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High-frequency gravitational waves having large spectral densities
and their electromagnetic response*
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Various cosmology models, brane oscillation scenarios, interaction of interstellar plasma with intense electromag-
netic radiation, and even high-energy physics experiments (e.g., Large Hadron Collider (LHC)) all predict high frequency
gravitational waves (HFGWs, i.e., high-energy gravitons) in the microwave band and higher frequency region, and some
of them have large energy densities. Electromagnetic (EM) detection to such HFGWs would be suitable due to very high
frequencies and large energy densities of the HFGWs. We review several typical EM detection schemes, i.e., inverse Gert-
senshtein effect (G-effect), coupling of the inverse G effect with a coherent EM wave, coupling of planar superconducting
open cavity with a static magnetic field, cylindrical superconducting closed cavity, and the EM sychro-resonance system,
and discuss related minimal detectable amplitudes and sensitivities. Furthermore, we give some new ideas and improve-
ment ways enhancing the possibility of measuring the HFGWs. It is shown that there is still a large room for improvement
for those schemes to approach and even reach up the requirement of detection of HFGWs expected by the cosmological

models and high-energy astrophysical process.
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1. Introduction

In recent years, the research on high frequency gravita-
tional waves (HFGWs) attract more interest and attention. !~}
Frequencies of these HFGWs are often higher or much higher
than 10° Hz (According to definition of HFGWs by Press and
Thorne,!”! the HFGWs are GWs whose frequencies excess
10° Hz).The main reasons are as follows:

(i) The peak region and partial peak region of en-
ergy densities expected by a series of typical contemporary

cosmological models such as the pre-big-bang model, 8101

the quintessential inflationary models,>#

the ekpyrotic
models!%! are just localized in the GHz band, and the up-
per limit of the energy densities might reach up to Qg ~
6.9 x 107%. This means that the corresponding upper limit
of dimensionless amplitudes of the relic HFGWs in the GHz
band would be h ~ 1073 t0 103!,

(i) The upper limit of dimensionless amplitudes of
HFGWs in brane oscillation scenarios!'!! would be expected
to be ~ 10722 in the earth region in the GHz to the THz band.
This means that the upper limit of energy densities of such
HFGWs in brane oscillation scenarios are obviously higher
than that in the relic HFGWs.

(iii) Interaction of astrophysical plasma with intense elec-
tromagnetic waves!>'?! could generate HFGWs in the mi-
crowave band even higher frequency ranges. Moreover,

some thermal GW models and a possible new physical
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mechanism!!3 also predict the HFGWs in a broad high-
frequency region, and dimensionless amplitudes expected by
them are from a very small value 4 ~ 10749 to the upper limit
h~10724,

(iv) Some high-energy physics experiments might gen-
erate HFGWs and very high frequency HFGWs, 14181 but
their dimensionless amplitudes are often very small values
(h ~ 1073 to 10741).
HFGWs may be extended into a very high range (Vg ~ 10?' Hz

However, the frequencies of these

to 10?3 Hz), thus the high-energy accelerators, such as the
Linear Collider, and the especially constructed Large Hadron
Collider (LHC)!"S! are possible to produce gravitons having
higher energies.

However, unlike usual GW detection in the intermediate-
frequency band (v ~ 1 Hz to 1000 Hz) and in the low-
frequency band (u ~ 107 Hz to 1 Hz), where the crucial
parameter is the dimensionless amplitude of GW (the signals
generated by the GWs in these detectors majorly depend on the
amplitudes of GWs and they are almost independent of the fre-
quencies of GWs in their detection frequency bands), in some
of the EM detection systems, EM perturbative effects (signal)
depend not only on the amplitudes of GWs, but also their fre-
quencies, i.e., a very high frequency would compensate for
weak HFGW amplitude, especially the coupling system be-
tween the EM microwave beam and the static magnetic filed.
In this case, the interaction cross section of HFGW (high-
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energy gravitons) with resonant EM wave (photons) in a static
magnetic field (virtual photon background) can be much larger
than direct interaction of GW (gravitons) with EM wave (pho-
tons) or with a static magnetic field (virtual photons). There-
fore, considerations and estimations as to the EM perturbation
and minimal detectable signal in some of the EM detection
systems would be significant for detection of the HFGWs.

Moreover, we shall give a brief review and discussion for
the following hot issues: Are there further improvements for
the present HFGW detection schemes? Can the sensitivity be
effectively improved by the combination of the static magnetic
field with a background EM wave beam? If so, what are the
key conditions and methods for the improvement of the sensi-
tivity? Why does our synchro-resonance system (SRS) have a
lower standard quantum limit? These answers would provide
a clear response and possible solution for such issues. In this
paper we shall discuss some typical EM detection systems,
minimal detectable signals, and possible improvement ways.

