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-Abstract- Gravitational radiation from high energy particles in modern accelerators 
is reviewed. We point out that the mast effective way for laboratory production ai,d 
detection of gravitons is through resonant photou-gruviton conversion in a strong ex­
ternal EM field. Specific example using crystul channels for me 7 ->;/ -» 7 process is 
given, where the physical parameters needed for such a test appears to be reasonable. 
As another application of this effect in astrophysics, we show that the coupling between 
the cosmic microwave background radiation (CMBR) and the primordial magnetic field 
can induce a frequency-independent fluctuation in the photon flux. Using the observed 
CMBR fluctuation, wo derive a boind on the primordial field strength. The effect can 
also convert the relic gravitons inti photons. For the -string cosmology il gives a new 
bound on (he Hubble parameter at 'he Dig Liang. 

1. - Intruduct ion-
At an energy scale much lower than the Planck scale, we can linearize l!::* Einstein 

Munition. With the convention G = c = fi = 1, we write 

• </>„„ = IGitf^ . (1) 

where ii-liv - h,lv — iiia/hf2 is the trace-reversed metric perturbation around the flat 
space-time 14, „ with the curved metric a^ = i)llv + h,,v, » =•- d iug ( l , - l , - 1 . - 1 ) , and 
Tfa, is the energy-momentum stress tensor. Clearly thin equation provides solutions as 
propagating waves, i.e., the gravitational waves (GWs), with T,,„ served us the source. 
We all know that *'ie change of the quadrupole moment (in time) of a massive object 
can give rise to a GW. It was pointed out by Gertscnshtein1' that when a propagating 
EM wave traverses a transverse background EM field, then* is a nontrivial stress tensor. 
TJW, which can resonantly excite a GW at the same frequency as the initial propagating 
EM wave. In the case where the propagating EM wave is produced by a charged particle 
interacting with a EM background field, the stress tensor has contributions from both 
the particle a id the field: T,w = T$v + T£„. Then both direct massive radiation and 
the resonant excitation contribute to the emission of GW. 

In tins paper we investigate two aspects of this resonant excitation mechanism, 
one on earth unci one in heaven. On earth we ask how feasible it is to produce and 
detect GWs or gravitons in the laboratory setting. In heaven we iutk whether this 
effect luis iiny implication on cosmology. For the first issue we begin by reviewing the 
direct massive gravitational radiation from a high energy particle in a storage ring, i.e., 
the gravitational synchrotron radiation (GSR) in Sec.2, and the resonant conversion 
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of Ix'aiDHlralilting into grnvitons in linear colliders in Scc,3. These discussions lead 
naturally to the conclusion that the most effective way of laboratory production and 
detection of gravitons is to separate the production of photons from that of gravitons. 
In See.l we propose a gmviton factory using long crystals to resonantly convert a large 
flux of photons into gravitons, and then back-convert the gravitous into photons in the 
same process ILH a mentis to "detect" gravitons. The parameters required, though large, 
uppcar to he within reach of the available resource on earth. For the second issue, 
we point out that the coupling between the cosmic microwave background radiation 
{C'MBR} and the primordial magnetic field resonantly converts the CMBR photons 
into grnvitons, and given rise to a fluctuation in the CM 13ft flux. Using the observed 
C.Xinn fluctuation as a constraint, we deduce a bound on the primordial lield strength. 
Since the effect can also convert relic gravitons into photons, we derive a new bound 
on the Hubble parameter at the Big Bang in string cosmology. 
2. -Gravitational Synchrotron Radiation-

Tlie problem of gravitational radiation of a relativistic charged particle in a back­
ground EM Held has been investigated by many authors 2 ' . We emphasize that, as 
discussed in the Introduction, 'he totality of the energy-momentum stress tensor of the 
system is responsible for the gravitational radiation, where the direct massive radiation 
constitutes only a subset of the contribution. With this understanding, we now treat 
the part of the GW in such a sub-system that is generated by T$v. In this case the 
electromagnetic interaction series only as a means to bend the particle trajectory and 
tlii- mass of tlie particle nets just like a gravitational "charge". For this reason we shall 
call this subset of the GW the gravitational synchrotron radiation (GSR). 

