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The maximal signal and peak of high-frequency relic gravitational wa@W's), recently predicted by
quintessential inflationary models, may be firmly localized in the gigahertz region; the energy density of the
relic gravitons in critical unitgi.e., hSQGW) is of the order of 108, roughly eight orders of magnitude larger
than in ordinary inflationary models. This is just the best frequency band for the electromagnetic
response to high-frequency GW's in smaller e.m. detecting systems. We consider the e.m. response of a
Gaussian beam passing through a static magnetic field to a high-frequency relic GW. It is found that under the
synchroresonance condition the first-order perturbative e.m. power fluxes will contain a “left circular wave”
and a “right circular wave” around the symmetrical axis of the Gaussian beam, but the perturbative effects
produced by the states ef polarization andx polarization of the relic GW have different properties, and the
perturbations of their behavior are obviously different from those of the background e.m. fields in the local
regions. For a high-frequency relic GW with the typical parametgrs 10'° Hz, h=10"% in quintessential
inflationary models, the corresponding perturbative photon flux passing through a regiorfafd @ould be
expected to be F0s™1. This is the largest perturbative photon flux we recently analyzed and estimated using
the typical laboratory parameters. In addition, we also discuss the geometrical phase shift generated by high-
frequency relic GW'’s in the Gaussian beam and estimate possible physical effects.
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[. INTRODUCTION the GW’'s and e.m. fields in some smaller e.m. detection
systems(e.g., microwave cavities, strong e.m. wave beams,
Relic gravitational waves(GW's) are very important and so op[7-12], are distributed just right in the GHz re-
sources for information on the very early Universe; thegion, the results offered new hopes for e.m. detection of the
physical behavior of the relic GW's expresses the states an@W's. [Note that the frequency band detected by VIRGO
evolution of the early Universe. Either direct detection or[13], LIGO (Laser Interferometer Gravitational Wave Obser-
indirect tests of the relic GW’'s might provide new ways to vatory) [14,15, and LISA(Laser Interferometer Space An-
observe our Universe. On the other hand, the expected propenna [16] are often distributed in the region of 16— 10
erties of the relic GW's, such as amplitudes, polarizationsHz (which is also the most promising detection frequency
frequency band, energy densities, and spectra, etc., are deand for the usual astronomical GW'shus the e.m. re-
pendent on the concrete universe model. Thus the expecteghonse to the high-frequency relic GW’s might provide a
features of the relic GW'’s and the concrete universe modehew detection window in the GHz band.
have a closed relation. In recent years, quintessential infla- In this paper, we shall study the e.m. response to a high-
tionary models have been much discusgeds], and some frequency relic GW by a Gaussian beam propagating through
astrophysical and cosmological observations seem to indi static magnetic field. We consider it for the following rea-
cate[1,5,6] that these models are explicit and observationallysons.(1) Unlike the usual e.m. response to GW's by an ideal
acceptable. One important expectatjd;?] of the models is  planar e.m. wav¢l7], the Gaussian beam is a realized e.m.
that the maximal signal and peak of the relic GW’s are firmlywave beam satisfying physical boundary conditions, and be-
localized in the GHz region, the corresponding energy deneause of the special properties of the Gaussian function of
sity of the relic gravitons is almost eight orders of magnitudethe beam, the resonant response of the Gaussian beam to
larger than in ordinary inflationary models, and the dimen-high-frequency GW'’s has better space accumulation effects
sionless amplitude of the relic GW'’s in the region can reach(see Fig. 5 belowthan that of a plane EM waveee Fig. 7
up to roughly 103°[1]. This is about five orders of magni- in Ref.[8]). (2) In recent years, strong and ultrastrong lasers
tude more than that of the standing GW discussed in Refand microwave beams have been genergi@d-21 under
[7— 9]. Moreover, because the resonant frequencies betwedaboratory conditions, many of the beams have Gaussian-
type or quasi-Gaussian-type distributions, and they usually
have good monochromaticity in the GHz regi¢8). The e.m.
*Email address: cqufangyuli@hotmail.com response in the GHz band means that the dimensions of the
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e.m. system may be reduced to the typical laboratory sizevhere  r2=x2+y?, ko=27/\o, f=7W5/\e, W=W,[1
(e.g., the magnitude of a metethus the requirements on +(z/f)2]¥2 andR=z+{%/z. i is the maximal amplitude
other parameters can be further relax@d Unlike the cavity  of the electric(or magnetic field of the Gaussian beam, i.e.,
electrodynamical response to GWia general, the detecting the amplitude at the plane=0, W, is the minimum spot
cavities are closed systems for the normal e.m. modes storesize, namely, the spot radius at the plase0, andd is an
inside the cavities a Gaussian beam propagating through aarbitrary phase factors satisfies the scalar Helmholtz equa-
static e.m. field is an open system. In this case, the e.mijon
perturbations might have a more direct displaying effect, al-
though they have no energy accumulation effect in the cavity
electrodynamical response. Therefore, the e.m. response of V2y+ k§¢= 0. 2
Gaussian beams to GW's and the e.m. detection of micro-
wave cavities of GW'’s have very strong complementarity for
each other; this is also one of the motivations for this invesFor a Gaussian beam in vacuum, we hage= wguoeo,
tigation. wherew, is the angular frequency of the Gaussian beam.
The basic plan of this paper is the following. In Sec. Il we ~ Supposing that the electric field of the Gaussian beam is

present the usual form of the Gaussian beam in flat spacéointed along the direction of theaxis, that it is expressed
time. In Sec. Ill we consider the e.m. response of a Gaussiads EQ.(1), and that a static magnetic field pointing along the
beam passing through a static magnetic field to highy axis is localized in the regior |/2<z<1/2, then we have
frequency relic GW's in the quintessential inflationary mod-
els. It includes perturbation solutions of the electrodynamical -
equations in curved space-time, the first-order perturbative EO=E 0=y, EP=EP=0,
e.m. power fluxegor in quantum language the perturbative
photon fluxes Moreover, we give numerical estimations of R
our results. In Sec. IV we discuss the possible geometrical R B (—li2z=z=l/2),

hase shift produced by high-frequency relic GW’s. Our con- B(9=B(= 3)
phas b Py high-irequeéncy 0 (z=-1/12 and z=1/2),
clusions are summarized in Sec. V.

[l. A GAUSSIAN BEAM IN FLAT SPACE-TIME where the superscript O denotes the background e.m. fields,
and the tilde and caret stand for the time-dependent and

It is well known that in flat space-tim@.e., when GW'’s o . . -
' . static fields, respectively. Usingve use mks uni
are absentthe usual form of the fundamental Gaussian beam P Y s

is [22]

~ [ ~
2 BO)=—- —VxEO, (4
(Kez— wet) —tan 7 We

= Lexp( - i )exp{i
J1+(2/)2 W?

n Ker P and Egs(1) and(3), we obtain the time-dependent e.m. field
— , (1) . A i )
2R components in cylindrical polar coordinates as follows:
EQ=ycosp, EP=-ysing, EP=0, (5
~o oY posing [ ky¥(f2-z2) i i Yoz Sin ¢ 22
Br'=— - 5/SIn¢g= 27172 Ke 2, 52\2 2, 2 2 T Ry 2
we 9Z wd 1+ (2/1)°] [ 2(f<+2z%) fe+z wf 1+ (2/1)7] Wl 1+ (2/1)7]
r2 [ L2 ker? 5 6
X ex _W exp i| (KeZz— wet) —tan f+ 5R + , (6)
~ i dy
0O)—_ 7
By o O,)Zcosd)
B o COS ¢ [k . Ker2(f2—22) f i oz COS ¢ 2r2
od1+(ZHY T 2(f2422)2 12422 w fY1+(2/f)2]3? W21+ (z/)?]
" r2 [ 2 kr? 5 .
ex W exp i| (Kez— wet) —tan ?+ 5R + , (7)
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BO= I_ ﬂ_{ﬁ
we Y

Wokel sin ¢ . i2¢or sin ¢ p( r? ) p[
w1+ (Z DY z2+122)  w W1+ (2/F)?]%? P we T

z kJr?
_ e 124 e
(Kez— wet) —tan f+ 2R+5“.
(8)

With the help of Eq(1) and Egs.(5)—(8), we can calcu- duced, and their behavior is obviously different from that of
late the power flux density of the Gaussian in flat space-timethe background e.m. fields in the local regions.
For high-frequency e.m. power fluxes, only the nonvanishing
average values of these with respect to time have an observ-

able effect. From Eqg1) and(5)—(8), one finds IIl. ELECTROMAGNETIC RESPONSE OF THE GAUSSIAN
© 1 BEAM TO A HIGH-FREQUENCY RELIC
()= M_<~E(X0>§§0)> GRAVITATIONAL WAVE
0

A. The high-frequency relic GW’s in quintessential

2 2,62 2 inflationary models
_ v {ﬁker(f 2) o o -
2w 1+ (2/)?] 2(f?+2%)? For the relic graviton spectrum in quintessential inflation-
ary models, recent analysgk,2] seem to indicate that, un-
B f exp{ B 2_r2) ) like in ordinary inflationary models, the maximum signal and
f24 72 2]’ peak are firmly localized in the GHz region, the correspond-

ing energy density of the relic gravitons is almost eight or-

o 1 _ ders of magnitude larger than that in ordinary inflationary

(S'y=—(E{BY) models, and the dimensionless amplitude of the relic GW’s
Ho in the GHz band can reach up to roughly #0[1]. Thus

2r sir? & or2 smaller e.m. detection systenasot necessarily interferom-
- Yoke exp( _L), (10) eterg may be suitable for the purpose of detecting high-
2uowe 1+ (2/1)?)(z+ 1%/ 2) W2 frequency relic GW's.

