record the averaged effect from such PPFs, which contain
information of the combined HFGW polarizations (includ-
ing possible extra-polarizations). Therefore, we need to con-
sider the coincident experiments of the galactic—extragalactic
cases (e.g. the FAST observation) and the 3DSR. The FAST
would provide a supporting method to identify the potential
HFGW signals, and the 3DSR is possible to obtain the bet-
ter way and ability to separate all possible six polarizations,
e.g., it would observe and separate the PPFs caused by the

@ Springer

pure ®-, x- and y-polarizations, and the contributions of the
pure @-, b- and [-polarizations can also be straightforwardly
calculated based on the observed signals (see Sect. 4).

4 EM response to the HFGWs having additional
polarization states in the 3D-EM synchro-resonance
system (3DSR system)

The proposed 3DSR system consists of the background
Gaussian-type photon flux [Gaussian beam (GB)] and the
background static EM fields, E© and BO (see Figs. 1 and 2).
The 3DSR was discussed in Refs. [40,41], so we shall not
repeat it in detail here and we only present a brief descrip-
tion. The 3DSR is proposed as a HFGW detection system
based on the effect of EM response to GWs. The interaction
of HFGWs with the background static EM fields in the 3DSR
will generate the second order signal perturbative EM waves
(inverse Gertsenshtein effect), and such signal EM waves
will be amplified by the effect of resonance with the Gaus-
sian beam in the 3DSR, and thus lead to the first order signal
perturbative EM waves. We use the cutting edge methods of
single photon detections to measure these first order EM sig-
nals, in order to find if the HFGWs come into the detection
system. In this article, the 3DSR system is different from
that in previous studies, and we update it into a new system
for probing the HFGWs having additional polarizations to
display related novel effects, i.e.:

(1) Unlike previous EM detection schemes, here the 3DSR
system contains not only the static magnetic field, but also
the static electric field, and their directions can be adjusted.
In this special coupling between the static EM fields and the
Gaussian-type photon flux, the perturbative EM signals gen-
erated by the different polarization states (the tensor-, the
vector- and the scalar-mode gravitons in the high-frequency
band), in principle, can be effectively distinguished and dis-
played.
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(2) The EM signals generated by the interaction of the
HFGWs with the background static EM fields will have the
same frequencies with the HFGWs. Thus once the GB is
adjusted to the resonance frequency band for the HFGWs,
then the first-order perturbative EM power fluxes [the per-
turbative photon fluxes (PPFs), i.e., the signal photon fluxes]
also have such frequency band. This means that the 3DSR
can be a detection system of a broad frequency band.

In order to make the system having a good sensitivity to
distinguish the PPFs generated by the different polarization
states of the HFGWs, we select a new group of wave beam
solutions for the GB in the framework of the quantum elec-
tronics (also see Appendix A):

Yo

E)go):‘ﬁexz‘/f:—z.
L+ @/f)
_2 . 1z
exp (W) exp [l[(keZ — w,t) — tan 1?
phrt 1)
2R ’
EO =y, =0,
EQ = . = 2xFi (X, ke, W) = 2rcos¢ F1 (X, ke, W), (44)
~ i 0 sin 2
BO =y = — L Wee _ SN2 p ik w),
W, 0y We
- i (0. Ve
BO = ypy = —— (Fer e
y Voy we \ 9z dx

1
= —[Fa(X, ke, W) — i 2F1(X, ke, W)
,

+ cos® ¢ F3(x, ke, W))],
_ Zsme [lﬂ + L} v
w0 Dy we | R WA+ G/H|
(45)

BO ZLGWex

Z

where E")(CO), E §0)’ E §°>, B)(CO), f?;o) and Béo) are the electric
and magnetic components in a Cartesian coordinate system
for the GB, respectively, and only the x-component E ,(CO) of
the electric field has a standard form of circular mode of the
fundamental frequency GB [57]. The concrete expressions
of functions F1, F,, F3 and F4 can be found in Appendix A.

In fact, there are different solutions of the wave beam for
the Helmholtz equation, and they can be the Gaussian-type
wave beams or the quasi-Gaussian-type wave beams. One of
the reasons of selecting such wave beam solutions, Egs. (44)
and (45), is that we will have an optimal coupling between
the Gaussian-type photon flux and the background static EM
fields, and this will make the PPFs (the signal photon fluxes)
and the background noise photon fluxes show very different
physical behaviors in the special local region. These physical
behaviors include the propagating direction, strength distri-
bution, decay rate, wave impedance, etc. (see the text below
and Appendix B). Thus, such results will greatly improve the

distinguishability between the signal photon fluxes and the
background noise photons. Also, they will greatly increase
the separability among the tensor-mode, the vector-mode and
the scalar-mode gravitons. This is the physical origin of the
very low standard quantum limit of the 3DSR system (i.e.,
the high sensitivity of the 3DSR system; see, e.g., Ref. [58]).

By using Egs. (44) and (45), the average values of the
transverse background photon flux (the Gaussian-type pho-
ton flux) with respect to time in cylindrical polar coordinates
can be given by

n((bo) = —nOsing + n§0) cos ¢

0) (0)

¢ ¢ (TOZ) cos ¢

— 701 6
hw, () sing + hwe

= S ReWictny) sing

+

2ol Re (g pz) cos ¢

3ot ReWEn) cosg

0) 2}’2 .
= f oxp (=77 )sin2, (46)

0 0
where T°! and 792 are 01- and 02-components of the energy-
momentum tensor for the background EM wave (the GB),
and [57]

0 0
1y lx=0 = n’[y=0 = 0, @7)

i.e., the transverse background photon flux at the longitudinal
symmetry surface (the yz-plane and the xz-plane) of the GB
is equal to zero (see Fig. 7). In fact, this is the necessary
condition for the stability of GB.

From Egs. (44), (45) and (16) to (20), and under the reso-
nance condition (w. = wy), the transverse perturbative pho-
ton fluxes (PPFs) in cylindrical polar coordinates can be given
by

C
25w,
(1 e M
AT =, Sin @ + T (T%) =, COS P

n((;) = -—nWsing + n§,” cos¢p = —

1 .
- Re(EW*BO) " _ " sin
2pohae By B ooy SNG

Re(EV*BO)Y " cos
2Moﬁwe ( z X )we_wg ¢

- Re(EMW*BO) " cos
2M0ﬁ(,()e ( X Z )Cl)e Ll)g ¢

Re(ED*BOy ’ s
2p0hwe e(E; "By ) w,=w, COS P (48)
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(1 1
where (TOl)wezwg and (Toz)wezwg are average values with

respect to time of 01- and 02-components of the energy-
momentum tensor for the first-order perturbative EM fields.

In the following, we shall study the EM response to the
HFGWs with the additional polarization states in some typ-
ical cases.

1. EM response to the HFGWs in the coupling system
between the transverse background static magnetic field B(O)
and the GB.