Fig. I Coordinates involved in the gravitational synchrotron radiation. 
As a general property of a wave equation, in the wave zone we have, from Eq.(l), 

where ft = Hit and R is the distance to the observution point. The G W radiation power 
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(3) 

when; n; is the ith component or ». For GSR it can be shown that I ho component 
which is doubly transverse to the tfingoiit of the circular orbit, 

' ^ ( * ) = -7»"e- ' "" '2 -<i ) 
wo (4) 

x { b i n 2 0 J „ ( O + 2 i s i i l f l S c o s ^ [ - ^ J l , ( O + ^ ( O ] - « » 2 * J ? ( 0 } . 

dominates the contribution. Here v is the harmonic number, £ = i>0c$\nff,UQ = c/p 
is the orbitaJ frequency, fl,# arc the polar coordinates defined iu Fig.I, and JU is the 
Besscl function. Inserting into F,(j.(3) wc obtain the GSR power spectrum 

^a^^e^^-'/^iri-sx-'VW + ̂ i,,)] , (5) 

where x - w/w c, y = x2^, uc = I^WQ is the critical frequency or the synchrotron 
radiation, * is the Airy function, and 
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Fig. 2 Gravitational syneiirotroii radiation power spectrum. 
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Figure 2 SIIOWB the GSR spectrum with the contribution [row the three twins in Eq.(5) 
plotted separately. At small z, the spectrum scales as i - 1 " , ! 1 / 1 , and x, respectively 
(S«; Fig. 2). Further integrating over the spectrum, we find the totnl pwer 

where Mp is the Planck mass. Although the total power scales as -y4, the same as in the 
electromagnetic synchrotron radiation (EMSR), the GSR power is dominated by the 
fundamental frequency due to its scaling law s~l/3 (See Fig. 2). This Is characteristi­
cally different fruin that in the EMSR, where the dominant frequency is'w c. Therefore 
not only all N particles in a bunch in a storage ring radiate GSR coherently, all the nj 
hunches in the ring can radiate coherently so long as the bunches arc not distributed 
symmetrically around th? ring. The total rate or graviton cnmiision is then 

* „ „ . . 0 . 0 , 1 ^ ^ 1 ^ . (8) 

Table 1 shows the est minted GSR graviton yields from various high energy storage 
rings. In the best case, i.e.. the LHC, there will be of the order 10 1 D grit', lions radiated 
per year. Note, however, that this is the total yield around the ring. The collectable 
-signal is much reduced if concentrated at a single location with u finite solid angle. 
Furhierniore, at such low (fundamenta!) frequencies tne notion of grandma as discrete 
entities in the GVV is questionable. We remind again that this is onty a fraction of the 
total gravilon yield from such an electromagnetic system where the EMSR can also 
convert into gravit.ons through resonant conversion. We will return to tins issue at the 
end of the next section. 
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3. -Gravitational Beamstrahlung-
Foraradi. "'on field (from a charged particle) Fh traversing a sialic background Held 

F°, the electromagnetic part of Llio stress tensor has the form Tf ~ {Fb + Fn){Fb+ Fa). 
The square of the background field, F°F,i

t hears 110 relation to the motion of the 
particle, and we shall ignore it in the following. There is also no need to discuss 
the square of the radiation field, FhF,r, since almost everywhere Fh <K F° except at 
small distance from the particle. But this has been taken into account in the mass 
renonnalization, and tlms is already contained in Tp. So the contribution from Tf is 
simply FbF0 + F°Fh. It is clear that the more intense the radiation and the background 
field, the more effective the resonant conversion. 