In Fig. 1 one illustrates the relic graviton logarithmic en-
ergy spectra expected for typical ordinary inflationary mod-
els(curve ) and for quintessential inflationary modétarve
II), respectively. The region€l), (2), (3), (4)-1, (4)-2, (5),

Y 1 EO)R(0)
(8=~ —(EBY)

YKol Sin(2¢) 22 and (6) represent the detection frequency bands for LISA
= expg ——|, (1)  [16], LIGO [14,15, resonant-mass detectd@3—25, super-
Apowe[ 1+ (2/1)?)(z+1%12) W?

conducting microwave cavitie$10,11,38—40 Gaussian
© (0 ) beams tuned to the GHz frequency band, and mini-ASTROD

where(S?), (S'), and(S?) represent the average values of (Miniastrodynamical space test of relativity using optical de-
the axial, radial, and tangential e.m. power flux densitiesvices [26], respectively. Presently operating mass detectors
respectively; the angular brackets denote the average valué¥lude ALLEGEO[23], EXPLORER[24], AURIGA, and
V\(Iit)h respe(c'g to time. V\(/e) can se(e) from E(qg)—(ll)( t)hat NAUTILUS [25]. These detectors are often operating in the

0 0 0 0 0 kHz frequency band. For example, the operating frequency
<Sr>2(g)0=<s¢>2=(8)5 0,(S)2=0=(S)max, and [(S)] of the cryogenic resonant-mass detector EXPLORER is
> |(S")| and[(S%)| in the region near the minimum spot. 923 _le9[24]. Z'Eheir sensitivity would be expected to &
Thus, the propagation direction of the Gaussian beam is ex= 10 ~—10"*“ roughly for GW's in the kHz band.

actly parallel to thez axis only in the plane=0. In the Giovannini[1] analyzed the relic GW's in quintessential
(0) (0) inflationary models within the framework of quantum theory.
region ofz#0, because of the nonvanishing') and(S?), In this framework the Fourier expansion of the field opera-

the Gaussian beam will be asymptotically spreadzasn-  tors of the relic GW’s can be written as
creases.

We will show that when the GW is present, the Gaussian 1 o
beam will be perturbed by the GW. In particular, under the W (X, 7)= _f A3k [ oo (K, m)e'Ka
synchroresonant conditiofi.e., when the frequency /2 #olX.7) (27)%? ol #alky. )
of the GW equalsv /27 of the Gaussian begmnonvanish- . -
ing first-order perturbative e.m. power fluxes can be pro- +M§;(kg,77)ef'k9'x],
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- 1

h®(x,77)=(zT)3/2f d3kgh®(kg,77)eikg'x, (14

log Q oW

where the integration spreads over the whole frequency band
of the relic GW’s. However, if we hope to realize the reso-
nant response of a monochromatic Gaussian beam to the
relic GW's, it is necessary to let the frequency of the Gauss-
ian beam equal a certain frequency in the peak value region
L S S ‘ . of the relic GW's (i.e., we=wg). Fortunately, most strong
e 0 ®  lgesm) Microwave beamsincluding the Gaussian beargenerated
by present technology are monochromatic or quasimono-
FIG. 1. Curves | and Il represent the relic graviton logarithmic chromatic; thus a relic GW resonant with the Gaussian beam
energy spectrain critical unitg expected in the usual ordinary in- need be only one monochromatic component satisfying the
flationary models and in the quintessential inflationary models, recondition wg= We in the relic GW frequency band. In this
spectively. The curves are taken from REff]. Here we illustrate  case the corresponding treatment can be greatly simplified
roughly the distribution for some detection frequency bands. Rewjithout excluding the essential physical features. Of course,
gion (1) expresses the detection frequency band of LISAfor the resonant response to the relic GW's on the earth, we
(~10"*-1 Hz); region(2) is that of LIGO (~1-10' Hz); region  gpoyld use the intervals of laboratory tinfée., cdt
(3)is that of the resonant-mass detectorsl(® Hz); region(4)-1 is —a(#n)dy] and laboratory frequencj27]. Consequently, a

that of the difference-frequency resonant response of a microanﬁ,] A : :
onochromatic circular polarized plane relic GW propagat-
cavity (~10°-10* Hz), region(4)-2 (~10—10° Hz) is that of the . : poan P propag
ing along thez axis can be written as

fundamental resonant response of a microwave cavity; regiois
that of the Gaussian beams (0°—10'! Hz); and region(6) is that
of mini-ASTROD (~10 6-10"2 Hz). It can be seen that region
(4)-2 coincides partly with the maximal signal and peak of the relic ) ) ) )
graviton energy spectra expected in quintessential inflationary mod-Ne = Nxy=hyx=1A g explik x*) =iAg exdi(kyz— wgyt)].
els; the detection frequency baff) of the Gaussian beam tuned to (15)
the GHz frequency region can be almost completely localized in
this peak value region. For the relevant background in Fig. 1, welhis is just the usual form of the GW in the TT gauge.
present a brief introduction in the Appendix¢appendix A: The  Equation(15) can be viewed as the classical approximation
cavity electromagnetic response to GW's. Appendix B: The dimen-of Egs.(12) and(13) under the monochromatic wave condi-
sionless amplitudé and the power spectru, of the relic GW’s.  tion.
Appendix C: ASTROD. Appendix D: Noise problems. Since the relic GW’s in the peak value region of the quint-
essential inflationary models have very high frequeftbg
o GHz frequency bany future measurements through micro-
f d3kg[;l®(kg,77)e‘kg'x wave cavities or strong Gaussian beams may be useful. In
particular, for the high-frequency relic GW's of 4Hz
. i Svgs 10'! Hz (these are the best peak frequency band ex-
+ue(kg, meFo, (12) pected in the quintessential inflationary modlelssing the
e.m. response of the Gaussian beam would be more suitable
where (see Fig. 1

he=hy=—hyy=A, explik x?) = A, exi (Kyz— wgt)],

~ -

M@(X! 7]):

(277)3/2

~ _ 2 B. The electromagnetic system in the high-frequency relic
taKg,7) = alky, m)as(ky), gravitational wavefield

- - From Eg.(15), the nonvanishing components of the met-
pe(Kg, 1) =ts(Kg, m)as(Kg), (13 ric tensor in Cartesian coordinates are given by

© and ® denote the+ and X polarization of the Gw's, ~ 900~ ~ 1 91~ 0= 1+hu=1+hs,

respectively,n is the conformal time, and?, a, andaj,

é® represent the creation and annihilation operators of the
above two physical polarization states. From the viewpoint —go=du=0=ho.=h =1
of observation, the classical picture of H42) corresponds 912~ 9217 Gxy= Oyx=Nxy= N G337 0z~ L,
to the amplitudes of the relic GW’s with the two states of 1

polarization, namely, g'=-1, g =g¥=1-h"=1-hg,

g22: gyy:1+ hyy:l_hﬂ; ’

g?=g"W=1-h"Y=1+h,,

X

- 1 -
ha (X, =—f d3k h (k , gikg’ ,
&(X,77) (277)3/2 g o g 7) g12: 921: gxy: gyx: Y= — he 933: gzz: 1. (16)
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With the help of Eqs(3)—(8) and considering the perturba- perturbative electric and magnetic fields produced by the di-
tion produced by the weak GW field expressed as EfS.  rect interaction of the GW with the e.m. wave.g., plane
and(1.6),the components of the e.m. field tensor in Cartesiafyave or Gaussian beamare approximatelyhB(®c and
coordinates can be written as hB(®, respectively, while those generated by the direct in-
1 1 teraction of the GW with the static magnetic field are ap-
Fo=F9+ Fgll>:E(E§°>+ EE(”):E(z,/;Jr EW), proximately hB(®c and hB(®, respectively. Thus corre-
sponding amplitude ratio is abobhB(®/hB(©®. In our case,
=y Leq =y Lle we have choseB(®~1073 T, B®~10 T, i.e., their ratio is
Foo=Foz=cEBy"s Fos=Fos =77, only roughly 10 . Therefore, the former can be neglected.
In other words, the contribution of the Gaussian beam is