This paper includes the following three parts: Section 1
is an Introduction. In Section 2 we review and discuss various
typical EM detection systems and their EM response to the
HFGW, including: 1) the EM response in system of the inverse
Gertsenshtein effect (inverse G-effect). 2) the EM response
in the coupling system of the inverse G-effect with a coher-
ent plane EM waves; 3) the EM response in coupling systems
of planar open superconducting cavity with a static magnetic
field; 4) the EM response in the coupling system of a closed
cylindrical superconducting cavity with a static magnetic field;
and 5) the EM response in a system of synchro-resonance ef-
fect. In this section we also discuss and give some ideas and
possible improvement ways for such EM detection systems of
measuring these HFGWs. In Section 3 we make concluding
remarks.

2. Electromagnetic perturbative effects and
minimal detectable signal of the high-
frequency gravitational waves (HFGWs)

2.1. EM perturbation in the inverse Gertsenshtein effect

The physical basis of the Gertsenshtein effect (G-effect)
is the Einstein-Maxwell equations,'! i.e., when an EM wave
propagates in transverse homogeneous static magnetic fields,
it can generate GW (gravitons flux). Contrarily, the physical
basis of the inverse G-effect is the electrodynamics in curved
spacetime, %21l that is, if a GW passes through a transverse
homogeneous static magnetic field, then it can produce an EM
wave (phono flux). For the inverse G-effect in the laboratory
size, the wavelength of GWs should be comparable with the
laboratory dimension, in other words, these GWs should be
HFGWs in the microwave band (~ 108 Hz to 10'? Hz).

According to electrodynamical equations in curved
spacetime, the EM wave generated by the incoming HFGW

with the static magnetic field can be given by[?%-2?!

- 1 .
W= EABio)kchsin(kgz—a)gt),

BY = %Aé@kgmin(kgz — agt), 1)
where A is the amplitude of HFGW, L is the interaction dimen-
sion between the HFGW, and Eﬁo) is the static magnetic field.
Here, we neglected the perturbative EM fields propagating
along the negative z direction (i.e., the opposite propagating
direction from the incoming HFGW), because they are much

[20-22] Equation (1) is actually the maximum

weaker or absent.
of perturbative electromagnetic (EM) fields (in the terminal
position of the interaction volume) due to the space accumu-
lation effect in the propagating direction of HFGW. Thus, the
EM power flux at the receiving surface As of the terminal po-
sition is
1 ~ ()% = 1 R
2) _ (MDA — (0) 2

U = %Re[Ex VAs = %(ABy keL)*cAs.  (2)
Or in a quantum language, perturbative photon flux (PPF), i.e.,
signal photon flux will be

2

~ A(0
n® = U(z)/ha)e = S, (B; )kgL)chs
(A A§0)L)2wg
= ——FF=A
e s, (3

where the superscripts 1 and 2 denote the first-order and
second-order perturbations, respectively. Notice that here
n? oc @, which means that HFGWs (high-energy gravitons)
have a larger interaction cross section to the static magnetic
field than intermediate- and low-frequency GWs (low-energy
gravitons). Because the minimal detectable power flux corre-
sponds to the minimal detectable amplitude of HFGW, from
Eq. (2) we have,

2 2
min — N = = s
BV r2cas B oLV A

equation (4) and the result in Ref. [6] are completely self-
consistent. In Ref. [6] the minimal detectable signal power
is KATin (K is Boltzmann constant).

Equation (4) shows the following important properties.
The first is Amin o< 1/ @, this means that for the same Upin, a
higher frequency behaves better for a detectable signal. Thus
the HFGWs with larger energy densities have a better pertur-
bative effect. The second is Ay o< 1 /E(O)L\/XS, this means
that in order to generate a detectable signal, a detector based on
the inverse G-effect should have a background static magnetic
field B(O), the interaction dimension L, and an effective receiv-
ing surface As (i.e., the interaction volume) as large as possi-
ble. Under the current technological condition, the detectable
minimal power would be ~ 10722 W in a 1-Hz bandwidth
in the microwave band.!®! Then, putting Upyin = 10722 w,
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B® =9 T, AL =3 m, As = 0.36 m2, (As = 0.6 mx0.6 m),
then one finds:

Bmin = 1.8 x 107" for vy =3 x 10° Hz,
hmin = 1.8 x 1072* for vy =3 x 10'? Hz. 5)

Notice that the upper limit of the amplitude of the HFGWs in
the brane oscillation model would be & ~ 10722 in the earth
region in the GHz band to the THz band.!'!! Thus, if the brane
oscillation model is correct, and the point-like objects orbiting
a brane world black hold in our galaxy would be a promising
HFGW sources, and the HFGWs in brane oscillation models
would be detectable. However, amplitudes of relic HFGWs
expected by almost all typical cosmological models>~+8-101
would be 10722 to 1073% or less in the GHz band, and con-
sidering the stochastic features of relic HFGWs and the move-
ment effect of the earth, a detection scheme based on the pure
inverse G-effect could not detect relic HFGWs in the labora-

tory condition.