Earlier, this effect was included in the investigation of GW production from high 
energy storage rings 4 ' . It happens that a very powerful laboratory EM radiation, called 
heamstrahiung^ OCCUR in high energy linear colliders during the collision of i ' + r " beams. 
A substantial fraction of beam energy is lost through beamst rah lung when particles are 
bent by the strong collective macroscopic EM field of the oncoming beam. In the world's 
first linear collider, the SLC (Stanford Linear Collider), the typical hcamstrahlinig 
photon energy is — 10~ 3 of the initial particle energy. For future linear colliders, it 
is found to be inevitable that the fractional photon energy is not negligible''1, and 
the process is necessarily quantum mechanical. With its potential impacts on high 
energy experimentation and its challenge as a theoretical problem, the study of quantum 
henmstrahtuug has been intensive in recent yearsG J. In these calculations the beam is 
oft en modeled as a uniform charge distribution inside a cylinder with length L. The 
collective fields clearly varies as a function of the cylinder radius. But it can be shown, 
by integrating over the impact parameter (i.e., the radius) of the test particle, that the 
average radiation power is well represented by a iiicnn field B, where nil particles from 
the opposing beam radinte as if the field was uniform. 

Motivated by the very intense collective field intrinsic to such colliding beams 
(B ~ 108G for the next generation, 0.5 TeV linear colliders) and the very intense 
heamslrahlmig that penetrates through such a field, Chen 7 ' calculated the resonant 
excitation of gravitational lH:amstrahlttng. With the end effects ignored and to the ac­
curacy of the order 1/-,, it was shown that ' ' 

where ,\ e is the Complon wavelength, Bc = in^^jrh — 4.4 x 10 1 3 Gauss is the Sihwinger 
critical field, and \VFKI the power spectrum of quantum beamstrahlnug. The square 
bracket represents the form factor from the Fourier spectrum of the background field. 
We see that this form factor is essentially of the order unity for wavelengths A ;S 21.. 
where the last zero at sin(27it/A) = siuff occurs. Beyond this wavelength the GWs are 
largely suppressed. 

On the other hand, as is well-known, coherent radiation occurs only for wavelengths 
louder than the length of the radiating beam. To take advantage of coherent radiation, 
we concieve a shorter, low energy beam as the radiating beam which collides with a 



linear collider beam tut tlie target beam. In that case tlic graviton yield in gravitational 
beamsunhliing in 

Tiibli* 2 shows i he graviton yields using the design parameters or the next generation 
linear colliders currently jjurwiiit by various institutions around the world as the target 
beams. As is clear from Eq.(9), ihe scaling is in favor of long target beams with high 
currents. The Inst column invokes a high current (~ lOkAm). long (~ 30m) beam 
from an induct ion linac, such as the ATA (Advanced Test Accelerator) at Lawrancc 
Livennore Laboratory. We see tliul even in the best case the yield is not as good as 
lliat from GSR. Nevertheless, the gravitons so produced are much higher in frequency 
and are well confined to a I /7 narrow cone. 
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Since in this calculation bcamslrahhing is treated as radiation in a effective uniform 
field, the result (E(j.(0)) can also be applied to resonant conversion of the conventional 
EMSR into GW's, so long as the subtitles arisen from the edges of a magnet is ignored. 
n^titniing to the previous section, we see that in addition to the GSR there is also 
a resonant conversion with the rate jV r„ — (l/ft){»i/A// ') 2(I?/i? c) 2(£/A c) 2 /v' v where 
A'7 is the EMSR photon number. Since EMSR is dominated by the critical frequency 
-V = -)3^o > "Jo. this radiation is not coherent in the high energy storage rings that 
we considered. As 11 result, the relative > eld is NmfN„H ~ {]/ntN)[B/Bef{Lj>c)2. 
Take, for the sake of discussion, D ~ lOTcsla and L ~* lUin. Then since the number 