5 ~ 5 5 i oy mainly expressed in the coherent synchroresonénee .
Fi=FQ+FP=—BP+BM)=~ (E Y Bgl)) : = wg) of it with the first-order perturbatioR ) generated by
the direct interaction of the GW with the static fig#d” . In
F..=EQ4+FOLEO_B0)BO) LB this case, the process of solving E¢$8) and (19) can be
13 13 13 13 y y y . - . . i\ i omf0) — R (0)
) greatly simplified, i.e., the static magnetic fielf =By
_BO_ b f9_¢+~B(1) can be seen as the unique backgrounq e.m. field in @§p.
Y w iz o and(19). Under these circumstances, first we can solve Egs.
o (18) and(19) in region Il (~1/2<z=I/2, B©=B{) to find
Fo=F&)=B®, (17)  the first-order perturbation solutions; and second, using the

boundary conditions one can obtain the first-order perturba-
where F(?) and F(") represent the background static mag-tion solutions in region | #<—1/2, B®=0) and region III
netic field B{”” and the background e.m. wavefielthe  (z=1/2, B®=0).
Gaussian beamrespectively, an& () is the first-order per- Introducing Eqgs.(15—(17) into Egs. (18),(19), and ne-

turbation to the background e.m. field in the presence of thalecting high-order infinitely small quantities and the pertur-

GW. For nonvanishingf® and E®Y we have |E® bqtive effect pr_oduced by the direct interaction of the GW
Vanishingr ., por W ve | wy with the Gaussian beam, Eq4.8) and(19) are reduced to

<|F).
y7a%
The e.m. response to the GW can be described by Max- .
well equations in curved space-time, i.e., = = 2
g P _zEf(,lt)+ Bﬁ: B§/0)hxx,zy
1 9 avp
— (V=09 0"9""F4p) = nod”, (18) ) =0
J—g ax EQ+BR=0, (20

F[MV’D[]:O, (19)

whereJ* indicates the four-dimensional electric current den- 2 vt ExzT By Tz
sity. For the e.m. response in vacuum, because it has neither
a real four-dimensional electric current nor the equivalent

electric current caused by energy dissipation, such as Ohmic E(y?;_ Bxﬁ)zo, (21)
losses in the cavity electrodynamical response or dielectric
losseq[10], J*=0 in Eq.(18). and
Unlike the interaction of a plane e.m. wave with a plane
GW (according to the Einstein-Maxwell equations under the Eg}t)zﬁg}z):o, Eg}t):”gg}z):o, (22)

condition of a weak gravitational field, if both the plane GW

and plane e.m. wave have the same propagation directiofyhere the commas in the subscripts denote partial deriva-
then the perturbation by the GW of the e.m. wave vanisheg e Using Eq(15), Egs.(20—(22) can also be expressed

[17]), the electriq and magnetic fields of the Gau;sian beamg the following inhomogeneous hyperbolic-type equations,
are nonsymmetri¢see Eqs(1) and (5)—(8)]. In this case, respectively:

using Egs.(5)—(8) and(18),(19), it can be shown that even

for a plane GW propagating along the positdirection, it

can produce a nonvanishing perturbative effect on the Gaussg(1) - g(1) _ i’E(l) =—A.BOk%c exfi(kyz— wgt)]
ian beam. In order to find the concrete form of the perturba-~ *  *** ¢2 *! Ty 79 or Tee
tion produced by the direct interaction of the GW with the

Gaussian beam, it is necessary to solve Ety.and(19) by

substituting Egs(1), (5)—(8), (19), (16), and(17) into them, BWL_B1) _ i”B(l) = —A_BO)K2 exfi (kyz— wgt)]
which is often quite difficult. However, as shown in Refs. y vz g2yt ®Ty e g o
[8,17,28,29, the orders of the amplitudes of the first-order (23

104008-5
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5 B 1. . shall show, unlike previous work, our e.m. system is a pos-
DEM=E(),~ SER=—iA.BPKS ¢ extli(kgz—wgt)],  sible scheme to display the first-order e.m. perturbations pro-
c duced by the high-frequency relic GW&Hz region inside
a typical laboratory size detect@rot necessarily interferom-
eters or e.m. cavities with giant dimensi@gna particularly
interesting feature of the first-order perturbation is the per-
(24) turpative effect in some special directions and some special
regions.
OE@W=OBW=0 (25) It should be pointed out that in curved space-time only
z z ' local measurements made by an observer traveling in his
where [ indicates the d’Alembertian. Obviously, every so- World-line have definite observable meaning. These observ-
lution of Eq.(20) must satisfy Eq(23), and every solution of 2Plé quantities are just the projections of the physical quan-
Eq. (21) must satisfy Eq(24), and it is easily seen from Egs. lities as a tensor on tetrads of the observer’s world-line. The

(22) and(25) that a physically reasonable solution of them istetrads consist of three spacelike mutually orthogonal vectors
and a timelike vector directed along the four-velocity of the

X,2Z

o = 1. .
OBM=BY,— ?Bg}gt: iALBOKZ exili (kgz— wgt)],

only observer; the latter is perpendicular to the former. We indi-
EM=BM=0. (26)  cate these with(,, , where the index in parentheses numbers
the vectors and the other refers to the components of the
The general solutions of Eq$20)—(24) in region Il tetrads in the chosen coordinates. Consequently, the quanti-
(—1/2=<z=<1/2) are given by ties F(,3 measured by the observer are the tetrad compo-
. nents of the e.m. field tensor, that is,
EW= LA BOK c(z+112)exdi(kz— wgt)]
o2E oo F(ap)=FuT(a) () - (30)
+ by exdi(kgz—wgt) ]+, exdi(kgz+ wgt)], _

Obviously, for our e.m. system, the observer should be at rest
~ i . in the static magnetic field, i.e., only the zeroth component of
B(V= §A®B§O)kg(2+|/2)eXF[i(ng—wgt)] the four-velocity is nonvanishing. Thus, the tetra, has

the form

+ b, exdi(kgz— wgt) ]+, exdi(kgz+ wgt) ],
(27) 7{5y=(7{0y,0,0,0. (31)
E§,1)=—%A®B§°)kgc(z+I/2)exp{i(kgz— wgh)] Using Eq. (16) and the orthonormality of the tetrads

Uun iy T(s)= Map, Neglecting high-order infinitely small
+ibg expli(kgz— wgt)]+ics extli(kez+ wgt)], guantities, it is always possible to get

50_ 1A RO - 5,=(1,0,0,0,
By '= §A®By Ko(z+172)exdi(Kgz— wgt)]

. . . . 1
+iby exdi(kgz— wgt) ] +ic, exgi(kyz+ wgt)]. )= ( 0,1— Eh@ ,o,o),
(28)

The solutions, Eq926), (27), and(28), show that perturba-

tive e.m. waves produced by a plane GW satisfying the TT
gauge must be transverse waves, and the background static
magnetic field is perpendicular to the propagation direction “
of the GW. The constants in Eg7) and (28) satisfy 7(3=(0,0,0,D. (32

1
T@)=(o,—h®,1+§h®,o),

Equation(32) indicates that the zeroth and third compo-
nents of the tetrads coincide completely with the time and
axes in the chosen coordinates, respectively. Furthermore,

1 = (0) _ (1) has only the projection on theaxis; thusr(;, actually
bs+cb,=—5AsBy7c,  C3—CC=0; (29 points at thex axis. This means that the azimuthin the
tetrads and that in the chosen coordinates are the same, while
their concrete forms will be defined by the physical require-the deviation ofr(5, from they axis is only on the order of
ments and boundary conditions. hg .