2.2. The coupling of the inverse Gertsenshtein effect with
a coherent plane electromagnetic wave

If the HFGW and the plane EM wave having the same fre-
quency pass through simultaneously the transverse static mag-
netic field (i.e., resonance coupling system), then first-order

perturbative EM power flux (signal) (see Fig. 1) can be given
by23]

1 (0)x (1
) — 2T£0<E( 7 x BV g—p As
1 0V
= —Re[E(U)*By)]wczw sin 3 cos 0 As, (6)
4o *

where the superscripts 0 and 1 denote the background and first-
order perturbative EM fields, respectively, B is the angle be-
tween E(©) and B§1>, and ¢ is the phase difference of them (it
is also the phase difference between the HFGW and the back-
ground EM wave). Thus, from Egs. (1) and (6), the maximum
of UM is

(l) _ (]) o 1 "’O*”’(l)
Uﬁ=”/2~5=0 = Umix = 4Tl0< © By’) =0, AS
= ﬁAB@O)E(O)kgLAs, (7

so the corresponding maximum of the PPF is

nr(ézzx = Urglla)x/ha)e = ﬁAéﬁo)E(o)LAs. (8)
Because |A| < 1 for the HFGWs, the signal power flux (first-
order EM perturbation) expressed by Eq. (7) is much larger
than the second-order EM perturbation presented by Eq. (2).

However, such a larger signal power flux (larger interac-
tion cross section) does not lead to a much better sensitivity.
This is because the presence of the background EM power flux

(or in quantum language, the background photon flux (BPF))
will generate a large noise photon flux. In the case of a plane
EM wave, the first-order PPF (signal photon flux) and the BPF
have the same or very similar physical behaviors, including
the propagating direction and distribution (see Fig. 1). Then
the PPF will be swamped by the noise BPF. In fact, we have
already pointed out this property in our previous works (e.g.,
see Refs. [23] and [24]). Here it should be better to emphasize
this feature again.

[
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Fig. 1. (color online) (a) The coupling system of the inverse Gertsen-
shtein effect with a coherent plane electromagnetic wave; (b) Function
curves of background photon flux, first-order PPF, and second-order
PPF. The panel (a) shows: when the frequency V. of the background
EM wave and the frequency v; of the incoming HFGW are the same
and they satisfy the suitable coherent condition, the first-order PPF,
nf,l.jx, and the second-order PPF, n(?) can be generated, and n,(nl;x >n®,
However, the presence of the background photon flux BPF, n©), will

generate a large noise photon flux. Because nﬁ,}}x and n(©) have the same

propagating direction and distribution, and nggx <n so nﬁ,igx will be

swamped by n©, where n® is the signal photon flux in the pure inverse
Gertsenshtein effect (G-effect), n,(,gx is the maximum of the signal pho-
ton flux in the coupling system of the inverse G-effect with the coherent
plane EM wave. Notice that n® o A272 (nonlinear relation), nﬁ,ljx =< Az
(linear relation), and A < 1. Thus, the sensitivity in the coupling sys-
tem may be improved by one to two orders of magnitude, but cannot
be improved much beyond the pure inverse G-effect. The panel (b)
shows the background photon flux n©), the maximum of the first-order
perturbative photon flux nE,L}X and the second-order perturbative pho-
ton flux n®). Here typical parameters are i = 10721, Vg =3 x 10° Hz,
BO =9 T, Al =3 m, P = 10 W (the power of the plane EM wave) and
As = 0.36 m? (the receiving surface).

It is interesting to compare their ratio of the first-order
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PPF, Eq. (8), to the second-order PPF, Eq. (3), that is,
2E©)

N = e /n? = ——
AB kyLe

9

For the typical parameters: A = 1.8 x 10721, 1§)(,0) =9T,
L=3m,ky=62.8 (Ve =V, =3x10°Hz), E® =458 V.m™!
(for the plane EM wave of P = 10 W passing through the re-
ceiving surface As = 0.36 m?), from Eqs. (8) and (9), we find

ni =5.0x 10257 and n=1.0x10'".  (10)

In this case, in order to detect a smaller signal, it is neces-
sary to spend a long enough accumulation time of the signal to
distinguish the PPF (signal) from the noise photon flux fluctu-
ation of the BPF. For example, in order to detect the HFGW
of h=10"2 and vy = 3 x 10° Hz, Atypi, should be 6.4 x 10° s
or larger. Thus, the sensitivity in the coupling system of the
inverse G-effect with the coherent plane EM wave can be im-
proved one to two orders of magnitude, but it cannot be effec-
tively improved much beyond the pure inverse G-effect.