G 



of particles per bunch is of the order 1 0 u in Tabic 1, the relative yield is reduced by 
roughly a factor l/lOnj. These estimates arc listed at the end of Table 1 for comparison. 
4. -Resonant Photon-Graviton Converslon-

From Eq.(9) we sec that if the background field is much longer than the wavelength 
of the propagating wave, the form factor [1 - sm{uL)/u>L\2 RS 1. Then we can write 

VV 0M = P ( 7 - » p ) H ' E M M 

where 

^ - , ) - i f ^ B t \ 2 

<H) 

(12) a\MPBc*J 
can be interpreted as the probability of exciting a gravitoti from a photon at the same 
frequency. To this end we really don't need to go through the e ~> 7 —* g channel 
to produce gravitons directly from the charged particles. Indeed, it may be more 
advantageous if one separates the process™ between the photon production and the 
graviton produclion, where the optimisation »rthe photon yield may be rather different 
from that of gravitons. From now on we shall concentrate on the direct conversion 
from a photon to a graviton, and assume that the photons are provided by separate 
means. In our discussion, we shall adopt the matrix formalism developed by Raffelt 
and Stodolsky 8 '. 

For a mixed photon-graviton stale traversing a magnetic field with strength D 
at an angle 0 , the wave equation can be linearized, using the expansion w 2 + fl? = 
{w + i9 , ) ( w - idt) = ( W + fr)(u - k) » 2w(w - idt). as 

w - id- + 

*.w 

0 AJII 

where A.\f « (Bsin6/A/p), Afr is the Planck mass: and Aj = (tij — \)u>,n, are the 
refractive indices. Aj_,Ajf and C?+,GX are the amplitudes of the photon and graviton 
states, respif tively. For a less than perfect variium imbedded in a strong external field, 
there are two major contributions to Aj. The I.agrangiau for the Filler-Heisenberg 
i! \r QED effect due to the presence of a strong magnetic field gives rise to 9 1 

nf-'" = 1 + 2<.. ,J ' E D = 1 + 7</2 ami £ = («/.15ir)(0siiie/ff r) a . In addition, the 
medium also introduces refractive index. So in principle we have \ } = A ^ E + Af. 
For the plasma epoch prior to the decoupling, we have A™ = -J~J2*,\ where utp is the 
plasma frequency. For the post recombination era when the Universe was esseni ially in 
gas form, Af is induced by the Cotlon-Mouton effect1 0': birefringence of the photon 
due to the presence of an external magnetic field in a medium. Note that A^ tx w, 
while A ^ o t - l / w . 

Focused on the reduced 2 x 2 matrix, wo can perform a rotation with angle 6 for 
diagonalizatiou. The strength of the mixing is characterized by the ratio of the off-
diagonal term to the difference of the diagonal terms: (1/2) tan20 = (A.\r/A||)- In 



the weak mixing case, (l/2)tan2fl ts 8 <£ 1, and the plioton-graviton degeneracy is 
removed, [n this case the transition probability is 

Ph\]-tg*) = W2Bm2{bi]:/2) . (14) 

If the path is much longer than the "oscillation length", / w c = 2TT/A||, then the proba­
bility P f» 492 <& 1. 

On the other hand, the maximum mixing occurs when 0 = '15°, corresponding to 
the situation where &§ = 0. Here the degeneracy between the photon and the gravitoii 
stales is reinstated, and the two are in resonance. Then, 

P h | | - P » ) = 5 i n z ; A A , j ) (15) 

In this case a complete transition is possible. In the typical situation, however, the 
coupling is so weak that for any physically realistic distanre the argument can never 
reach sr/2. Then practically. 

which can be easily wirifird to be identical to Eq.(12), with ; replaced by /,. 

Note also that if A|| ^ 0 , yet A||= « l.then Ecj.(l-I) reduces to the same form. This 
is to say that for a given external field and distance ; , there is a resonance frequency 
window which satisfies the condition 

AlpVrr, ± Au.) £ ff/= , (17) 

and within this window the conversion probability is essentially !>(-> -* if) » A; | y ; 2 . 
independent uf the photon frequency. 