Then £0 = £@ = £© — 3O = O — 0 ana
only 1%0) # 0. In fact, this is a coupling system between
the transverse static magnetic fields E‘;O) and the GB. In this
case, from Egs. (22), (23), (44), (45) and (48), the concrete
forms of the transverse PPFs can be obtained:

ker? 1z .
let I:E — tan <7> + 8] =2,
r2
exp (—?V—z) kg o
1+ (/)22 (z + f2/2)

eXp (_vrv_22>

let————-— = A, (49)
WS+ (z/1)]2

let

and in the same way

1 L
an ()% 7(0) .
n¢ ® = mRe(Ey >kBZ )ﬂ)e:ﬂlg Sln¢
A (0)
Ag By Azr (A ,
= 8’}7]%Zr{—sin(@—',—,%‘cos W}sin2¢>, (50)
Hohiw, 2
) = AAJ;AfRe<E<”*B“”> cos ¢
-, — ZMOhwe X 7 we=wg <
Ao+ L2 ANBOyorzr (o
z(e; 21)y%z<—sinﬁ
mohw, 4
B
+7c0s@) sin2¢, (29

where Az is the spatial scale of the transverse static magnetic

field ﬁ(o) in the 3DSR system. Equation (50) shows that the

transverse PPF n; ) s produced by the pure ®-type polar-

ization of HFGWs (this means turning back to the case with
only tensorial mode and only background magnetic fields,
i.e., the case studied by previous work [40,42]), while Eq.
(51) represents the transverse PPF n 451169, ; generated by the
combination state of the @-type and the /-type polarizations
of the HFGWs.

2. EM response to the HFGWs in the coupling system
between the transverse background static magnetic field B ,EO)
and the GB.

Then E )(CO) = Eﬁo) = E;O) = é;o) = EZ(O) = 0 and only
IA?;O) # 0. In this case, from Egs. (45) and (48), we have

(1) -1 m (1) 3(0)
n Re E B; =
$-@.bl = wohwe ( Yo

w, SINP
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mohw, 4 2

(53)

Equation (52) shows that the PPF n! ¢ @bl is produced
by the combination state of the @-type, b-type and [-type
polarizations of the HFGWs, while Eq. (53) represents the
fact that the PPF néll 18 generated by the pure ®-type polar-
ization of the HFGWs (this also boils down to the case with
only tensorial mode and magnetic fields, which was studied
in previous work [40,42]).

3. The EM response to the HFGWs in the coupling system
between the longitudinal background static magnetic field
B and the GB.

Then £€ = £© — £© — 3O — 3O _ ¢ ana
only B(O) # 0. In this case, under the resonance condition
(we = wy), from Egs. (44), (45) and (48), the concrete forms
of the transverse PPFs can be given by

-1 L =
@ (D p(0) i
Ryp—x = wohwe Re(Ey" B, ") w,=w, Sin ¢
R (0)
AyB: YoAzr [
:xz—W{ sin@+%cos@}sin2¢,
mohw, 2
(54
1 ~ ~
OO I (D p0)
Ry—y = wohw, Re(E; "B, Joe=w, COS ¢
5 (0) P
A,B A o d
_ yz—w{ sin 2 + - cos 2 sin 2
pohew, 4 2

(55)

Eqgs. (54) and (55) show that the transverse PPFs n(l) and

((;) , are generated by the pure x-type and the pure y-type

polarizations of the HFGWs, respectively.

4. The EM response to the HFGWs in the coupling system
between the transverse background static electric field 1;")(50)
and the GB.

Then Ey ;O =FE; ;O B(O) By 3O B(o) = 0 and only
E'” £ 0. In this case from Egs. (20), (45) and (48), in the
same way, under the resonance condition (w, = wy), the
transverse PPFs can be given by

-1
nth E (D= p(0)
¢ @, l - ZMOﬁwe Re(E *B )we:wé’ COS¢
_ (e = PAVE yodzr (o
- mohw, 4
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B
+7 cos 3”) sin 2¢, 56)
(1 -1 - (e 50) .
n¢7x - mRe(Ey BZ >wg=a)g Sln¢
- e 50
mRe(E; )*B)(c )>we=wg cos ¢
£ (D p(0) .
Zﬂohwe Re(EZ >I<By >a)g=wg Slll¢
7 (0)
B M{_Sing'lﬂ%’cos@} sin” ¢
pohwe 2
(57a)
[A E(o)Re(— expli(kgz — wgt)]*
,u() Cl)g
> } sin ¢ cos® ¢ (57b)
AED
Re(— expli (koz — wot)]*
/Loﬁwe { pli (kg .
(F4 - 2l F1)> ] sm¢> (57C)
We=wyg
i Ay E(O)
*
- poliw, { 2 Re(_ expli (ng a)gt)]
.F3> ] sin ¢ cos® ¢; (57d)
weng

Egs. (56) and (57) show that the transverse PPFs n((;l @, are
generated by the combination state of the @&-type and the I-
type polarizations, and ngl . 18 produced by the pure x-type
polarization state.

5. The EM response to the HFGWs in the coupling system
between the transverse background static electric field E §0)
and the GB.

Then Ey ;O =E; ;O B(O) By 3O B(O) = 0 and only
E® 0. In this case from Egs. (20), (45) and (48), in the
same way, under the resonance condition (w, = wy), the
transverse PPFs can be given by

ngb>® = replace B{") of Eq. (53) by £,
(58)
o) —1 B, .
¢ el = zuoﬁa)e Re(Ey *Bz )wg:wg 51n¢
(Ao + LANEOyoAzr (o7 | )
- — sin
nohwe )
+2 cos P) sin” ¢,
(59)
1 ~ ~
(1) = (D p(0)
gy = mRe(EZ *B} Yoo, COS @
b g ReE B0, sing
e

1 ~ 0 1 .
= T {AYE; )Re<w—e expli(kgz — wot)]*

-F2> sin ¢ cos® ¢ (60a)

we:wg}
1 (AED

nohw, { 2

(Fy =20 )

1
Re<— expli(kgz — a)gt)]

} sing (60b)

We=wg
i { AED
2

1
— Re(— i (koz — wot)]*
iofion e<w2 expli(kgz — wyt)]

. F3) (60c)

} sin ¢ cos? b;
(I)(»:a)g

Eq. (58) shows that the transverse PPF n;)ll(@ is generated
by the pure ®-type polarization state; Eq. (59) shows that
the transverse PPF né}l ., is generated by the combination
state of the @-type and the [-type polarizations, and Eq. (60)
shows that n((;ly is produced by the pure y-type polarization
state.

6. The EM response to the HFGWs in the coupling system
between the longitudinal background static electric field E §°>
and the GB.

Then £ )(CO) Ey ;O B(O) B(O) B(O) = 0 and only
Ego) # 0. In the same way, under the resonance condition
(we = wy), the transverse PPFs, can be given by

1 L
@ _ (D p(0)
Ny_y = SoTion Re(E,""B,”) =, COS P
£ (0)
AvE A o
= M{—sin@—i—%‘cosﬂ}sin&b, (61)
mohw,
wm __—1 F(Dx 5O) ~
Moy = 2pohw, Re(Ey"B.”)v.—w, sin

£ (0)
= M{% singz—e—,%cos,@}sinzd), (62)

mohwe
1
;1)1,1 = S Re(EW*BO), _, cos¢
+ 2 uphw, Re(Eél)*B;O)M(:wg sin ¢
_ 1 {(QAZ —Ab)E“))
wohwe L\ 2 z
1
Re<;e expli(kgz — wg)]" - F, >w - } sin ¢ cos” ¢
e—"s
(63a)
1 V2 .
(- a)i
1
Re<; exp[i(kgz - a)gt)]* . (F4 _ 21F1)>w » } Sin¢
e o,
(63b)
_ i {(QAI _ Ab)E(O)
mohw,e L\ 2 z
1
Re<w7 expli (kgz — wgh)]" - F3>wg:wg } sin ¢ cos? ¢;
(63c)

Egs. (61) and (62) show that the transverse PPFs, n(l) and

((j))} are generated by the pure x-type polarization and the
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pure y-type polarization of the HFGWs, respectively. Equa-
tion (63) shows that the PPF n((;l bl is produced by the com-
bination state of the b-type and the [/-type polarizations.