2.3. Coupling of the planar superconducting open cavity
with a static magnetic field

Unlike the EM response to the HFGWs in the free space
(e.g., the inverse G effect), the perturbative EM fields in the
cavity must satisfy the boundary condition at the cavity walls,
and where very small but non-vanishing Ohmic losses corre-
spond to a very large quality factor Q.

Figure 2 shows a coupling system of a planar open cavity
with a static magnetic field. If the static magnetic field BO
is a unique non-vanishing background EM field, according to
the electrodynamical equations in curved spacetime and the
boundary condition at the cavity walls, the perturbative EM
normal modes produced by the linear polarized HFGW prop-

agating along the z axis can be given by!?>26]

~£1) = i2A@l§(0)cQsin (Tz) exp[—i(wyt + 8)],
3 = 24689 Qcos (’ZQ) exp[—i( @yt + 8],
~}(,1> = —2A®I§(O)cQsin (rl;z) exp[—i(wyt + 8)],

")(61) _ _12A®E(O>QCOS (n;rz) exp[—i(a)gt+5)], (11)

where Q is the quality factor of the open cavity, b is the dis-
tance between two parallel cavity walls, n is an integer, and Agy
and A are the amplitudes of the ©-type and ®-type polariza-
tion components of the HFGW, respectively. For the HFGW
of vy =3 x 10° Hz, its wavelength is )Lg = 10 cm. Under the
resonance condition of the fundamental frequency, we have
ke =k =2m/Ay =271 /Ae = /b (here n =1 in Eq. (11)), thus
b=24/2=5 cm (see Fig. 2).

lN_‘
open cavity

\ v BO)

HFGW

/ A \
cavity wall cavity wall
I_S_‘

Fig. 2. (color online) Planar open superconducting cavity and coupling
EM fields. The coupling system consists of an open superconducting
cavity, a static magnetic field pointing along the y axis, where b is the
distance between two parallel cavity walls.

From Eq. (11), the total perturbative EM energy in the
cavity produced by the HFGW can be given by

¥ = () = “0< — Ry Fo ¢ iF(l)F“ﬁ<1)>V

Il
=
=
Q
IS
N
P
4
B
S
=

12)

)
where TOO is the 0-0 component of the second-order pertur-

bation of the energy—momentum tensor of the EM fields in
the HFGW, F 0(6;3) represents the corresponding first-order per-
turbation of the EM field tensor, V is the effective volume of
the cavity, and the angular brackets denote the average val-
ues with respect to time. In this case, the displaying condition
at the level of a quantum nondemolition measurement can be

written as27}

N = £ /he, > 1. (13)

Then the minimal detectable amplitude of the HFGW, from
Egs. (12) and (13), would be

_ 1 Iloflwe
for the non-stochastic HFGW, and
_ 1 uoho.
hin = 555\ o (15)
for the stochastic HFGW.

For the typical parameters of the open superconducting
cavity: V =0.05m? (b=0.05m, As =1 mz), 0 =107, and
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using the static magnetic field of B =9 T and the resonance
condition Ve = Vg = 3 X 10° Hz, one finds (from Egs. (14) and

(15)
Tmin = 3.9 x 10723
Tmin = 1.2 x 1071

for the non-stochastic HFGW,

for the stochastic HFGW. (16)

2.4. Coupling of the planar open cavity with both a static
magnetic field and a background EM normal mode

The background EM normal mode in the open cavity can
be given by

~)g0) — AO®gin <n:z> exp[—i(wet + 6/)]’

= —— Z A0 os (rfz) exp[—i(wet+8")], (17)

A js the amplitude of the electrical field of the normal mode.
Under the resonance condition (@, = @), the first-order per-
turbation of the energy—-momentum tensor produced by the
coherent interaction of the perturbative EM normal modes,
Eq. (11), with the background normal mode, equation (17) can
be written as

! 1

)
(T oc-a, = .Uo< — (Fye) PO 4 O pre)y

. (18)

=0

1 * *
+ ZSJ(F;}; FePO) 4 F) F“ﬁ(l))>

Then the maximum of the first-order perturbation of energy of
(1)
the EM field in the cavity (from the 0-0 component of 7)) in

Eq. (18)) is
(1) (1 1 N
(gomax = <T00>maxv = —A(O)AB«))QV,
Hoc
where A = Agy = A is the amplitude of HFGW. In this case,
the maximum of the total signal photon number generated by

19)

the first-order perturbation of the EM energy in the cavity will
be

ADABO) gy

(1)
(1) _ /70 _
Nmax - <T0 >maxv/hwc - IJOChwe

; (20)
equations (12), (13), (19), and (20) show that N > N, but
NIE}QX is accompanied by large noise photon background caused
by the background normal modes, Eq. (17). Thus, the corre-
sponding displaying condition at the level of the background

photon noise fluctuation!>’281 is

2y

where N is the background photon numbers in the cavity.
From Egs. (19)—(21) we have
1 Hohoe

=g\ v 22)

min

for the non-stochastic HFGW, and

N fi Hoh
min — B\(O) QV

for the stochastic HFGW. Equations (14), (15), and (22), (23)
show that in such the two cases (for Subsections 2.1 and 2.2),

(23)

the minimal detectable amplitudes have the same order of
magnitude.