The solutions(26)—(28) have similar features to those  With the help of Eqs(3), (4), (27), (28), and (32), ne-

found by a number of authof28,29 previously, but as we glecting high-order infinitely small quantities, we obtain

1 .
bl_Cbzz_zA@B§,o)C, C1+CCZZO,
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B =CFon=CFuu (o)1)

~ ~ 1 o
=E+EN-5hoE

~ 1
=yt B 5hou,

_ _ v _ (1
E(y)=CF(02=CF ., {0y (2= EM —hy o,
E(Z):CF(03):CFMVT,ELO)TE}ZS):O!
Bro=F@e=F 370

B+, (BO+BY)

_ iy
_BW o_ ' Y
B +h,| B ” &Z),
By =Fa3=F..7(1)7(s)
_a0) L B0 &1
=B+ B0+ B
ey
_go_ Y zm
Y weaz Y
3 i gy

e v _mO)__ oY

By=F(0=F .. 7(2)7(1)=B: T dy (33

As we pointed out above, heﬂ@|~:93|~A~B(°), ||~:£L13|
NAég’O)’ and in our caseB®~10 TB(®~10"3T; thus
we havelhF)/[FL)] ~BO/B)~10°*, so that thenF ()

terms in Eqg.(33) can be neglected again. In this case Eq.fiel

(33) can be further reduced @ region Il —1/2<z<1/2)
E(X): lﬂ"“E)((:L)
i .
=Y+ 5As BVkqc(z+1/2)extli (Kgz— wgt) ]
+by exgi(kgz— wgt)]
+c¢q exfi(kgz+ wgt)],

. i Yy -
=glo_ _ 7 B
By)=By we 9Z +By

. i oy i . ,
=B oozt 5As B kg(z+1/2)exdi (kez
—wgt)]+b, exli(Kyz— wgt)]
+¢, exfi(Kgz+ wgh)], (34
_T=@1
Ey=E"
=— EA BOk,c(z+1/2)exi(Kyz— wqgt)]
27"y Ny 9 9

+ibg exi(kyz— wgt) ] +ics exdi(kyz
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+ogt) ],
B(x) :Eg(l) + h® BB(IO)

1 . .
=5As BVkg(z+1/2)exli (Kgz— wgt)]

+ib, exdi(kyz— wgt)]+ic, exdi(kyz
+ogt)]+i1A B extli(kyz— wgt)],  (35)
and

E(Z) = 0,

O
_pO)_
B(y=B! Lw—e W (36)

C. The particular solutions satisfying boundary conditions

In fact, the perturbative parts in Eq&4)—(36) are the
general solutions of Eqg20)—(25) in region Il (—1/2<z
<1/2). We shall define the constants in E¢3) and(35) to
give the corresponding particular solutions satisfying the
boundary conditions.

Clearly, the perturbative e.m. fields in the regions I, II,
and Il must satisfy the boundary conditiofthe continuity
conditions

(|~:((,Ll3)|)z= —12= ('E(,Slvgn )z= 1125

(|~:(,%n)z=|/2:('Eé,l)y)m)zﬂ/z : 37

If one chooses the real part of the purely perturbative
ds in Egs.(34) and(35), then we have

EM —EA BOk c(z+1/2)sin(k,z— w,t
(0=~ 5AeBy Kgc(zH1/2)sin(kyz— wgt)

+b; cogkyz— wgt) +¢q cogKyz+ wgt),
E(l)——lA Bk, (z+1/2)sin(kgz— gt
W=~ 3AeBy ky(zH+1/2)sin(kgZ— wyt)

+ b, cogkyz— wgt) +C, cogKgz+ wgt), (39

B . R(0)
Ey=— §A® By 'kgC(z+1/2)cogkygz— wgt)

—bssin(kgz— wgt) — c3sin(kyz+ wgt),

~y 1.

B§§§:§A® BOky(z+1/2)cogkyz— wgt)
—bysin(kgz— wgt) —c4sin(kyz+ wgyt)
— A BPsin(kyz— wgt). (39

A physically reasonable requirement is that there is no the
perturbative e.m. wave propagating along the negatide
rection in region Il ¢=1/2). Here we shall consider one

104008-7
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more simple case, i.e., the perturbative e.m. wave in the
negativez direction is also absent in region t€ —1/2). In
order to satisfy the boundary conditions E87) and the
above requirement, from Eq&9) and(37)—(39), one finds

PHYSICAL REVIEW D 67, 104008 (2003

= 1.
E(y=—5A.BPkcl sin(kyz—wgt),

1 1. 1 .

b= —ZA.B{c, by=7A.B, by=7A:B{c,
3 .

by=— ZA®B§,°),

1. 1 . 1.
ci=7A:B{c, c=—Z7ABP, cs=7AB{c,

1.
Ca=7A:B{, (40)

y

and

I=nkg (n isintegey. (41

2
Bj= — 5ABPkyl sin(kgz— wqgt), (45)
(1) L B(0)
Ety)= = 5AsBy kel cogkgz—wgt),
Bil)= = A, B0kl coskyz— wgt); 46
(4= 5As By kgl codkgz— wgt); (46)

where |, is the size of the effective region in which the
second-order perturbative e.m. power fluxes, such as
(Lpo) (EESBEY). (Lo (EGIBGy), retain a plane wave
form. Notice that the power fluxes in region Il contain parts
with a space accumulation effect, i.e., they depend upon the
square of the interaction dimension. This is because the
GW'’s and e.m. waves have the same velocity, so that the two
waves can generate an optimum coherent effect in the propa-
gating direction. It is easy to show that, if we choose the

In this case we have the perturbative e.m. fields in th‘?maginary part of the purely perturbative fields in E634)

above three regions as follows.
(a) Region | =—1/28=0):

Bl =F(a) =Bl =F1y=0; (42

(b) region Il (—1/2<z=<1/28(=B{):
BW=— 1A B8Ok c (z+112)sin(kyz— gt
)=~ 3AeBy KeC (z )Sin(kgz— wgt)

1

5AsBMcsinkgz)sin(wqt),

~ 1 R
B{1=— 5A:B{ ky(z+ 12)sin(kyz— wg)

2
1o .
+ 5 A5 By sin(kgz)sin(wqgt); (43

E(l)——lA Bk c(z+1/2 K,Z— wgt
=~ 5AsBy keC(z+1/2)co8kyz— wgt)

1 R(0)~ aj
— §A®By ¢ sin(kgz)cog wgyt),

~B(l)—EA BOK (z+1/2 K z— wgt
(x)_2 ® Py g(z )COi gz wg)

1.
— 5 A:BY sinkyz)cog wgt); (44)

(c) region Ill (I12<z=<I,,B(®=0):

and(35), we can obtain similar results, but E@1) will be
replaced by

I=(2n+ 1)% (n is an integer. 47

Logi and Mickelson[29] used Feynman perturbation tech-
niques to analyze the perturbative e.m. wafgF®oton fluxes
produced by a weak GMgravitong passing through a static
magnetic(or electrostatig field, and found that perturbative
e.m. wavegphoton fluxeg propagate only in the same and in
the opposite propagation directions of the G@vavitons;

the latter is weaker than the former or is absent. Obviously,
our results and the calculation by Logi and Mickelson are
consistent. However, due to the weakness of the interaction
of the GW's (gravitong with the e.m. fieldg(photong, we
shall focus our attention on the first-order perturbative power
fluxes produced by the coherent synchroresonance of the
above perturbative e.m. fields with the background Gaussian
beam, not only the second-order perturbative e.m.

power fluxes themselves, such as U@IEHBL)
and (1) (E{{B(Y).

D. The first-order perturbative electromagnetic power fluxes

The generic expression for the energy-momentum tensor
of the e.m. fields in GW fields is given by

Tur= 2| _puprey Tgup, pob (48)
o a 49 af .

BecauseF ,,=F%)+F() and [F()|<|F{)] for nonvan-
ishing F() andF{}), T#” can be decomposed into

(0) (1) (2)
TH'=Tuv+Tuv+Tur, (49

104008-8
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0) .
where Tuv is the energy-momentum tensor of the back-
. (1) (2) .
ground e.m. field, andTx» and Twv represent first-and
. (0) .
second-order perturbationsTa» in the presence of the GW.

. ) _@) (2) .
Using EQ.(16), Tur, Tur, andTuv can be written as

(0) 1
wv— | _gmO0)Era(0) L —  ure(0)zaB(0)
T Mo( FOSF +41; FaﬁF , (50
(1) 1 - -
Ter= _[ _ (F#(O)F va(l) F#(l)F Va(O))
Mo “ “
L1 wr(E(D)FaB0) 4 pOFap1)
477 af ap
1 ve(0)EaB(0)
— N FOF : (51)
(2 1
THY = [ Fﬂ(l)Fva(l)+ ,7,tw|:(1)|:aﬁ(1)
Mo 4
L v O aB) | RO ap(0)
=g (FOJF P+ FOIFFO) | (52)
0 (1)
For nonvanlshmgTuv Tur, andT;w we have
(0) (1) (2)
| T[> THY[>|TH. (53

. 1)
Therefore, for the effect of the GW, we are interested ﬁn

0 2
but not inTEu2 andTﬁw). Nevertheless, it can be shown from
Egs.(1), (3), (5)—(8), (15), (42)—(46) and(52) that the aver-
2

age value ofT00 with respect to time is always positive.
Thus it expresses essentially the net increasing quantity of
the energy density of the e.m. fields. In particular, under
resonant conditions, it should correspond to the resonant

graviton- photon conversion at the quantum Ie[m 31.
(2)
But becausdTuv|<|Tw| for nonvanlshlngTMv and T,

the second-order perturbations are often far below the re-(y
YS%)w
dthe flrst order tangentlal perturbative power flux densities

guirements for an observable effect. In this case it has onl
theoretical interest. However, for some astrophysical situ
tions, it is possible to cause observable effects, because ve
large e.m. fields and very strong GW’s often occur simulta-

neously and these fields extend over a very large are

[32,33.
By using Egs(1), (3), (5)—(8), (15), (42)—(46), and(51),
we obtain

(LB

1 -
-—(E sin
FLO( (x) (z)) d’

(59

PHYSICAL REVIEW 67, 104008 (2003

(1) (1)

1~ 1 .
MO( B e (xB(3))cos ¢
L Bwpo
_%(E(y) z))sin &, (55
e o 0 1 1 - 1B (0
SZ—cT°3=—(E< BUN+ —(EBLY), (56)
Mo

@ (1) (1)

whereS', S?, andS? represent the first-order radial, tangen-
tial, and axial perturbative power flux densities, respectively.
As we have shown above, for high-frequency perturbative
power fluxes, only their nonvanishing average values with
respect to time have an observable effect. It is easily seen
from Egs.(1), (5)—(8), and(42)—(46) that average values of
the perturbative power flux densities Eq54)—(56) vanish

in the whole frequency range wheig # w, . In other words,
(olr)ﬂy(lL)mder t(k;()a condition ofv,=wg (synchroresonangelo

S', S?, and & have nonvanishing average values with re-
spect to time.