In all of the above discussions, the ratio [of the electric

component (E ;D , E 51), E Z(l)) to the related magnetic com-

ponents (B)EO), B(O) 1§Z(0) )] of the PPFs is much less than the
ratio of the background noise photon flux. This means that
the PPFs expressed by Egs. (50) to (53), (54) to (60), (61) to
(63) have very low wave impedance [43,59] which is much
less than the wave impedance to the BPFs (see below). Then
the PPFs (i.e., the signal photon fluxes) would be easier to
pass through the transmission way of the 3DSR system than
the BPFs due to very small Ohm losses of the PPFs.

According to the same way, and from Egs. (19) and (44),
the PPF in the EM response to the HFGWs in the coupling
system between the transverse background static magnetic
field E)EO) and the GB can be given by

(1) 1 = (0)x (1)
Ny_@.b1 = riohioe Re(E;""By") w,=w, €OS ¢

_ (Ap—Ag + ﬁAz)éio)kgAz r
- 2pohwe
‘Re(Fy - expli(kyz — wgh)])wy—w, COS* . (64)

Equation (64) shows that the PPF ”fb ) @.b,1» 18 generated
by the combination state among the @-type, the b-type and
the [-type polarizations of the HFGWs. Obviously the ratio
of the electric component to the magnetic component of the
PPF is larger than that of the PPF nf;j@ p [Eq. (52)], ie.,
the PPF expressed by Eq. (64) has a larger wave impedance.
However, its angular distribution factor cos® ¢ (see Fig. 6d)
is quite different from the sin 2¢ of the BPF, Eq. (46), Fig. 7.
Thus, it is always possible to distinguish them.

7. Angular distributions of the strengths and the “rotation
directions” of typical PPFs in the cylindrical polar coordi-
nates.

Based on the above discussion, the angular distributions of
the strengths and the “rotation directions” for some of typical
transverse PPFs are listed in the following figures (Fig. 6a—e).

In Fig. 6a, nél) o sin? ¢, and it includes the following
five cases:

@) n((;l ® Eq. (50). This is the transverse PPF display-
ing the pure ®-type polarization state (the tensor-mode
gravitons) of the HFGWs. The PPF is from the EM
response to HFGWs in the coupling between transverse

static magnetic field é;o) and GB in the 3DSR.

(i1) ;,1) @.b.» B4Q- (52). This is the transverse PPF displaying
the combination state of the ®-type, the b-type and the /-
type polarizations (the tensor-mode and the scalar-mode

gravitons) of the HFGWs. The PPFis from EM response

@ Springer

to HFGWs in coupling between transverse static mag-
netic field éj(co) and GB in the 3DSR.

(iii) ;:) > Egs. (54) and (57a). This is the transverse PPF
displaying the pure x-type polarization state (the vector
mode gravitons) of the HFGWs. The PPF is from the
EM response to HFGWs in coupling between the lon-
gitudinal static magnetic field Eéo) (or the transverse
statlc electric field E © ) and the GB in the 3DSR.

@iv) n ng_ ) .- Eq- (59). This is the transverse PPF displaying
the combination state of the @-type and the /-type polar-
izations (the tensor-mode and the scalar-mode gravi-
tons) of the HFGWs. The PPF is from the EM response
to HFGWs in the coupling between the transverse static
electric field £\” and the GB in the 3DSR.

v) ((;) y-Eq. (62). This is the transverse PPF displaying the
pure y-type polarization state (the vector mode gravi-
tons) of the HFGWs. The PPF is from the EM response
to HFGWs in the coupling between the longitudinal

static electric field £ ;O) and the GB in the 3DSR.

The best detection position of all of such PPFs should
be the receiving surfaces at ¢ = 7/2 and ¢ = 37w /2 (see
Fig. 6a), where the PPFs have their maximum, while the
BPF (the background noise photon flux) vanishes at the sur-
face (see Fig. 7). Because the BPF from the GB will be the
dominant source of the noise photon fluxes, i.e., other noise
photon fluxes [e.g., shot noise, Johnson noise, quantization
noise, thermal noise (if operation temperature 7 < 1K),
preamplifier noise, etc.] are all much less than the BPF [44],
in order to detect the PPFs generated by the HFGWs (v ~ 10°
to 10'2 Hz, h ~ 1072! to 10723) in the braneworld [21], the
requisite minimal accumulation time of the signals can be
less or much less than 10*s [see Appendix B]. Moreover,
since the PPFs, Egs. (50), (52), (54), (59), (62) and the BPF,
Eq. (46) also have other very different physical behaviors,
such as the wave impedance, decay rate [the decay factor
of the PPFs is exp(—‘;,—zz), see Egs. (50), (52), (59) and (62),

while the decay factor of the BPF is exp(— 2WL§), see Eq. (46)],
etc., then the displaying condition to the PPFs can be further
relaxed. Besides, the “rotation direction” expressed by Fig.
6a is completely “left-handed circular” or completely “right-
handed circular”, and the “left-handed circular” or “right-
handed circular” property depends on the phase factors in
Eqgs. (50), (52), (54), (59) and (62).

In Fig. 6b, n((;) o sin2¢, and it includes the following
five cases:

1) ”fz)llea, ;» Eq. (51), transverse PPF displaying combined
@- and /-polarizations, by coupling between transverse
static magnetic field B;O) and the GB in the 3DSR.

(i) nfﬁll@, Eqgs. (53) and (58), transverse PPFs displaying

pure ®-polarization, by coupling between transverse
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g._ e ‘:}X 7T | { ; PR\
T N\ | S e NP/
(@) (b) (c) (d) (e)

Fig. 6 The angular distribution (in the cylindrical polar coordinates) of the strengths and “rotational directions” of the PPFs, produced by the

HFGWs having different polarization states. Here, for subfigures a—e, we have n

f;) o sin ¢ cos? ¢, respectively

static magnetic field 1§§0) (or transverse electric field
E“”) and the GB.

(iii) n¢ ¥ Eq. (55), transverse PPF displaying pure y-
polarization, by couphng between longitudinal static
magnetlc field é and the GB.

@iv) n' ¢ @.1» EQ. (56), transverse PPF displaying combined
@- and [-polarizations, by coupling between transverse
statlc electric field £ )(CO) and the GB.

(v) n¢ .» BEq. (61), transverse PPF displaying pure x-
polarization, by coupling between longitudinal static
electric field £ ;0 ) and the GB.