2.5. Coupling of closed cylindrical superconducting cavity
with a static magnetic field

For the closed cylindrical cavity having radius R; and
height /, using the similar method in Subsection 2.1 for the
open cavity, the fundamental frequency form of the perturba-
tive EM normal model produced by a resonance HFGW can
be obtained as (e.g., see Ref. [28]),

EY) = ABOQcT, (ker) cos <7;Z> expli(—wyt +6)],

3 iABO Ox (T .

B — kngJl (kyr) sin (ZZ> expli(— et + 8)],

N iABO Ok, T .

Bgl) - ngJO(krr)cos (lz) expli(—wgr +68)], (24)
where

2
R=i2+ (7) , (25)
k; is the radial component of the wave vector, 7/ is its lon-
gitudinal component, and Jy and J; are the first- and second-
rank Bessel functions, respectively, Q is the quality factor of
the closed cavity. Then the total perturbative EM energy in the
closed cavity is

2
£2) — /<T00>we:wg d3y
1

— (ABORQ)*1 [To (kiR )]
Ho

(26)

Using the boundary condition J; (k;R.) = 0 at the cavity walls,
and considering the typical parameter vy = 3 X 10° Hz and
Egs. (24) and (25), we have kR, =19.6, k. =62.7 m-!,
R.=31cm, [ =89 cm, then Jo(k:Rc) = Jomax (krRc) = 0.18.
From such parameters, similar to the case of the open cavity
(Subsection 2.1), one finds the displaying condition of signal
at the level of a quantum nondemolition measurement as fol-

lows:

&2 /hao,
1 R
= Lo, (AB(O)RcQ)zl [JO(kI'RC)]rznax 21
(53

N®

27)
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and then the minimal detectable amplitude would be

1 Hohae
]’lmin =3 \/77 28
BORQ [okR)lmas V1 Y

for the non-stochastic HFGW, and

1 Hohoe
B(O)Rc . [JO (kch)]max lQ

hnin = ; (29)
for the stochastic HFGW. In general, the quality factor Q
of closed superconducting microwave cavities is much higher
than that of open superconducting cavities, and under the cur-
rent technology condition, the Q-value of the closed supercon-
ducting cavities can reach up to Q ~ 10! to 10'2.128.291 In this
case, for the coupling system of closed cylindrical supercon-
ducting cavity (Q = 10", R, =0.35m, [ = 89 cm) with the
static magnetic field of 9 T, and under the resonance condition
Ve =Vyg =3X 10° Hz, one finds

Bin = 3.0 x 10726
Ty = 9.3 x 1072

for the nonstochastic HFGW,
for the stochastic HFGW. (30)

If the background EM fields in the cavity contain both the
static magnetic field and an EM normal mode, then the corre-
sponding displaying condition at the level of the background
photon noise fluctuation is also the equation (21), but N&Qx in
Eq. (21) should be replaced by the maximum of the first-order
perturbative photon number in the closed cylindrical supercon-
ducting cavity. Using the same method described in Subsec-
tion 2.2, we calculated the minimal detectable amplitude of the
HFGW and it is found that such the two cases (the static mag-
netic field is a unique background EM field or both the static
magnetic field and the EM normal mode are presented), the
minimal detectable amplitudes have the same order of mag-
nitude. In other words, the presence of the background EM
normal modes in the closed cavity does not lead to better sen-
sitivity, i.e., this case is very similar to the open cavity (see
Subsection 2.2).

It is necessary to emphasize that the earlier mentioned
minimal detectable amplitudes of the resonance cavity sys-
tems are not limited sensitivities of superconducting cavities,
and these values are only from the above concrete parameters
and calculations in this paper. In fact, there is a lot of room to
improve their sensitivities due to the following reasons.

a) The quality factors used to the open cavity and the
closed cavity in this paper are Q ~ 107 and Q ~ 10'!, respec-
tively, while the theoretical limit value of the quality factor
for the superconducting microwave cavity might reach up to
1016.139311 Moreover, the cavity dimension and the coupling
static magnetic field can also be further increased by current
technologies. This means that it is still possible to effectively

improve the sensitivities of the superconducting cavities, al-
though it will face enormous challenges.

b) If we consider the EM response of the supercon-
ducting cavity at a quantum level, e.g., cavity quantum-
electrodynamical response to the HFGWs (e.g., see Ref. [32]),
one could find a series of novel effects, such as the birefrin-
gence effect for the EM normal modes inside cavity, evolution
of the quantum states of the EM normal modes, etc., which
cannot be found in the framework of pure classical theory.
Thus these novel quantum effects might provide new and use-
ful ways to effectively improve the sensitivity.