In the following we study only the tangential average
1)

power flux densit)(S‘/’)we:wg. Introducing Egs(1), (8), and

(42)—(46) into Eq.(55), and settingd= /2 in Eq.(1) (this is
always possiblg we have
(1)

(1) 1)

(8" gm0~ (SD) g0y T (S0 gy (57)
where
v 1 ~(1) (0)
<S$>we:wg: - M_0<E(X) (2))COS ¢,
v 1 0
<S§2>we:wg=——<E‘ /B{Y))sin 6. (59)
(1)

— o, and (S"’)w -, fepresent the average values of

&nerated by the states f polarization andx polarization
“of the GW, Eq.(15), respectively. Using Eqgl), (8), (42)—
646) (57), and (58) and the boundary conditiorjsee Egs.
(37) and(42)], one finds the following.

(a) Region | Z=—1/2),

(&) (1)

(S2) gy = (S2) =y = 0. (59)

(b) Region Il (—=1/2<z=<1/2),

104008-9
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@) | AGBpokgr (z+112) A 2z kg AsBP yor (z+112) oz kP
(S o0 = cog tan > sin| tan —=
e | 8uol1+(2/f)2 M z+22) f 2R auoW1+(z/£)2)32 f 2R
A,BOyr z k,r? A, BOyor
- o8y Yo sir'n(kgz)cos(tanl——g——kgz)— 692 y Vo sin(kyz)
8uol[1+(2/F)?)Y4z+ f?/2) f 2R Apokg W[ 1+ (2/1)2]32
z kg’ r2
X sin tan‘l?—zg—R—kgz Jex;{ _W> sin(2¢), (60)
<) _ AsBY ok (z+112) S AsBP yor (z+112) ket? 2z
(S2)wy=w =T 2SN g ~tan s > e R T-a C UL
9 | dup[1+(2/F)2YHz+£21Z) 2uoWA[ 1+ (2/1)?]
A.BO yor z kgr2 A.BOyor
+ e yz 152 5 sin(kgz)sin( kgz—tan*1?+ g )+ ®2 y Yo > 555iN(kg2)
Aol 1+ (2/1)?1Y %2+ £212) 2R 2p0kgWi[ 1+ (2/)?]
z kgr? r?
X cos{ kgz—tanfl? + ZQ_R) } ex;{ - W) Sirt¢. (61)
(c) Region Il (I12<z=<ly),
@ AsBO yokglr Kqr 2 AsBO yolr z kg2
(S c. = =By YoKg coa(tanl—— 9 ) f y Vo sin| tanl——g—)
e 8ugl 1+ (2/F)2 YA z+12/z) F2R) apoWi[1+(2/f)2]%2 f2R
r2\
X exp( — VV) sin(2¢), (62
5(0) 5(0)
(514)5 B Ag By Yokl .in kgrz—tan*f L PsBy Polr o kgrz_tanflz
( ®>“’e:“’g_ 29112 2N 2R f 2 2132°°1 2R f
Aol 1+ (2/F)“ 14 z+T%/2) 2uoWol 1+ (2/1)7]
r2)
X exp( - W) sirf¢. (63)

It is easily shown that the nonvanishing first-order pertur-wave” in cylindrical polar coordinates around the symmetri-
bative power flux densities are much greater than corre- _ ) (1)
sponding second-order perturbative power flux densities. Theal axis of the Gaussian beam, bl45$>we:wg and
guantum picture of this process can be described as the in{1)
teraction of the photons with the gravitons in a backgrounc{s@we:wg have a different physical behavior. By comparing
of virtual photons (or virtual gravitong as a “catalyst”  Egs.(60)—(63) with Egs.(9)—(11), we can see the following.

[29,34, which can greatly increase the interaction cross sec- (1(; (0) o
tion between the photons and gravitons. In other words thé®) (S2)w.-a, and(S”) have the same angular distribution
interaction may effectively change the physical behavior 1

(e.g., propagation direction, distribution, polarization, andfactor sin(z), thUS<S$>we=wg will be swamped by the back-

phase of the photons in the local regions; even if the net (0) o 1)

increase of the photon numbghe e.m. energyof the entire ~ ground power fluxS?); namely, in this casésg)we=wg has

e.m. system approaches zero, such properties may be venp observable effecib) The angular distribution factor of

useful to display very weak signals of GW's. (142 o o (0)
Equ(at)ions(GO)—(63) show that because there are nonvan-<3®>we(=1;ug is sirf ¢; it is different from that of S”). There-

1
ishing Sg (which depend on the- polarization state of the fore, <S§)we:wg, in principle, has an observable effect. In
(1) (0)

GW) and Sg (which depend on the< polarization state of particular, at the surfacesh=m/2,37/2, (S?)=0, while

the GW), the first-order tangential perturbative power fluxes (1) 1)

are expressed as a “left circular wave” and a “right circular |<S§>we:wg| :|<Sg>we:wg|max; this is satisfactory(although
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" Right circularly " Yy " Left circularly " y A
propagating region propag(;cl)ting region
1
of « g“)’ of <S£>
> X
" Left circularly " " Right circularly " f W -
propagating region propagating region & } -
) )
of <S§,> of <S" X
(1)

FIG. 2. Distribution of<sg>we:a,g at the plang=1/2=n/2\4 (n
is integey in the cylindrical polar coordinates. It has maximadat
=7l4, 3nl4, 57/4, and 7r/4, while it vanishes a$=0, #/2, = and

3m/2. Herel=0.1 m,A;=0.01 m andr=0.05 m, and the GW (1)
propagates along theaxis. FIG. 3. Distribution 0f<S$)we:wg in the planez=0 in cylindri-
cal polar coordinates, It has maximadt 7/2 and 37/2, while it
(0) (l) @)
(S) and(s?),, - v, have the same angular distribution fac- vanishes agp=0,7. Unlike Fig. 2,(S%),, -, at thez=0 is com-
(0) pletely “left-hand circular.” Herer =0.05 m,\4=0.01 m, and the

tor sirf¢, the propagation direction dfS") is perpendicular GW propagates along theaxis.
1) (0) (0)

to that of(Sé}we:wg; thus(S") (including (S*)) has no es- (1(2 _ . o _
sential contribution in the purely tangential direction (SZ)wg=w, is the unique nonvanishing power flux density
(1)

assing through the plahes given b
Figure 2 gives the distribution G(S$>we= wg ON the plane P g 9 P 9 Y

z=1/2=n/2\4 (n is an integer in cylindric(all) polar coordi- @

<ug>we=wg =2

nates, while Fig. 3 gives the distribution (cﬂig}we:wg in the Ng= hog
planez=0 in cylindrical polar coordinates. W

From Egs.(10), (11), (60), and(61), we can also see that 0
0) (O)q (1) (11, (60) and(61), f ( ®>w ~ag.p=2dzdr, (69)
(Sy=(s?= <s¢>we=wg—o in the planez=0, while

(l) 1
(1) A®é(0)¢0|r r2 where <u®>w =wgy Jh=ml2— fo O|/2<Sg>we:wg,¢:77/2d2dr IS
<S§>we=wg= y—z ——|sir? ¢. (64) the total perturbatlve power flux passing through the plane
4moWo ¢é=ml2 and# is the Planck constant.