For the case of an in homogeneous field, RafTcIt and Stodolsky8' show that 

Hill -* fix) = \J,k'\V(=')vxp{ - t J*n{:")ii;H}\2 . (18) 

;LS long as the external field varies smocthly (in holh strength and orientation) over 
the photon wavelength. In the case whi-re the value uf An is so small that the phase 
finjtiir in Eq.(18) for any frequency is entirely negligible, then the transition probability 
is identical for both [] and 1 modes. 
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5. -Graviton Production and Detection using Crystals: 
A Graviton Factory-
As is well-known, the faintness of the gravitational interaction makes the detection 

of gravity wave one of the main challenges in modem physics. In Sections 2 and 3 
we saw that there is indeed a finite amount of gravitons radiated in storage rings and 
linear colliders. But to terms of its detection, the yield may appear to be too small1 1*. 
This is really not very surprising, as these high energy accelerators are not designed 
for optimizing the GW emmissioao in t tc first place. Since the resonant conversion 
process is actually an oscillation between the photon and the graviton states, one may 
conceive an experimental setting where the 7 -* 0 -* 7 channel can be exploited for 
both graviton production and detection. For this purpose it is desirable to provide the 
largest possible photon flux that propagates through the strongest possible EM field 
for the longest possible distance. 

Let us conceive two long straight cavities with length L\ and L%, where transverse 
magnetic fields with strength B\ and B-i, respectively, are applied (See Fig. 3). The 
first cavity is used for 7 —» g conversion and the second for the g —* 7 back-conversion 
These two cavities ore aligned but separated by a "wall", at which the unconverted 
photons are stopped while the converted gravitons penetrate into the second cavity 1 2 ' . 
This idea is very similar to the proposed axion experiment 1 3 ' . 

Fig. 3 A schematic diagram for a gravitou factory 
Since the first cavity is for 7 -• g conversion, one can in principle introduce a pair 

of reflectors at each end so that the photons can be reused. If the loss factor of the 
reflector is n, then the same photon pulse may rcbouncc for the order 1/n times inside 
the first cavity. The yield of the 7 -» g -» 7 final state photons is then 

W<7-*fl-*Tf) = A ( 7 - > » ) i M j - M ) * n ? ^ , (13) 

for a given time Af. In "practical" units, we can write 

Envision cavities with L\ = L2 = 100km and iiuifnielit fi..-Ms v. i>h Bj ~ B2 = lDOTesla. 
Assume further that the loss factor is T/ ~ 10 " 5 and the photon energy is w ~ lO~neV. 
Then in order to generate one final photon in a year (At ~ 107sec), we would need a 
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electromagnetic beam power of the order WtH ~ 50GW. This is a rather formidable 
number. Furthermore, at such low frequency, whether one can really detect a single 
"photon" is questionable. 

It is well-known that in crystal channels the electrostatic fields can be as large as 
10 I 6 V/m. This is equivalent to a magnetic field strength of B ~ 10* Tcsla. Imagine 
two 100km transparent (non-conductive) crystals with a field in the channels equivalent 
to B ~ lfl4 T. Limited by the channel size, we are compelled to inject higher frequency 
photons, say hu ~ lOeV. Then we find 

WEU ~ D.5GW , (21) 

in order to back-convert one final state photon in a year. Such a power is much more 
affordable. 