Unlike Fig. 6a, here the “rotation direction” of the PPFs
are not completely “left-handed circular” or not completely
“right-handed circular”, and it and the transverse BPF have
the same angular distribution [see Eq. (46)] and Fig. 7. Thus
the displaying condition in Fig. 6b will be worse than that in
Fig. 6a. However, because the transverse PPFs in Fig. 6b
and the BPF have other different physical behaviors, such as
the different wave impedance, decay rate, and even different
propagating directions in the local region, it is possible to
display and distinguish the PPFs from the BPF.

In Fig. 6c, n(l) o sin ¢, and it includes the following
three cases:

(6)) n;:) » Bq. (57¢), transverse PPF displaying pure x-
polarlzatlon by coupling between transverse static elec-
tric field E ) and the GB in the 3DSR.

(i1) n((;)y, Eq. (60b), transverse PPF displaying pure y-
polarlzatlon by coupling between transverse static elec-

tric field Ey and the GB.

(ii1) n;l bl Eq. (63b), transverse PPF displaying combined

b- and [-polarizations, by coupling between the longi-
tudinal static electric field E §°) and the GB.

Unlike Fig. 6a, here the “rotation direction” of the PPFs
is not completely “left-handed circular” or not completely
“right-handed circular”. However, the best detection position

D sin? ¢, n((; o sin2¢, n() o« sin ¢, n() o« cos? ¢,
“Right-handed by “Left-handed
circular” wave circular” wave
region region

\ > X

“Left-handed
circular”
wave region

“‘Right-handed
/ circular”

wave region
Fig. 7 The strength distribution of transverse background photon flux
nfbo), Eq. (46), in the cylindrical polar coordinates

of the PPFs is also the receiving surfaces at ¢ = 7/2 and
31 /2 [see Fig. 6a, c], where the PPFs have their peak values
while the BPF vanishes.

In Fig. 6d, the ”E/B@,b,z x cos? ¢, Eq. (64), and it is
the transverse PPF displaying the combination state of the
@-type (the tensor-mode gravitons) and the b-type, [-type
polarizations (the scalar-mode gravitons) of the HFGWs. The
PPF is from the EM response to the HFGWs in the coupling
between the transverse static magnetic field é;o) and the GB.
It needs to be emphasized that the nfplla bl Eq. (52), is also
the transverse PPF displaying the combination state of the
@-type, the b-type and [-type polarizations, but they have
different angular distributions. The position of the peak val-

ues of ”fz)ll@,b,z’ Eq. (52), are surfaces at ¢ = /2 and 37 /2,

while the positions of peak values of né}l@) b1 EQ. (64), are
surfaces at ¢ = 0, 7. Especially, the peak value areas of the
PPF (signal photon fluxes) are just the zero value area of the
BPF (background noise photon flux), Eq. (46) and Fig. 7.
The PPFs, n}, . , . Eq. (52) and Eq. (64), are from the
same EM response to the HFGWs in the coupling between
the transverse static magnetic field é)(co) and the GB. This
means that displaying the PPFs at such areas would show very
strong complementarity. Moreover, like the PPFs expressed

in Fig. 6a, here, the PPF ”5) @.b.1 18 also completely “left-
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handed circular” or completely “right-handed circular” (see
Fig. 6d).

In Fig. 6e, n;j o sin ¢ cos? ¢, Egs. (57b), (57d), (60a)
and (60c), and it is the transverse PPF displaying the pure x-
type polarization (vector-mode) of the HFGWSs and the pure
y-type polarizations (vector-mode) of the HFGWs, respec-
tively. For the former, the PPF is from the EM response to the
HFGWs in the coupling between the transverse static electric
field 12")((0) and the GB. For the latter, the PPF is from the EM
response to the HFGWs in the coupling between the trans-
verse static electric field £ ;0) and the GB. Clearly, the term
nf;l .. expressed by Egs. (57b), (57d) and n((plly expressed by
Egs. (60a), (60c) are not completely “left-handed circular”
or completely “right-handed circular”. Besides, its angular
distribution factor sin ¢ cos? ¢ = % sin 2¢ cos ¢ is smaller
than sin 2¢, Eq. (46) of the BPF. Thus, distinguishability of
((;) . and n(l) in Fig. 6eis worse than the PPFs in Figs. 6a—
d. Nevertheless, considering the obvious difference of other
physical behaviors (e.g., wave impedance, decay rate, and
propagating direction) between the PPFs in Fig. 6e and the
BPF in Fig. 7, to distinguish them is still possible.

The above discussions show that the three polarization
states (the ®-type, the x-type and the y-type polarizations,
i.e., the tensor-mode and the vector-mode gravitons) of the
HFGWs can be clearly separated and distinguished. On the
other hand, @-type polarization (the tensor-mode gravitons),
the b-type and the [-type polarizations (the scalar-mode
gravitons) of the HFGWs are often expressed as their combi-
nation states to generate the PPFs. However, from the PPFs
produced by these combination states, it is easy to calculate
the PPFs generated by the pure @-type, the pure b-type and
the pure /-type polarizations, and thus we can completely
determine these polarizations, respectively.

From Eqgs. (51) to (52) and (63b), we have

1) _ _,W (1) o))
Ny g b1 = Ny gt N4~ b+x/§n¢_l,
CORN () V2
Mp-@.1 = Np-@ T 5 g1
2
ORI ~/__n<1> (65)

N LS

where ny ., . Eq. (52). ny o . Eq. (51), and n})” . Eq.
(63b) are the PPFs generated by the combination state of the
@-type, the b-type, the [-type polarizations, by the combi-
nation state of the @-type, the [-type polarizations, and by
the combination state of the b-type, the /-type polarizations,
respectively.

Clearly, n . n{, and n{)’, in Eq. (65) are the PPFs
generated by the pure @-type, the pure b-type and the pure
[-type polarizations of the HFGWs, respectively. By using
Eq. (65), it is easy to find

o) :_l( o

D
"y—a S @b~ )s (66)

(1)
p—@1 TN _p
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1

o) M () M)

Nob = 5Ny gb1 = Mg es = Mg p1): (67)
1

RO M IRCT—(

noo1 = 5 Mecend T et T o b): (68)

Notice that the each term n(l)éB bl n;:) ®. and ”¢ bl of

the right side in Egs. (66), (67) and (68) are directly mea-
surable physical quantities. Therefore, the values and propa-
gating directions of n;:l @ ((;) ,andn o ) ; can be completely
confirmed.

So far the PPFs produced by the six polarization states (the
®-type, the x-type, the y-type, the ®-type, the b-type and the
I-type polarizations) of the HFGWs can be calculated and
completely confirmed [see, e.g., Egs. (50), (54), (62), (66),
(67) and (68), respectively]. In other words, in principle, the
six polarizations of the HFGWs can be clearly displayed and
distinguished in the EM response of our 3DSR system.

5 Numerical estimations of the perturbative photon
fluxes in the 3DSR system

Unlike the EM response to the HFGWs in the galactic—
extragalactic background EM fields, the 3DSR is a closed
cryogenic system with vacuum, which is shielded and iso-
lated by superconductor materials from outside world. The
EM response to the HFGWs in the 3DSR system has the
following important characteristics:

(i) Since shielding of the 3DSR system to the EM fields
from outside region, the large space-accumulation
effect of the PPFs cannot enter and influence the EM
fields inside the 3DSR system. However, the supercon-
ductor and the shell of the 3DSR system are transparent
to the HFGWs.