In order to give reasonable estimations, we choose
© @ achievable values of the e.m. parameters in the present ex-
In Table | we list the distribution ofS?), (S¢)w =g and periments. (1) #o=3X10° V m ! (i.e., %o/c=10"3T),
@ the amplitude of the Gaussian beam. If the spot radiyof

<S >w =y in some typical regions. Table I, Eq60)—(63), the Gaussian beam is limited to 0.05 m, the corresponding
and Flgs 2 and 3 show that the plarre 0 and the planes

(0)
¢=m/2,37/2 are the three most interesting regions. For thePower can be estimated &= [, VS, p2mrdr ~10° W

(03) © (1¢)) [see Eq.(9)]; this power is well within the reach of current
former, (S%)=(S)=(S)w,-0,=0, but a nonvanishing technology [21,35. For the Gaussian beam withe=3
@ ©  © x 100 Hz, this is equivalent to a photon flur‘®) of 5

(S2)a, —, eXists; for the latter two(S’)= (SD)a, 0, =0,
(1)

but there is a nonzers?).,_ -

vanishing tangential e.m. power flux in such regions will

express the pure electromagnetic-gravitational perturbation,

x 1077 s~ * roughly. (2) B{”’=30 T, the strength of the back-

. This means that any non- 9round static magnetic fleld this is the achievable strength of
a stationary magnetic field under present experimental con-
ditions[36]. (3) Ay =10"%, wy/2m=vy=3X 10" Hz, these
are the typical orders of magmtude expected quintessential
inflationary models [1]. Substituting Egs. (61), (63),

E. Numerical estimations and the above parameters into E(65), and setting

If we describe the perturbation in the quantum languagéVo=0.05 m/=0.1 mJ,=0.3 m, we obtain n,~1.57

(photon fluy, the corresponding perturbative photon fhux X10°s™ (see Table ). Up to now, this is the largest
(1) perturbative photon flux in a series of resuls-9]. Re-

caused by(Sﬁé)we:wg in the plane¢=/2 (we note that cently, we analyzed and estimated them under typical labo-
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(0) (1) (1)
TABLE I. The distribution of(S%), (Sg)we:wg, and(S@},‘,e:wg in some typical regions.

Angular distribution Plane Planes Planes Planes
factor z=0 ¢= /4,574 ¢=37l4,T7l4 d=ml2,37/2
0 . 0 (0 (0) (V]
sin 0 0
(s @) (=S ma (S =S mas
“left circular” “right circular”
propagation propagation
1) 1) 1) (1)
1) sin(2¢) 0 |<%>we:wg|:|<%>we:wg|max- |<%>we:wg|:|<%>we:wg|maxv 0
<S$>we:mg “left circular” “right circular”
propagation propagation
1) 2 & 1) Th Th 1)
si ere are ere are
(Do, (D)oo (S oy
(1) 1)
:|<§£) — o Jmax nonvanishing values; nonvanishing values; :|<5§§> — o Jmax
we—mg we—mg 1
at ¢=7/2,3m/2 “left circular” “left circular” “left circular”
propagation propagation propagation

ratory parameter conditions. If the integration region of(61) and Eq.(63), is all a slow enough variational function in
the radial coordinate in Eq. (65) is moved toWy<r=<r, (1)

(here Wy=0.05m, r,=0.1 m), in the same way, the theZz direction. This means that the value ((ﬂ@)we:wg is
corresponding  perturbative photon flux), can be slowly variational and keeps its sign invariant in the whole
_ ) o @ region of the coherent resonangere it is about the region

estimated  as ny=(Lhwe) ) 12 g)we_w o= mdzdr )

of 80\y, namely, 0.8 n thus(Sg)we:wg are “left circu-

=0.96x10° s '~10° s L. Although thenn,<n,, it re-
larly” propagated from—1/2 to | .

tains basically the order of e %, and because the “receiv-
ing” plane of the tangential perturbative photon flux has al- Table Il gives the tangential perturbative photon fluxes
ready moved to the region outside the spot radigsof the ~ and corresponding relevant parameters in three cases. In the
Gaussian beam, it has a more realistic meaning to distinguisfirst caseWy;=0.05 m, in the second ca¥¥,=0.02 m, in
and display the perturbative photon flux. the third caseWy3;=0.1 m, but the background Gaussian
(1) beam has the same power in the three cases, Re.,
(O)F|gure 4 gives the rating curve betweei?:@)w —ag and 15w Because\N03>W0.1>W02, Vo< 1< oz Table |
(S%) in the planez=0; herer is the radial coordinate. Il shows_ that the tangentlal perturbation in the Gaussian
beam with largeW, (i.e., smallerd) has a better physical

Figure 5 gives the rating curve betwesp and the axis . . . .
coordinatez, and the relative parameters are choservas effect than that m_the Gaussuan_beam with smaigy (i.e.,
larger 0); here 6 is the spreading angle of the beam,

=y = % 100 —10-30 A0)_ r
BTV S e A R
0 0~ 9 We emphasize that herez,ocd/ooc\/_[see Eqs(61), (63),

ure 5 shows than, has a good space accumulation effect as and (65); P is the power of the Gaussian behrand at the

z increases. In fact in addition to the third and fourth terms
1) same timen,=B{”). Therefore, ifP is reduced to 1DW,

in Eqg. (61), the rest in the expression fQS@)we:wg, Eq. thenn,~1. 57>< 102 s 1 and even ifP is reduced to 10 W

TABLE Il. The tangential perturbative photon fluxes and corresponding relevant parameters.

(1)

A vg (H2) W, (m) 0 (UD) 0=y (W) ng (s
10730 3x10% 0.05 6.36<10°? 3.11x10°%° 1.57x 10°
1020 3x 10 0.02 15.7&10 2 1.31x10 % 6.61x 107
1020 3% 10 0.10 3.1&10°? 3.14x10° % 1.58x10°
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40} -1

<8 (W.m?) m(=)

. 1500
1.2x10°[

g 1250
1x10° |

7 1000
8x10°[

= 750
6x10° |

500
ax10’}

250
2x107 |

._)—'/

-5 5 10 i5 z0 z5

2z (%10 2m)
30

15 10 5 0 5 10 15

£ (xL072m) FIG. 5. Rating curve betweary and the axial coordinatg here

Ve=vg= 0gl2m=3X10"° Hz, A,=10 %, B®=30 T, y,=3
w X10° V m~1, andW,=0.05 m. It shows that the purely tangential
perturbative photon flux passing through the plape /2 with

3 [ ﬂ/\ 10" 2m?2 would be expected to be 1.570° s 2.
1 : ]

proportional to the distance propagated by the e.m. \\see

15 10 5Wo 0O Wo 5 10 15 . .
7z 7z £ (10 %m) Eqg. (6) in Ref.[37]], i.e.,
) (0) Aa=A(A—-sin A)sin(A+6"), (66)
FIG. 4. Rating curve betwee(rs@we:wg and(S?) in the plane
z=0; herer is the radial coordinate an¢g=m/2 or 3w/2 in Eq.  Here,
(1) (1)

(64). 1t shows that|(S2), - |=1(S2)u.-w Imax at r=Wq/y2.

e~ “g fo)° 3 B
The background axial power flux densit$?) is a typical Gaussian A= 27"'-/7‘9_5"’9 ' (67)

(0) (1)
distribution, and|(S?)|>|(S%), —. |max. However, because the ] ] ]
©° ¢ A is the amplitude of the GWe.g.,A, or A,), L is the
p{gpagatoin(o)difec'fion of (S?) is perpendicular to that of distance between the observer and the reflecting system of
PR - the e.m. wave, anl.=\,,w.= wg; L is also the interaction
Sy, _.., (S has no contribution in the purely tangential direc- . . ’ e "grre 9’
(S)ag=oy (S o purely fang dimension of the GW with the e.m. wave.Af>1, from Eq.
tion. The shaded part expr@s{%)wi% Here ve=vy=wy2m  (66), we have
=3x10" Hz, A,=10"%, B®=30 T, y)o=3x10° Vm?, | _ )
=0.1 m, andW,=0.05 m. Aa=AA sin(A+46"), (68)

(this is already a very relaxed requiremenwe still have namely, one obtains a linear increase of Fhe phase shift.
n,~1.57x10 s *. Thus, if possible, increasing{”’ (in this Equations(67) and (68) show that a large distande and
way the number of the background real phoycons does n igh frequencywg will produce a better physical effect than

change has a better physical effect than increasmgAc- t a;\of a shmaIIL af‘dt IZW frtequ?rlzcyog._ deal ol h
cording to the above discussion, we give some values for the S We have pointed out, unlike an ideal plane monochro-

power P of the background Gaussian beam and corresponc{?at'C e.m. wave, the _Gau55|an beam is "?‘.fea"zed e.m. wave
ing parameters, andn/, (see Table I} eam satisfying physical boundary conditions, and we shall
¢ ¢ :

In particular, sincen; indicates the tangential perturbative show that for a Qaussmn peam with a small sprgadmg .angle,

P A4 ; 9 , P the wave beam in the region near the symmetrical axis can

photopzflu;< passing through the receiving plang= 77/_2 be approximately seen as a quasiplane wave. In this case it is

(—107" m7) outside the spot radluWO'of the Gaussian possible to estimate the geometrical phase shift in the Gauss-
beam, the results provided a more realistic test scheme.

ian beam.
IV. GEOMETRICAL PHASE SHIFT PRODUCED BY HIGH- TABLE lIl. The power of the background Gaussian beam and
FREQUENCY RELIC GRAVITATIONAL WAVES correspondingq¢ and n(’ﬁ.
Mitskievich and Nestero\J37] investigated the Berry’s 1 .1
. . - P (W) ng (s7) ng (s

phase shift of a monochromatic e.m. wave beam in a plane
monochromatic GW field, and it was shown tltak for par- 10° ~1.57x 10° ~10°
allel propagating GW and e.m. wave, the phase shift is ab- 108 ~1.57X 1% ~10?
sent;(b) when the waves are mutually orthogonal, a nonva- 10 ~1.57x10 ~10

nishing phase shift will be produced, and the phase shift is
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TABLE IV. The geometrical phase shift produced by GW’s in e.m. wave beams with the same frequencies.