Clearly, there is still a long way between such a simple minded conception and 
the experimental realization. Practical considerations may limit the preformance. For 
example, to ensure the resonance condition, from Eq.(18) we find that we need to have 
the conductivity in the crystal be low enough such that A|| £ jrc/lOOkm. Another 
concern is that, since grnvitons tend not to he bounded by the cavity walls, the natural 
divergence of the gravitons may result in u loss of back-conversion efficiency. It is 
doubtful that the 100 km structure can be made by a single crystal. Thus to ensure 
adiabatic variations of the background field along crystal channels, it is necessary that 
the alignment accuracy between successive crystal mictions be better than the photon 
wavelength. 
6. -Cosmic Microwave Background Fluctuat ions-

The cosmic microwave background radiation (CMBR) is one of the few windows 
from which we can look back into the early history of our Universe. The physical origin 
of the CMBR temporature fluctuation at large scales detected by COBB 1*' have been 
much discussed. These fluctuations are generally attributed to the well-known Sachs-
Wolfe effect1 5'. Both density fluctuations (scalar modes) and relic gravitons (tensor 
modes) generated at earlier epochs, such as inflation 1 6 ', can contribute to perturbations 
of the Jightlikc geodesies, causing a redshift in the CMBR spectrum, and therefore its 
temperature fluctuation and anisotropy' 7 '. 

If there indeed exists a primordial magnetic Geld, then the thermal CMBR photons 
can couple to this primordial magnetic field in the post-decoupling (or recombination) 
epoch and resonantly convert into gravitons. This effect can therefore cause a fluctu­
ation in the number and energy flux in the CMBR. As we will sec in the following, 
this resonant conversion probability is essentially the same for all frequencies that wc 
consider. Using the observed CMBR fluctuation an a bound, we derive a constraint 
on the primordial field strength acd show that, within the uncertainties and approxi­
mations, it is reasonably consistent with the bounds deduced from other astro physical 
considerations. 

First wc derive the probability for a photon to convert into a graviton by traversing 
one large magnetic domain, or "bubble", with sizf L and a uniform field Htrength B at 
an angle 9 with respect to the photon propagation direction. Let t be the time when 
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the photon enters the bubble. As the photon propogates through this domain both L 
and B will evolve. Assuming the conservation of magnetic flux, we find B{t) oc \/L2{t). 
As the post-decoupling era is matter dominated, we have L oc r 2 ^ 3 and thus D oc t~A^, 
Neglecting the phase factor, we find from Eq.(18) 

f L s ( ( ) B 2 ( O s ' n 3 0 / A / | , L[t)&H-\t) , 
Pit) RS I (22) 

\Qt2[l-t/L]B2(t)sir?e/M7

P , L{t)ZM~J(t) , 
where H(t) is the Hubble puriunetcr at time (. The upper expression is strictly true 
for L, •« M~1

> but is ~ 20% over-estimation for L, ~ Hrl. Note also that P(t) is 
asymptotically independent of the bubble size. Starting from the recombination time 
(. to the present time fi, a photon will have to cross Jv* such bubbles with similar size 
Lt at (,: 

Let us first examine the case where L» £ H?1. If the bubbles have sharp domain 
walls, i.e., the change of field strength and oiicntatiou across the boundary is not 
adiabatic, and if these changes are entirely random from bubble to bubble, then the 
mean total probability is 

'*=! 0 «. 

where P, «** Bjjt'/Af^. The rma fluctuation around llm mean is 

o t. 
This "leakage" of photons into gruvilons leads to a freguency-indepr.ndcnt fluctuation 
in the CMBR flux, i.e., 

«* / * , ~27n(r) I / , # ' - • u & H : l (20) 

where /»,(*) = (T* /w 2 ) j 3 / ( e ' - If, and * = w/T. 
Tf, on the otlier hand, the coherence urales are much larger than / / " ' , the nii'iin 

total conversion probability is obtained by integrating the lower expression of Eij.(Zl) 
over the angle, and we find P ~ (9/2)fl?f?/A/£. In tins limit, the rms fluctuation is 
primarily induced through the randomness of the held orientations in different bubbles, 
which gives a coefficient of (3/8 - 1/4) 1 ' 2 = 1 /2^ - Thus the fluctuation rearhes an 
asymptotic value 

^i^~m^tSp- • '•*"•" • <27) 

independent of L, (since P. oc LI). 