(i) Unlike the galactic—extragalactic background magnetic
fields (é)(co) ~ 1072 to 1011 T), the background static
magnetic fields B© of the 3DSR system can reach up
to ~ 107 or larger. The cooperation institute (High
Magnetic Field Laboratory, Chinese Academy of Sci-
ences) of our research team has been fully equipped
with ability to construct the superconducting magnet
[60], and it is also the builder of the superconduct-
ing magnet for the Experimental Advanced Supercon-
ducting Tokamak (EAST) for controlled nuclear fusion.
The magnet can generate a static magnetic field with
B© = 10T in an effective cross section with diameter
of at least 80 to 100cm, and operation temperature can
be reduced to 1K or less. Obviously, such a magnetic
field is much stronger than the galactic—extragalactic
background magnetic fields, although the typical spa-
tial dimension of the former is only of the order of mag-
nitude of a meter (typical laboratory dimension).
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(iii)) The major noise sources of the EM signals from the case
of galactic—extragalactic EM fields (see below) would
be from the space microwave background, and the key
noises of the case of the laboratory-based high magnet
are from the microwave photons inside the 3DSR sys-
tem, which are almost independent of the space back-
ground EM noise and the cosmic dusts.

(iv) Because the PPFs are first-order perturbations to the
background EM fields and not second-order perturba-
tions, the PPFs, Egs. (50) to (53), (54) to (60) and (61) to
(64), in the 3DSR system are proportional to the ampli-
tudes themselves (h) of the HFGWs and not their square
h?; see, e.g., Eqgs. (34) and (37) (i.e., they could be
the PPFs in the galactic—extragalactic background mag-
netic fields). Then the parameter hB© in the first-order
PPFs [see, e.g., Egs. (50) and (51)] will be much larger
than the parameter (hl~§(()))2 in the second-order PPFs
[see, e.g., Eqs. (24) and (25)]. This property effectively
compensates for the weakness of the far-field ampli-
tudes of the HFGWs in the 3DSR system. Of course,
the PPFs in the 3DSR system are always accompanied
by the noise photons inside the system, which mainly
are from the background photon fluxes caused by the
GB. Thus, in order to identify the total signal photon
flux at an effective receiving surface As, the time accu-
mulation effect of the PPF must be larger than the effect
of the noise photon flux fluctuation at the receiving sur-
face As.

As mentioned above, in order to display the relatively
weak PPFs in the background noise photon fluxes (BPFs),
we need a long enough accumulation time of the signal [see
Appendix B]. For the typical parameters of the HFGWs pre-
dicted by the braneworld scenarios [9,21], the observing and
distinguishing of the HFGWs would be quite well possible
due to their large amplitudes, higher frequencies and the dis-
crete spectrum characteristics. The measurement of the relic
HFGW s will face a big challenge too, but it is not impossible
(see Table 2).

Table 2 shows the displaying conditions of the HFGWs
for some typical cosmological models and high-energy astro-

physical processes, where ng()total) is the total signal photon

flux at the receiving surface As (As ~ 3 x 1072m? ), and
nfgt)al is the allowable upper limit of the total noise photon flux
atthe surface As for various values of the HFGW amplitudes,
and Atp;, [see Eq. (B.8) in Appendix B] is the requisite min-
imal accumulation time of the signals; v, = v, = 3 X 10°
Hz or 3 x 108 Hz (the resonance frequency); the background
static magnetic field B ©) is 10T; the interaction dimension
Az is 60cm (typical dimension of the static magnetic field in
our 3DSR); the power of the Gaussian beam is ~ 10W and

the operation temperature should be less than 1K.

Notice that, for the GB of P ~ 10W in the 3DSR, the
maximum of ng)()total) at the receiving surface As = 3 x
10~2m? is about ~ 10?>s~!. This means that even if the
peak values of the noise photon flux and the PPFs appear at
the same receiving surface (see, e.g., Fig. 6b), the Atpin can
be limited in ~ 10%s (e.g. the first case in Table 2). In fact,
in many cases discussed in this paper, the peak position of
two such kinds of photon fluxes do not appear at the same
receiving surface, and especially, the peak value positions
(see, e.g., Fig. 6a,c, d) of the signal photon fluxes are just the
zero value areas (¢ = 0, /2, w, 37 /2) of the background
noises photon flux n((po) (see Fig. 7). Inthis case the displaying
condition can be further relaxed.

In Table 2, v ~ 3 x 108 to 3 x 10° Hz is a typical peak
value region of the spectrum of the HFGW s in the braneworld
scenarios [21], the short-term anisotropic inflationary model
[32], the pre-big-bang model [27,28] and the quintessential
inflationary model [29-31].

It is very interesting to compare the displaying and distin-
guishing conditions for the case in the galactic—extragalactic
fields (e.g. see part 2 of this section and Sect. 3) and in
the 3DSR (Sect. 4). In Sect. 3, the large space-accumulation
effect caused by the galactic—extragalactic fields is discussed,
and Sect. 4 shows the longer time accumulation effect in the
strong background static magnetic field and the resonance
response of the GB in the 3DSR. They all can effectively com-
pensate for the weakness of the HFGW amplitudes. Clearly,
they would be highly complementary to each other. More-
over, the PPFs produced in the 3DSR system by the relic
HFGWs in the quintessential inflationary, the pre-big-bang
and the short-term anisotropic inflationary models would
only be 1025~ to 105! (see Table 2), which are much less
than the maximum of the transverse BPF (noise photon flux).
However, using very different physical behaviors between the
PPFs and the BPFs, especially their very different strength
distributions and propagating directions [see, e.g., Figs. 6a,
b, d,7 and Eqgs. (B.10) and (B.11) in Appendix B], it is still
possible to reduce the BPF to the allowable upper limits at
a suitable receiving surface (see Table 2). Considering their
very different wave impedances (four orders of magnitude at
least [43]), the displaying of the transverse PPFs produced by
the relic HFGWs, in principle, may also be possible though
one faces a big challenge here too.

6 Concluding remarks

In this paper, for the first time we address the perturbative
photon fluxes of the HFGWs having additional polarization
states in the EM response, and it shows the separability and
detectability of the possible six polarization states of the
HFGWs in the EM response.
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Table 2 Displaying condition in 3DSR system (in laboratory scale) for the HFGWs (having possible additional polarizations) from some typical

cosmological models and high-energy astrophysical process

Amplitude(A) Resonance frequency ng()total) (s™hH Atmin(s)  Allowable upper limit Possible verifiable cosmo-

dimensionless of noise photon flux logical models and astro-
”z(po()tmal) (s™hH physical process

10723 3 x 10° Hz ~10° ~ 10* ~10% Braneworld [21]

1072 3 x 10° Hz ~ 107 ~ 10* ~10'8 Braneworld [21]

10726 3 x 108 Hz ~ 100 ~10° ~ 1018 Short-term anisotropic inflation [32]

10=%7 3 x 10° Hz ~10° ~10° ~ 106 Interaction of astrophysical plasma

with intense EM radiation [33]
10=% 3 x 10° Hz ~ 103 ~ 10° ~ 1012 Pre-big-bang [27,28]
10-30 3 x 10° Hz ~ 102 ~ 10° ~ 1010 Quintessential inflationary [29-31]

or upper limit of ordinary inflation-
ary [25,26]

1. For the EM response to the HFGWs in the 3DSR sys-
tem and for the EM response to the HFGWs in the galactic—
extragalactic background stable EM fields, the pure ®-type
polarization (the tensor-mode gravitons), the pure x-type and
the pure y-type polarization (the vector-mode gravitons) of
the HFGWs can independently generate the PPFs. The &-
type polarization (the tensor-mode gravitons), the b-type and
the [-type polarization (the scalar-mode gravitons) in the EM
response produce the PPFs in their different combination
states. However, the EM perturbations generated by the pure
@-type, the pure b-type and the pure [-type polarizations
can be directly calculated and can be completely determined
from such combination states, respectively. Therefore, all six
possible polarization states of the HFGWs may in principle
show separability and detectability.