Interaction Geometrical
A vg=ve (H2) Waveform dimensionL (m) A phase shifAa
(@ 1022 3x10° Monochromatic 3.&810° 2.4x10* 2.4x10 18
plane e.m. wave (cislunar distance
(b) 10730 3x10%° Gaussian beam 1 286107 2.5x10° %8
(c) 1030 3x10° Gaussian beam 38 2410 2.4x10°2%6
(d) 10" %0 3x10% Gaussian beam %510 3.1x 1012 3.1x10718

(LISA dimension

In order to simplify our analysis, we consider only the We can see from Table IV that scherf@has the typical

real part of Eq.(1). From Eqg.(1) we have parameters of the expected astronomical G\\sse the
analysis in Ref.[37] and Egs.(60)—(68)], and A=2.5
Re(¢)=f1(r,2)cogKeZ— wet) + F5(1,2) SIN(KeZ— wgt), X 10*, Aa=2.4x10 '8 This means that in this case a GW

(69  of A=10 % and 4= 10° Hz can be treated as an effective
magnitude of some 10 but it needs an interaction dimen-
where sion of cislunar distancéi.e., the reflecting system of the
e.m. wave beam is placed on the surface of the madeor
Yo ;{ rZ) scheme(d), the phase shift may achieve the same order of
ey & magnitude as in schenta), but it needs the interacting di-
[1+(Z/1)7] mension of LISA (~10° m), and it is necessary to construct
7 k2 a very strong Gaussian beam with a small spreading angle in
xcos( tan - ———— 5), (70 the microwave frequency band for LISA. This seems to be
beyond the ability of presently conceived technology. Nev-
ertheless, if the amplitude of the high-frequency relic GW
Yo r2 (v4~10" Hz) and the amplitude of the expected astronomi-
- mex W2 cal GW (v4~10° Hz) have the same order of magnitude,
then the geometrical phase shifir produced by the former
_,Z gjr2 will be seven orders of magnitude larger than that generated
tan “r——x 9] (7D by the latter.

fi(r,z2)

fo(r,z)

X sin

Equations(69)—(71) show that for a Gaussian beam with a
small spreading angle, the deviation of the propagation di-

rection from thez axis in the region near the axis would be (1) For the relic GW's predicted by quintessential infla-
very small, and for the high-frequency band, the functibns  tionary models, since a large amount of the energy of the
andf,, Egs.(70) and(71), will be slowly variational func-  g\ws may be stored around the GHz band, using smaller
tions in thez direction. In this case, the change of the Gaussg . systemge.g., microwave cavities or the Gaussian beam
ian beam in space-time mainly depends on the propagatiofiscussed in this papefor detection purposes seems plau-
factors coez—wd) and sinkz—wl). In this sense it is just  sible. In particular, the Gaussian beams can be considered as
characteristic of the plane wave. Therefore, for a GW propaney possible candidates. For high-frequency relic GW’s with
gating al_ong they axis, pecause its propagation dlrect|on.|stypica| order Of,,gzlolo Hz, h=10"3%in the models, under
perpendicular to the axis, it would generate a phase shift the condition of resonant response, the corresponding first-
satisfying approximately Eq66) or Eq. (68). Notice that, rger perturbative photon flux passing through the region
since in this case the propagation direction of the GW is10-2 1y would be expected to be 48 1. This is the largest
parallel with the static magnetic fiel%i(yo), whether from the  perturbative photon flux we have recently analyzed and esti-
classical or the quantum theory of weak fields, the GWmated using typical laboratory parameters.

V. CONCLUDING REMARKS

(gravitong does not produce perturbative e.m. fie{gdhoton (2) In our e.m. system, the perturbative effects produced
fluxes in static magnetic field$28,29. Thus all the first- by the + and X polarization states of the high-frequency
order perturbations expressed as E§4)—(56) vanish. relic GW have different physical behavior. In particular,

It is interesting to compare the geometrical phase shifsince the first-order tangential perturbative photon flux pro-
produced by the high-frequency relic GW of;=3 duced by thex polarization state of the relic GW is perpen-
X 10" Hz andA=10"*’in a Gaussian beam with the phase dicular to the background photon fluxes, it will be a unique
shift generated by the expected astronomical GW o# 3 nonvanishing photon flux passing through some special
X 10° Hz and A=1022 in a plane monochromatic e.m. planes. Therefore any photon measured from such a photon
wave(see Table IV. With the help of Eqs(66)—(68), we list ~ flux in the above special planes may be a signal of e.m.
some typical parameters in Table IV. perturbation produced by the GW, this property may be
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promising to further improve the e.m. response to the GW. usual astronomical GW's seems to greatly limit the perturba-
(3) As for the geometrical phase shift produced by thetive effects in the cavity’s fundamental e.m. normal modes.
high-frequency relic GW, because of the excessive small amFor the high-frequency GW’s in the GHz band, the corre-
plitude of the relic GW, the phase shift is still below the sponding resonant condition can be relaxed, but the cavity
requirement for experimental observation. Thus the outlool§ize cannot be excessively small, even if the condition
for such schemes may not be promising unless there aré\g can be satisfied, since in this case the cavity cannot
stronger high-frequency relic GW's. But for the dimensionsStore enough e.m. energy to generate an observable pertur-
of LISA (of course, in this case it needs a very strong microbation. If GW’s detected by the cavity have excessively high
wave bean it is possible to get an observable effect. frequency, €.g.yg=ve> 10° Hz, we can see from EdAl)
The relic GW’s are quite possibly the few windows from that the requirements for the other parameters will be a.b|g
which we can look back at the early history of our Universe,challenge. For instance, if one hopes to detect a high-
while the high-frequency relic GW's in the GHz band pre- requency relic GW witth =10 and vy =10° Hz in quint-
dicted by quintessential inflationary models can possibly pro€ssential inflationary models, we ne€@=10'% B=30 T
vide a new criterion to distinguish between the quintessentigindV =100 n¥ at least; then the corresponding signal accu-
inflationary and the ordinary inflationary models. As pointedmulation time will be 7~Q/w.~10°s. If h=10"%, v,
out by Ostriker and Sternhard], whatever the origin of =10° Hz, we needQ=1012, B=30T andV=10 m (i.e.,
quintessence, its dynamism could solve the thorny problerfhe typical dimension of the cavity will be~2.2 m) at least,
of fine-tuning our Universe. If we could display the signal of then 7=Q/w~10" s. Increasing the quality factd@ and
the high-frequency relic GW's in the quintessential inflation-Using squeezed quantum states may be a promising direction
ary models through the e.m. response or other means, [it1]l. For the former, the requirements on the other param-
would not only provide incontrovertible evidence of the GW €ters can be further relaxed; for the latter, the signal accumu-
and quintessence, but also give us an extraordinary opportlation time could be decreased. Therefore, for the fundamen-
nity to look back at the early Universe. Therefore, if there istal resonant response, a suitable size of the cavity may be of
even a small chance that the signal of the high-frequenc{he magnitude of a meter, the corresponding resonant fre-

relic GW's is detectable, then it is worth pursuing. quency band should be 3®iz<v,<10° Hz roughly [the
region (4)-2 in Fig. 1]. In order to detect GW’s of TOHz
ACKNOWLEDGMENTS <v4<10° Hz, the thermal noise must BeT<hwv, which
corresponds td<10 2 K (see Appendix D
One of the authoré.Y.L.) would like to thank J. D. Fan, Moreover, the resonant difference-frequency schemes