¢) Utilization of squeezed quantum states>>"-?8! for the
superconducting resonance cavity could effectively decrease
the signal accumulation time for very high quality factor Q
(e.g., O~ 10'? or higher) and improve the sensitivity. In this
case, the sensitivity expected theoretically to the supercon-
ducting cavity might reach up to & ~ 1072% to 1073%.15] Con-
sequently, the improved and advanced superconducting cavity
systems would be latent and promising schemes of detection
for the cosmological HFGWs.

2.6. Synchro-resonance effect in the coupling system of
the Gaussian-type microwave photon flux (Gaussian
beam (GB)) and the static magnetic field

Unlike the above cases (pure inverse G-effect, the cou-
pling of the inverse G-effect with the coherent plane EM
wave, the open cavity and the closed cavity), the signal in the
synchro-resonance system (SRS) is the transverse perturbative
photon flux (PPF) in the free space, and the PPF (signal photon
flux) and the transverse background noise flux (BPF) have very

s122:2433] in specific local regions,

different physical behavior
such as different distribution, propagating direction, polariza-
tion, decay rate, etc. These different behaviors provide a novel
way to distinguish the PPF and the BPF and might reach up a
higher sensitivity.

According to the calculation based on electrodynamics

(22,24

and quantum electronics in curved spacetime, I the trans-

verse first-order PPF (the x direction) can be given by

O p—
T N

2 k 2
X exp (— ‘:ﬂ) cos <2g; —tan”! ;—1—5)7 31)
where B is the background static magnetic field, Y is the

amplitude of the magnetic field of the GB, Al is the interac-

tion dimension between the HFGW and the static magnetic
(1)
field B, T, is the O1-component of the first-order pertur-

bation of the energy—momentum tensor of the EM fields in
the HFGW, 72 = x2 —|—y2 is the distance to symmetrical axis
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of the GB, ke =ko =27/ (wave number), f=7Wg/Ae,
W = Wo[1+(z/f)*]'/2, Wy is the minimum spot radius of the
GB,R=z+f 2 /z is the curvature radius of the wave front of
the GB at z, and the z axis is symmetrical axis of the GB.
Thus, the total transverse first-order PPF at an effective

receiving surface As is

ABO) yoAl
4‘u()71

N)El) = / n)((l)dydz:
As

|
/As V 1+ (z/f)?

2 2
r kgr 1z
X exp(2>cos <2R —tan f+6> dydz

~ ABOyAl
= Wf(kgvm)’ (32)
where
1 2
f(kg,(L‘) :/As /71+(Z/f)zexp(_vvz)

k 2
X COS <2g; —tan~! %—F 5) dydz (33)

is the matching function (see Fig. 3) between the HFGW and
the SRS, which depends on the coupling state between the
HFGW and the SRS. Clearly, the maximum f(kg,®)max of
matching functions corresponds to the best coupling.

In this case, the displaying condition of the HFGW in the

noise photon flux fluctuation 4 /N © .
x(noise)

At can be given by

(N > MO

x(noise)’

(34)

where At is the requisite accumulation time of the signal,

NO is the total noise photon flux passing through the ef-

x(noise)
fective receiving surface As. For the Gaussian-type microwave
photon flux, we have[?>23!

2x2
N,S?Izoise) = (Fl()(c)) + F2()?)) €Xp ( - VVz) ) (35)

and Fl(,?) [x=0 = 0, where FI(O) exp(—2x?/W?) is the trans-

verse background photon flux (BPF) itself of the GB, and

Fz()? ) exp(—2x?/W?) is the other noise photon flux caused by

the BPF. From Egs. (32)—(35), we obtain

1x

4uoh FO+RY
B0 l/IOAlfmax (kgv .’13) Ar .

(36)

hmin =

Notice that F 1(;?) vanishes at the longitudinal symmetrical
surface.3*! Thus, the photon fluxes passing through the longi-
tudinal symmetrical surface, will be only Fz(f ) (see Eq. (35)),
then we have

4ptoh FY
E<0) lV()Alfmax (kg7 ZL') At

(37

hmin =

where A, in Eqgs. (36) and (37) are the minimal detectable
amplitudes of the HFGW at the non-longitudinal symmetrical
surface (which is parallel to the longitudinal symmetrical sur-
face) and the longitudinal symmetrical surface, respectively.
Equations (36) and (37) show that a key parameter in the SRS
is the transverse noise photon flux passing through the effec-
tive receiving surface As and not, as usually considered as the
total noise photon number (or the total noise power). This is
because the transverse BPF is a vector and has high directivity.
Thus, the sensitivity of the SRS not only depends on the posi-
tion of the effective receiving surface, but also its space orien-
tation, i.e., the suitable position and the space orientation can
provide a better “equivalent antenna gain” and a higher signal-
to-noise ratio (SNR) (see Fig. 4). In other words, the larger
total noise power in the SRS does not necessarily mean that
the photon flux at the effective receiving surface has a lower
SNR. Conversely, a smaller total noise power does not neces-
sarily mean that the photon flux at the effective surface has a
higher SNR. Only under the condition of the optimal position
and best spatial orientation for the effective receiving surface,
the photon flux collected at the effective receiving surface will
have the best SNR.