2. The coupling between the background longitudinal
static EM fields EZ(O), éz(o) and the GB in the 3DSR case
would only produce the EM response to the x-type, the y-type
polarizations and the combination state of the b-type and the
[-type polarizations [see Egs. (54), (55), (61), (62) and (63a)
to (63c)]. The interaction of the HFGWs with the galactic—
extragalactic longitudinal stable EM fields E §°), I§Z(0) would
only generate the EM response to the x-type and the y-type
polarizations of the HFGWs [see Egs. (34) and (35)]. In other
words, the longitudinal background static EM fields only pro-
duce an EM response to the additional polarizations (the x-
type, the y-type, the b-type and the /-type polarization states)
of the HFGWs, and do not generate any EM response to the
traditional ®-type or @-type polarizations in the GR frame-
work. This would provide an effective way to display the
pure additional polarization states of the HFGWs.

3. The PPFs [the EM perturbative power fluxes; see Eqgs.
(38) to (42)] generated by the HFGWs having additional
polarization states have the potential to be larger than the
PPFs generated by the HFGWs in the framework of the
GR [e.g., when Ay, Ay, Ay and A; are equal to zero in

@ Springer

Egs. (38) to (42)]. This means that the former could cause
larger GW radiation damping than the latter for the local
GW sources surrounded by stable magnetic fields (e.g. the
galactic—extragalactic magnetic fields). If the HFGWs have
no additional polarization states, or these additional polar-
izations are much smaller than the tensorial polarizations,
and their effects can be neglected, then the radiation damp-
ing would have good self-consistency with the GR. Mean-
while, if the proportions of these nontensorial polarizations
are still unknown or with some uncertainty, different cases
for the radiation damping may be a potential interesting phe-
nomenon that is worth exploring, and it is possible to find
effective constraints to the extra polarization states or to give
a possible upper limit of them.

4. In a specific transverse direction, i.e., the x-direction in
the 3DSR system discussed in this paper, the BPF n)(CO) = 0.
However, the PPFs n)(cl) propagating along the x-direction
have significant non-vanishing values [see Egs. (B.10) to
(B.12) in Appendix B]. In this case, the displaying condi-
tion in Table 2 can be greatly relaxed. In other words, the
PPFs produced by the HFGWs from the braneworld [9,21]
by HFGWs predicted by the short-term anisotropic inflation-
ary model [32] and by HFGWs from the interaction [33] of
astrophysical plasma with intense EM waves can almost be
instantaneously displayed; the requisite minimal accumula-
tion time of the signals for displaying relic HFGWs expected
by the pre-big-bang [27,28] and by the quintessential infla-
tionary [29-31] models, would be further relaxed effectively.
Thus, utilizing a highly orientational receiving surface to dis-
play the PPFs will be very useful.

5. The longitudinal perturbative electric field E~§1) plays
an important role in the 3DSR system, i.e., the PPFs [see
Egs. (57b) to (57d) and Egs. (63a) to (63c)] produced by
the resonance effect between the GB and the longitudinal
perturbative electrical field E §1) can effectively display and
distinguish the additional polarization states (the x-type, the
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b-type and the [-type polarizations) of the HFGWs. Whereas
in the EM response of the galactic—extragalactic background
stable electric field E© to the HFGWs the average values
of the transverse PPFs are equal to zero [see Eq. (43)] due to
the phase difference of 7 /2 between the longitudinal pertur-
bative electric field, Eq. (20), and the transverse perturbative
magnetic fields, Eqs. (17) and (19), the longitudinal pertur-
bative electric field E Z(l) does not provide any contribution
for the PPFs in such case.

6. In the EM response to the HFGWs in the 3DSR system,
the number of PPFs [see, e.g., Egs. (50), (51)] is indepen-
dent of the frequency due to k;, = wg/c [i.e., the related
strengths of the signal EM power fluxes are proportional
to the frequencies of the HFGWs]. In the EM response to
the HFGWs in galactic—extragalactic stable magnetic fields,
the strengths of the PPFs [see, e.g., Eqs. (24), (25)] are not
only proportional to the square of amplitudes of the HFGWs,
but also proportional to their frequencies due to kg = wg/c
[i.e., the related strengths of the signal EM power fluxes are
proportional to the square of their frequencies]. Therefore,
very high frequency can effectively compensate the weak
HFGW amplitudes. Especially for the HFGWs predicted by
the braneworld scenarios [21], since the amplitudes of such
HFGWs almost have the same order of magnitude in the
frequency band of ~ 10° Hz to 10'> Hz, and because of
hwg = KT (K is the Boltzmann constant), the power of the
PPFs of 10'2 Hz will be roughly 103 times larger than that
of the PPFs of 10° Hz, and the requirement of the operating
temperature can be relaxed to 140K from 0.14K . In this case,
for the background photon flux ng)) having the same power,

the value of ng)) of 10'2 Hz will be reduced 103 times for

an n((po) of 10° Hz. Then the requisite minimal accumulation
time of the signals will be reduced by almost one thousand
times [see Eq. (B.8)].

Besides, we need to mention two points:

(1) Since the 3DSR is a detection system fixed on the Earth,
the 3DSR will have a rotation period of 24 hours to any
GW sources in the local space region due to the rota-
tion of the Earth. Thus the background “transverse” and
“longitudinal” EM fields in the 3DSR will be period-
ically changed with the rotation of the Earth. In fact,
this is an issue on the relationship between the charac-
teristic parameters (i.e., each polarization component)
of the HFGW s and the coordinate rotation. In our 3DSR
system, this is an issue on the relationship between the
EM response to the HFGW:s and the coordinate rotation.
Nevertheless, the 3DSR has a special and definite direc-
tion, namely, the positive direction of the symmetrical
axis of the GB (i.e. the z-direction in Sect. 4). We have
showed [41] that only when the propagating direction
of the HFGWs and the positive direction of the sym-

metrical axis of the GB are the same, the PPFs reach
their maximum. If they are perpendicular or opposite
to each other, then the PPFs will be one or two orders
of magnitude smaller than their peak values. Thus we
can determine the propagating direction of the HFGW's
by the peak moments of PPFs. The preliminary calcula-
tions show that within about two hours around the peak
moments, the PPFs can basically maintain the intensity
at the same orders of magnitude as the peak values. This
means that we can maintain an effective signal accumu-
lation time of ~ 7 x 103s for the PPFs, i.e., it basically
approaches 10*s in Table 2. This is satisfactory. More-
over, the 3DSR is an EM detection system in small scale
(order of magnitude of a meter). Therefore, it can rotate
not only in the meridional direction (adjusting the polar
angle), but also in the latitudinal direction (adjusting
the azimuth angle), based on techniques such as laser
gyro positioning and some other direction positioning
and tracking methods. Thus its spatial orientation can
also be effectively adjusted to the best or near optimal
direction for the possible HFGW sources.