Y. M. Malozovsky, W. Johnson, and E. Daw for very useful suggested in Ref$38,39 can be used as e.m. detectors for
discussions and suggestions. This work is supported by thigigh-frequency GW's. The detector consists of two identical
National Nature Science Foundation of China under Grantsigh-frequency cavitiege.g., two coupled spherical cavities
No. 10175095 and No. 19835040 and by the Foundation ofs discussed in the recent pafadg]). When the GW fre-
Gravitational and Quantum Laboratory of Hupeh Provincequency v, equals the frequency differenge; — v,| of the

under Grant No. GQO101. two cavity modedi.e., vy=|v;—v,|, andvy, v,>vg), then
the detector can get maximal e.m. energy transfer. Following
APPENDIX A: THE CAVITY ELECTROMAGNETIC [39] we learn that the sensitivity of the e.m. detector would
RESPONSE TO GRAVITATIONAL WAVES be expected to béh~10 2°—10 22 for GW’s in the 16

. . , —10* Hz frequency bandthe region(4)-1 in Fig. 1]. If this

For the cavity electromagnetic response to GW's, the besé.m. detectoqr is agvanced it mgight detect G\gN’s in the GHz
detection state is the resonant response of the fundament@énd Referencp40] reportéd an e.m. detection scheme for
e.m. normal modes of the cavity to the GW’s, since in th'shigh—frequency GW's by the interaction between a GW and

Ease Itis pOfskbltee(tohg?r?er?rt]e tt?e kmammzl e.m. fpelgurtbatlglgne polarization vector of an e.m. wave in repeated circuits of
or resonant states/hether the background €.m. TIeld Stored 5 o546 loop. In this scheme, because of the linearly cumu-

inside the cavity is only a static field or both the static Mag-ative effect of the rotation of the polarization vector of the

netic field and the normal modeghe display condition at e.m. wave, the expected sensitivity can reach upsho

thg level of a quantum nondemolition measurement can be’ 10728- 10719 for GW's of 16— 10° Hz [the region(4)-2
written as[10,1]]

in Fig. 1]. The above two schem§39,4( are both sensitive

(hQ)2B2V to the polarization of the incoming GW signal. Although the
Tzl, (A1) sensitivity of the above e.m. detectors is still below the re-
Holt We quirements for an observable effect of the high-frequency
relic GW's, advanced e.m. detector schemes would be prom-

whereQ is the quality factor of the cavityy is its volume,

and B is the background static magnetic field. In order to
satisfy the fundamental resonant condition, the estimated
cavity dimensions should be comparable to the wavelength
of the GW. However, the dimensions cannot be too big. This
is because constructing a superconducting cavity with typical
dimension! =100 m may be unrealistic under the present The relation between the logarithmic energy spectrum
experimental conditions. The low-frequency nature of theQ).,, and the power spectrui®, of the relic GW given by

ising.

APPENDIX B: THE DIMENSIONLESS AMPLITUDE h
AND THE POWER SPECTRUM S,, OF THE
HIGH-FREQUENCY RELIC GRAVITATIONAL WAVES
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Ref.[1] [see Eq(A18) in Ref.[1]] is mini-ASTROD will be moved to 10° Hz (see Fig. 1 With

5 optical methods, the mini-ASTROD should achieve the same

4ar itivi ini-
_ 3 sensitivity as LISA[26]. Thus, the mini-ASTROD|26],

Qowlv.m0)= 3H2 VgSh(¥:70), (B1) ASTROD[41], and LISA have a certain complementarity.
whereH, is the present value of the Hubble constant, i.e., APPENDIX D: NOISE PROBLEMS

Ho=3.24x10 ¥ s 1. From Eq.(B1), one findg1
0 a-(B1) Sl The noise problems of e.m. detection systems have been

(Hz)? extensively discussed and reviewdd10,35,38,39 here we
Sh(v,70)~8X 10" ¥ Qgu( v, 7o) —5—- (B2)  will give only a brief review of problems relevant to the e.m.
Yy detection of high-frequency GW'tespecially the e.m. re-

fsponse of a Gaussian beam

The thermal noise is one of the fundamental sources of
'limitation of the detection sensitivit}38,39. Unlike in the
usual mechanical detectors, the frequencies of the e.m. sys-
tems resonant with the high-frequency GW'’s in the GHz
band are often much higher than those of the usual environ-
ment noisge.g., mechanical, seismic, and otheithus e.m.
detection systems are easier to shield from external e.m.

h~(S,A Vg)l/z’ (B3) noise(e.g., using Faraday cagekan are mechanical detec-
tion systems from mechanical vibration. For the e.m. re-

whereA, is the corresponding bandwidth. According to the Sponse of microwave cavities to high-frequency GW's, the
estimation in Ref[1] (see Fig. 2 in Ref[1] or Fig. 1 in this  noise problem can be more conveniently treated by consid-
papej, the bandwidth in the high-frequency peak region is€ring the relevant quantum charact86]. For a supercon-
aboutAvgwloll—lo" Hz~10" Hz. Thus, from Eq.(B3), ducting cavity at a temperaturé=T,, if the background

In the peak region of the logarithmic energy spectrum o
the relic GW in the quintessential inflationary models
Qew~5x10° [1]. Thus, for the relic GW ofry=10° Hz,
we haveS,~4x 10" % s; for the relic GW ofvy=10" Hz,
one findsS,~4x10 "?s,

For continuous GW’s, the dimensionless amplitidean
be estimated roughly as

we have e.m. field is only a static magnetic or static electric field, the
display condition can be given by EGAL), while then the
h~10"2°-10"3° (for the relic GW ofvy=10° Hz), cavity vacuum contains thermal photons with an energy

spectrum given by the Plank formula:
h~10-3-10"3! (for the relic GW ofvy=10'"Hz).
(B4) 8mv? hv

u,(v)= :
The above results and orders of magnitude estimated in c® exphv/KTo)—1

Ref.[1] are basically consistent. In this paper we have cho- .
senh~10"3%, Of course, these estimations are only approxi-Vhereu, and v are the energy density and the photon fre-
mate average effects. In fact, because of the uncertainty G{UeNCy respectively, whilé is the Boltzmann constant. If
some relative cosmological parametéis?] in certain re- the cavity is cooled down tdo=1 mK, according to the

gions, it is possible to cause small deviations to the abovg\/ien7 law, the energy density has a maximumvge=5.87
estimations. X 10" Hz (i.e., \y=3 m; the corresponding photon density

is about 108 cm™2). For the perturbative photons produced
by high-frequency GW'’s ofv@,=3><109 Hz under resonant
conditions, we have,= v, (i.e., A=0.1 m), which is higher
than v, (i.e., v.~30v,,). Therefore, the crucial parameter
for the thermal noise is the selected frequency and not the
Mini-ASTROD is a new cooperative proje@China, Ger-  total background photon number; namely, in this case, the
many, eto). [26]. The basic scheme of the mini-ASTROD is thermal noise can be effectively suppressed as long as the
to use two-way laser interferometric ranging and laser pulseetector can select the right frequency.
ranging between the mini-ASTROD spacecraft in the solar For the e.m. response of a Gaussian beam in the high-
system and deep space laser stations on Earth to improve thequency region ofv,=v,=3X 10'% Hz, because the fre-
precision of solar-system dynamics, solar-system constantguencies of the usual environmental noise are much lower
and ephemera, to measure relativistic gravity effects, to tegshanv,, it cannot have an essential influence on the pertur-
the fundamental laws of space-time more precisely, to imbative photon flux; while for possible external e.m. noise
prove the measurement of the time rate of change of theources, using a Faraday cage would be very useful. Once
gravitational constant, and to detect low-frequency GW’sthe e.m. systenfthe Gaussian beam and the static magnetic
(~106-102 Hz). field) is isolated from the outside world by the Faraday cage,
The follow-up scheme of the mini-ASTROD is ASTROD possible noise sources would be the remaining thermal pho-
[41], i.e., the mini-ASTROD is a down-scaled version of thetons and self-background action. However, because of the
ASTROD. Both LISA and mini-ASTROD are all space de- “random motion” of the remaining thermal photons and the
tection projects, but there are some differences in their studgpecific distribution of the photon fluxes in the e.m. system
objectives; the detection frequency band of the GW's for thgas we discussed earljethe influence of such noise on the

(D1)

APPENDIX C: MINIASTRODYNAMICAL SPACE TEST
OF RELATIVITY USING OPTICAL DEVICES
(MINI-ASTROD )
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highly “directional” propagated perturbative photon fluxes vacuum operation might effectively reduce the frequency of
would be effectively suppressed in the local regions. Therethe remaining thermal photons and avoid dielectric dissipa-
fore, the key parameters for the noise problems are the seon. If the frequency,, of the remaining thermal photons is

lected perturbative photon fluxés.g.,n, and n;;) passing
through special plane@.g., planesp=7/2 and 37/2) and

much lower than that of the perturbative photon fluxes, i.e.,
rm<ve, then the above two kinds of photons will be more

not all the background photons. Moreover, low-temperatureeasily distinguished.
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