For the typical parameters in the SRS: B =9 T, Al =
2m, Yy =6.5x 1070 T (for the GB with P = 10 W), W =
0.06 m, y € [0,0.05 m], z € [0,0.3 m], then equation (36) is
reduced to

- 0 ()
B — 45x107% [F +F,, .
f(kgax)max At

(38)

For the non-stochastic constant amplitude HFGW, 6 =
117/50 (or 0.69115) in Eq. (38) is the best phase factor which
corresponds the maximum f(kg, )max of the matching func-
tion (see Fig. 3). For the stochastic HFGW, it is necessary
to integrate over all possible phases. Notice that this integra-
tion does not equal zero and it is only limited in the positive
value region or in the negative value region due to high di-
(1)

rectivity of the signal photon flux n; ’ and suitable orientation
of the receiving surface. For example, the signal photon flux
propagating along the positive direction of the x axis does not
provide any contribution for the collected photons at the pho-
ton receptor I in Fig. 4, i.e., only the photon flux receptor II
can collect this photon flux. Contrarily, the signal photon flux
propagating along the negative direction does not provide any
contribution for the collected photons at the photon receptor 11
in Fig. 4, i.e., only the photon flux receptor I can collect this
photon flux. Thus a suitable space orientation of the receiving
surface locks like a “one-wave valve” with good equivalent

antenna gain for the signal photon flux.
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max = 0.00795

0.005 |

117/50 m/2 T

—0.005 1

Fig. 3. (color online) Relation curve between the matching function
f(kg, ) and the phase . § is the phase difference between the non-
stochastic HFGW and the GB in the SRS. It is shown that under the
above parameters: Ve = Vg =3 X 10° Hz, Wy =0.06 m, y € [0,0.05 m],
z€[0,0.3 m], i.e., As=1.5x 1072 m?. For the matching function
f(kg,) at the longitudinal symmetrical surface (i.e., the surface of
x=0), then § = 117/50 (or 0.69115) is the best phase, then f(k, ) =
0.00795 will be the best matching function.

the photon flux
receptor I

the photon flux
receptor I

N\NANNANANS> 1)

e —
X

n{) @A~~~

Fig. 4. (color online) Photon receptors I and II to receive photons in

different directions. For the n,(;]) propagating along the negative direc-
tion of the x axis, only the photon flux receptor I can collect this photon

flux. Conversely, only the photon flux receptor II can collect the photon
(1)

flux ny ' propagating along the positive direction of x axis.

According to the above results and calculations, and
putting Ar = 10° s in Eq. (37), then even if the peak (~
10'% s~! for the GB with P = 10 W, e.g., see Ref. [24]) of the
transverse shot noise photon flux passes the longitudinal sym-
metrical surface, one finds: Apin = 5.7 x 10732 for the non-
stochastic constant amplitude HEGW, and A, = 1.4 x 1073!
for the stochastic HFGW. However, notably, even for the
matching function f(kg,x) not at the longitudinal symmetri-
cal surface (e.g., the surface of x = 6 cm, this distance is just
one spot radius of the GB), we find 6 = 37/25 is the best
phase, then f(kg,@)max = 0.004989, i.e., Amin = 9.1 x 10727
for the non-stochastic constant amplitude HFGW, and A, =
1.4 x 10726 for the stochastic HFGW. Notice that the BPF N."
at this non-longitudinal symmetrical surface has the maximum
N)EO) ~ 1020 s—1 [241 and where other noise photon fluxes, such
as the diffraction, the reflective noise photon fluxes, etc., are
much less than the BPE N'” 133 In other words, then N\”
would be the dominate noise source. This means that these
results are actually from as such the conservative estimation,
and this is satisfactory.

Here, the higher sensitivity in the SRS is mainly from the

following facts.

(I The resonance response of the GB (photon flux) to
the HFGW (high-energy gravitons) in the high static magnetic
field (virtual photon background) increased effectively their
interaction cross section.

(II) Very different physical behaviors (space distribution,
propagating direction, decay rate, polarization, etc.)[>2-2433.3]
between the signal photon flux and the background photon flux
in the local regions of SRS provide a novel effective way to
distinguish them.