(2) The detection frequency band of the 3DSR is ~ 10® Hz
to 10'2 Hz or higher, and the observational frequencies
(for EM signals) of the FAST is ~ 7 x 107 to 3 x 10° Hz
[55,61]. This means that the detection frequency bands
of the 3DSR and the FAST are overlapping partly in the
GHz band. Therefore, the cooperation and coincidence
experiments of them will have very strong complemen-
tarity as regards to distinguish and display the possible
all six polarizations of the HFGWs in microwave fre-
quency band.

The two points mentioned above will be discussed and
studied in detail elsewhere.
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Appendix A: a new group of special solutions of the
Gaussian-type photon flux for the Helmholtz equation

In this paper, the 3DSR is actually a coupling system between
the background static EM fields and the Gaussian-type pho-
ton flux (Gaussian beam). Under the condition of the reso-
nance response to the HFGWs, the PPFs (the signal photon
fluxes) and the BPFs (including other noise photons) have
very different physical behaviors in the local regions. Thus
it makes the 3DSR system have a very low standard quan-
tum limit. In Ref. [58] we have given several coupling forms
between the GB and the background static magnetic field.
Here we select a new group of solutions of the Helmholtz
equation, and give their complete expressions. Moreover, in
order to display and distinguish effectively all six polariza-
tion states of the HFGWs, here such GB does not only couple
with the transverse static EM fields, but also the longitudi-
nal static EM fields. In this case, it is possible to display
and distinguish all of the different polarization states of the
HFGWs.

The general form of the circular-mode GB of the funda-
mental frequency is [57]

_ 2

1z n ker?
f 2R

where 1 is the amplitude of electrical field of the GB, f =
AW ke, W = Wo/1+ (z/f)% R = z+ f*/z. The Wy
is the minimum spot radius, R is the curvature radius of the
wave front of the GB at z, w, is the angular frequency, A, is
the EM wavelength, the z-axis is the symmetrical axis of the
GB, and § is a phase factor.

According to Eq. (A.1) and using the non-divergence
condition V - E( = 0 in the free space, and ]NS( b
—i/we - vV X E(O), with the group of special solutions we
selected, the components of the GB in the Cartesian coordi-
nates can be given by

—tan

+3]}, (A1)
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According to Egs. (A.1)—-(A.7), we obtained the strength
distribution (see Fig. 7) of the transverse background pho-
ton flux nfpo) in the cylindrical polar coordinates. As demon-
strated in this paper, the PPFs (signal photon fluxes) and the
BPF (the dominated noise photon flux) have very different
physical behaviors (such as the strength distribution, prop-
agating direction, decay rate, and wave impedance) in the
local regions. This is one important physical mechanism of
the displayability and separability between the PPFs and the
BPF, including the different polarizations of the HFGWs.

Appendix B: Displaying conditon in the background noise
photon flux fluctuation.

Here we briefly discuss the displaying condition in the pro-
posed 3DSR system based on previous works [42,43]. Unlike
the B-mode experiment in CMB for the very-low-frequency
relic GWs (where the major noise is from the cosmic dust),
here the noise sources would be the microwave noise pho-
tons inside the 3DSR, and they are almost independent of the
cosmic dust. These noise photons include the BPF caused by
the GB, and other noise photon fluxes (shot noise, Johnson
noise, quantization noise, thermal noise, preamplifier noise,
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diffraction noise, etc.). However, the above-mentioned other
noise photon fluxes are all much less than the BPF if the oper-
ation temperature 7 < 1K for the thermal noise [44]. Thus,
although the signal photon fluxes are always accompanied
by such noise photons, our attention can mainly focus on the
BPF fluctuation caused by the GB. In other words, once the
PPFs can be displayed in the BPF fluctuation, the influence
of all other noise photon flux fluctuations can be neglected.

The displaying condition in the noise photon flux fluctu-
ation is given by

) ©
Ngtota) DT Z /Mg toray AL Then At

() o 42
> ”¢(mtal)/ [”¢(total)]

where Aty is the requisite minimal accumulation time of
the signals, and

(1) _ (1) (0) _ (0)
R otal) = / ng ds and R (total) = / ng ds
As As

= Atmin, (B.8)

(B.9)

are the total signal photon flux and the total noise photon flux
passing through the receiving surface As, respectively.

It should be pointed out that, being a very important fea-
ture of the BPF expressed by the Gaussian-type wave beam
solutions, Eqs. (A.2) to (A.7), there is no BPF n)(co) propagat-
ing along the x-direction (i.e., a direction perpendicular to
the symmetrical axis z of the GB) due to E§,0) =
[see Eq. (A.2)], namely,

ey:()

Re(EV*BY) 1

0 _ _
ny’ =
2uohw,

X

Re(y},¥p;) = 0. (B.10
2,u0ﬁa)e <We) ¢b2> ( )
However, the PPFs n)(cl) propagating along the x-direction
has significant non-vanishing values. According to Egs. (18)
and (45), we have
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for the coupling between the transverse static magnetic field
B)(,O) and the GB, and we have

1
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(B.12)

for the coupling between the longitudinal static magnetic
field B and the GB.

Equations (B.11) and (B.12) show that the signal photon
fluxes received in this direction would be the PPFs generated
by the pure ®@-type polarization (the tensor-mode gravitons)
and by the pure x-type polarization (the vector-mode gravi-
tons), respectively.

Since nio) = 0, the noise photon flux fluctuation in the
displaying condition, Eq. (B.8), will not be caused by the
BPF of this direction, but would be caused by other noise
photon fluxes. However, the latter are much less than the
former [44] in the 3DSR. In this case, the displaying con-
dition in Table 2 can be greatly relaxed. In other words, the
PPFs produced by the HFGWs in the braneworld [21] and
in the short-term anisotropic inflation [32], may almost be
instantaneously displayed, and the requisite minimal accu-
mulation time of the signal displaying the HFGWs pre-
dicted by the interaction [33] of astrophysical plasma with
intense EM waves, by the pre-big-bang [27,28] and by the
quintessential inflationary [29-31] models, would be fur-
ther relaxed effectively. Thus, utilizing a highly orienta-
tional receiving surface to display the PPFs will be very
useful.

By the way, the wave impedance and wave impedance
matching would also play important roles for the display-
ing condition. For most of the signal photon fluxes discussed
in this paper, the ratios of the electric components to the
magnetic components are much less than that of the back-
ground noise photon fluxes. The typical values of the wave
impedance of the former are ~ 10~4£2 or less, and the typ-
ical values of the latter are ~ 10052 to 37752 [43,59]. This
means that the 3DSR system would be equivalent to a “good
superconductor” as regards the PPFs. Thus, the PPFs could
be distinguished from the BPF and other noise photons by
the wave impedance matching, and this is another important
symbol to distinguish them.

It is very interesting to compare the PPFs n)(cl_)®, nil_) "
propagating along the x-direction and the PPF n;IZ ®.b.1 PIOp-
agating along the y-direction. Notice that in the x-direction
n)(co) = 0 (the dominant noise photon flux in the x-direction
caused by the GB) [see Eq. (B.10)], while n;O) (the dom-
inant noise photon flux in the y-direction caused by the
GB) has a non-vanishing value (see below), thus the dis-
playing condition of the PPFs ni]_)@,, n Egs. (B.11), Egs.

X—Xx?
(B.12), is much better than that of nth

y—@.,b,0”
ing and displaying ngl_) @.p.1 are still possible due to the very

(1)
y—@.,b,1

but distinguish-

different physical behavior between n and n(yo) (see

below).
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From Eq. (64) and Egs. (A.2), (A.3), we have
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Egs. (B.13) and (B.14) show the following important prop-
erties:

(€]

; ()] _ : 0) _
). Ny @bl ly=0= Ny & bi(max)’ while ny ly=0= 0,

(B.15)

i.e., the position (the longitudinal symmetrical surface of the

GB) of peak value of the signal photon flux n(l_)ea p.1 1S just

the zero value area of the BPF n(o) (the background noise
photon flux). We have

B 0 2 X2 432
(11). ny g b1 X EXp W2 =exp| — W2 ,

(B.16)

), (B.17)

© 2r2 2(x* +y?)
I’ly X exp —m = exXp —T

i.e., the decay rate of n
(0)

@ bt 18 0bV10usly slower than that

of ny although the peak value of n' y ) is much larger than
that ofny @bl
(iii). n(y )GB b1 [EQ- (B.13)] is an even function of the coor-

dinates y; thus, n;IZ @.p,; has the same propagating direction

in the regions of y > 0 and y < 0. At the same time, n§0)

(Eq. (B.14)) is an odd function of the coordinates y, so the
propagating directions of n;O) are opposite in the regions of
y > 0and y < O [see Fig. 8]. These properties provide the
distinguishability between Ny e bl and ngO) [see Fig. 8].

Figure 8 shows that although the peak of n(o) is much

larger than that of n @ p (the signal photon flux gener-
ated by the HFGWS in the braneworld [21]), it is always
possible to find suitable positions, where ”(l)ea b, and n(o)

are comparable and distinguishable, and n' _@ »,, Would be
measurable. In this case, due to the background photon flux
decays being faster than the signal photon flux, in the area
around y = 0.25m, the n(o) already decays into a compara-
ble level to ngl_) ®.b.I> and in the further area, the background
noise will decay into a lower level than the measurable signal

photon flux. This is satisfactory.
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Fig. 8 Comparison of diagrams of the signal photon flux ”(vl—)ea »1 D

and background photon flux n(o) (II). It is shown that nV @.b.1 Propa-
gates along the positive directlon of the y-axis m the suitable resonance

region, and the background noise photon flux n propagates always in
the opposite directions of the y-axis of y > 0 andy <0

7 Appendix C: The matching function between the
HFGWs and the 3DSR system.

Here we choose n)(c1 _) ©-Eq. (B.11), as an example to calculate

the total signal photon flux propagating along the x-direction

at effective receiving surface As. Then n *—@(total) €N also
be expressed as
5 0)
By
()] ® y Y0
= k 9 9 C.18
n x— ®(t0tal)| LoTiw, [f( g X)| ( )
where
koA
f(kg,x)=/ { & ,Zr sin &
as 211+ (z/f)212(z + f2/2)
A z 2
+&3} exp (_r_2> sin ¢pdydz
WLl + 2/ 4
(C.19)

is the matching function in Cartesian coordinate system,

where r = /x2 +y2,sing = y/r = y//x% + y2. From
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Fig. 9 Relation curves between the matching function f (kg, x) and
the phase 4. In fact, § is the phase difference between the coherent non-
stochastic HFGW and the GB in the 3DSR system. It is shown that, for
the parameters v, = vg = 3 X 10° Hz, Wy = 0.06m, y € [Om, 0.1m],
z € [0, 0.3m], (i.e., As = 3.0 x 10_2m2) and the matching function
f(kg, x) at the longitudinal symmetrical surface (i.e., the surface of
x =0),8 = 187/25 (or 2.26195) is the optimal phase, and f (kg, X) =
0.0159 is the best matching function. For the matching function f (kg, x)
at the surface of x = 10cm), § = 437 /100 (or 1.35088) is the optimal
phase, then f](kg, x) = 0.00502 is the best matching function

Eq. (C.18), we have

A (0)
(1) AgBy Vo

123 g = = g %) (€20)

where |nil_) & (total) |max corresponds to the best coupling state.

For the typical parameters of the 3DSR system, Ag = 10723,
vy =3 x 10° Hz (the amplitude and frequency of HFGWs in
the braneworld [21]); éﬁo) = 10T, Yo = 1.95 x 10>°Vm™!
(for the GB with p = 10W, Wy = 0.06m, y € [0, 0.1m],z €
[0, 0.3m], the relation curve between the matching function
fi1(kg, x) and the phase 6 can be shown in Fig. 9 (at the
surfaces of x = 0 and at the surface of x = 10cm), i.e., the
curves I and II, respectively.

For such coherent non-stochastic constant amplitude
HFGW, the optimal phase is § = 187/25 (or 2.26195),
then | f(kg,X)| = | f(kg, X)Imax = 0.0159, at the longitu-
dinal symmetrical surface of x = 0, and |nil_)®(t0tal) |max ~
1.21 x 10%s~! at receiving surface As ~ 3 x 1072m?.

For the stochastic HFGWs (e.g., the relic HFGWs in the
pre-big-bang [27,28] or in the quintessential inflationary
[29-31]), it is necessary to integrate over all possible phases.
Notice that this integration is not equal to zero and it is only
limited in the positive value region or in the negative value
region (which correspond to two opposite propagating direc-

tions of n,(cl_)®) due to the high directivity of the signal photon

flux n)(cl_)® and suitable orientation of the receiving surface.
For the relic HFGW (v, = 3 x 10° Hz, h ~ 107%) in the
pre-big-bang, |n)(cl—)®(total)|max ~ 103 57!, and for the relic
HFGW (v, = 3 x 10° Hz, h ~ 1073) in the quintessential

inflationary, |n§clj®(total)|max ~ 10% s~ ! (see Table 2).

In this case, the zero value characteristics of the back-

ground noise photo flux BPFs n)((o), n§,0) at the longitudinal

symmetric surface, and the peak property of the signal photon

fluxes ( n)(cl_)®, n)(cz_)®) at the longitudinal symmetric surface,

inspire us to utilize the fractal membranes (they are very
effective microwave lenses with a strong focusing function
and the “one-way valve” property [41,42,62—-64] to the pho-
ton fluxes in the GHz to THz band), and they will provide a
better way of selecting for the signal photon fluxes, especially
for the signal photon fluxes generated by the stochastic relic
HFGWs. These issues will also be discussed and studied in
detail elsewhere.
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