(IIT) Enough large EM energy (static and non-static EM
energy) contained in the SRS, very low operation temper-
ature (T ~ 0.14 K or less), enough long signal integration
time (~ 10° s or longer), suitable geometric arrangement, and
good “antenna gain” of the effective receiving surface, etc; al-
low the SRS having a sufficiently low standard quantum limit
(~ 10732 to 1073* or less).[30]

Of course, in order to reach up to the above sensitivity,
the SRS will face a series of challenges. However, these chal-
lenges are from engineering and technology and not a limita-
tion of the basic principle. In other words, they are from the
photon-signal-limit, and not the standard quantum limit. 6]
Therefore, SRS scheme and its improvement would be always
possible.

3. Concluding remarks

I) Frequency bands of the HFGWs expected by the var-
ious cosmological models, the brane oscillation scenarios,
and the interaction of astrophysical plasma with intense elec-
tromagnetic radiation have been extended to the region of
~ 108 Hz to 10'2 Hz, which are much higher than the detect-
ing range of the intermediate-frequency detectors (Adv-LIGO,
Virgo, GEO, TAMA, etc.) and the low-frequency detectors
(LISA, ASTROD, etc.). However, such frequency bands are
within the resonance region of the EM detection systems.
Thus, the EM detection of such HFGWs would be suitable,
and it would be highly complementary to direct observation
of GWs in the intermediate-frequency and the low-frequency
bands.

II) Best resonance frequency band of the pure inverse G-
effect in the typical laboratory dimension would be ~ 108 Hz
to 10'2 Hz, and the advantage of the inverse G-effect is high
sensitivity to the frequency of HFGWs, i.e., the EM signal
power flux is proportional to the square vé of the HFGW fre-
quency V. and it has a good space accumulation effect of the
signal in the free space due to the same propagating velocity of
both the GWs (gravitons) and the EM waves (photons). How-
ever, the signal EM power flux in the inverse G-effect is also
proportional to the square A% (A < 1) of the HFGW ampli-

tude A. Because the upper limits of amplitudes for most of
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the usual astrophysical and cosmological HFGWs in the mi-
crowave band are much less than ~ 1072! to 10~24, thus the
HFGWs cannot cause a detectable signal or observable effect
in the laboratory condition.

IIT) Signal EM power fluxes (or signal photon fluxes) in
the coupling system of the inverse G-effect with the coher-
ent plane EM wave (background photon flux) include the first-
order and the second-order perturbative photon fluxes (PPFs),
and maximum of the first-order PPF is much larger than the
second-order PPF. However, the presence of the background
photon flux (BPF) will generate a large noise photon flux, and
because the PPF and the BPF have the same space distribu-
tion and propagating direction, then the PPF will be swamped
by the noise of BPF. In this case, the sensitivity in the cou-
pling system may be improved by one to two orders of mag-
nitude, but cannot be improved much beyond the pure inverse
G-effect. Nevertheless, a coupling system between the higher
static magnetic field and the coherent EM wave would be a
better detection scheme, this is because increasing strength of
the static magnetic field does not increase the number of the
background real photon (noise). Notice that under the present
technology condition, the strength of the static magnetic field
can be already ~ 40 T or larger. In this case, the detection of
the HFGWs in the brane oscillation models and in some high-
energy astrophysical process may be promising in the future.

IV) Advantages of the superconducting detection cavities
include very high quality factor Q (the perturbative EM fields
in the cavities are proportional to the quality factor Q), the suit-
able size (it is often smaller than that of the inverse G-effect)
and high sensitivity to the HFGWs in the microwave band.
However, the perturbative EM energies (signal) in the detec-
tion cavities are almost independent of the frequencies of the
HFGW in the resonance frequency bands, and only depends
on the amplitudes of the HFGWs. In other words, a major
contribution of the HFGWs to the perturbative EM energies
in the coupling cavities are from their amplitudes but not fre-
quencies.

Nevertheless, a very high limit value of the quality fac-
tor (Q ~ 10'%) and novel quantum effects of the EM normal
modes in the superconducting cavity, will provide a large im-
provement to the sensitivity. Therefore, improved and ad-
vanced superconducting cavity schemes will be promising for
detection of the cosmological HFGWs.

V) Advantages of the SRS are from the sensitivity to the
frequencies as well as the energy densities of HFGWs (i.e.,
very high frequency would compensate for weak HFGW am-

plitude), very different physical behaviors between the signal

photon flux and the background photon flux in the local re-
gions, and very low standard quantum limit. However, the
SRS will face a series of technological challenges, such as
the detection of a weak photon flux, construction of a high
and compact static magnetic field, the generation and tuning
of a Gaussian-type microwave photon flux with high-quality
and very low operation temperature and hard vacuum envi-
ronment, etc. Nevertheless, these challenges and difficulties
are from engineering and technology and not basic principles.
Thus, there still is a broad room for improvement for the SRS.
If we consider an optimal coupling system between the SRS
and the superconducting cavity, then the sensitivity would be
effectively improved due to advantages of both the SRS and
the superconducting resonance cavity. Such schemes, and re-

lated issues will be considered elsewhere.
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