The anisotropy of such a fluctuation is associated with the only physical scale of 
the process, namely the bubble size L, at t«. Thermal photons arriving at our detector 
from different angles have crossed different seta of randomly oriented bubbles. So the 
flux varies at the scale of the bubble size across the sky. For au observer at present, 
this bubble size has been Hubblc-cxpandcd to L\ *~ ( i i / f . ) 2 / a L . . 

This fluctuation is different in character from that generated by the Sachs-Wolfe ef­
fect, which is frequency dependent. Since the number of photons per mode in blaekbody 
radiation is an adiabatic invariant, a frequency variation is equivalent to u temperature 
variation: fiwfui = ST/T. So for the Sachs-Wolfe effect we have 

< W * ) * r = i - ^ z j W T ) . (28) 

Note that for x S> l.(*Pifp-,)sw « *ffllT)\ while- for i « 1, {6p,lp,)sw « (6T/T), 
independent nf frequency. 

Observations of CMBR fluctuations at large scales by COBE, at medium scales 
by AHGO 1 8 ' and MSAM 1 9 ' , plus other measurements, at various frequency ranges fit 
reasonably well with the above scaling law. Nevertheless, due to uncertainties in the 
measurements and noise in the signals, the possibility of a frequency independent con­
tribution to {5p-,/p-,) in addition to the frequency dependent one, cannot be ruled out. 
It is clear that the maximum allowed photon-graviton conversion induced fluctuation 
can never exceed the observed CMBR fluctuation- Since our effect is frequency inde­
pendent, the constraint should be set by the measurements at low frequencies. From 
Fq.(2G), this means 

t S O U ^ ^ 3 7 5 v / p 7 7 > ' L-&"7' • ( 2 9 ) 

Note that the anisotropy scale L, ~ ( ' i / ' . ) 2 ' 3 / / ; " 1 ~ 280Mpc, i.e., the Hubble-
cxpnuded horizon size at f,, corresponds to a coherence angle 8r ~ 1.5". From the 
observations at this scale 2 0 ' , which gives (6T/T) ~ 1 x 1 0 - 8 , we find B. £ 0.03G. To 
be sure, further measurements and analysis of the observed data with the inclusion of 
a frequency-independent contribution would help to refine this bound. 

At the recombination time, the typical photon energy is Tt — 0.3 eV, and the gas 
density is n. ~ 10 3cin~ 3. Willi B . ~ 0.03 G, the corresponding changes in the refractive 
index an* A ^ E n ~ l l T ^ c m " 1 and <1£ - - M r ^ e m " 1 . 2 1 ' These values are so small 
thai the corresponding oscillation length l'olc{w = T.) = Sir/IAjjJ - 10 wcm » Wf1 ~ 
10 i S em. H is clear that the resonance window covers all possible fr-quencics. This 
confirms our assumption that this fluctuation is essentially frequency independent. 

Let us now check this constraint against the bounds on the primordial field derived 
from other nstrophysical considerations. There arc several arguments for the existence of 
an intergnhu'tic inaguetic field. For example, to obtain the observed high energy cosmic 
rays {!£ > 10 2 0eV). one would need an intcrgalactir magnetic field with strength of the 
order — ll)~T - 10"QG at scales L\ MOOMpc to cunfine the accelerated particles 2 2 1. 
Then' have been many proposals regarding the origin of (his magnetic field ' • ' , as 



well as efforts to look for its constraints. In particular, Cheng, Schramm, and Truran 2 6 ' 
recently obtained constraints from the abundances of the light elements during Big 
Bang Nucleosynthesis (BBN). 

In Ref.26 it was found that the maximum strength of the primordial magnetic field 
at the BBN epoch (t ~ J min.,~ 2 x 10 1 2 cm) is B £ 10" G on scales H^v £ L >, 10* 
cm. By assuming magnetic flux conservation, the authors of Rcf.2G deduced that these 
bounds evolve into B, £ 0.1 G on scales 10 l Bcm £ Lt k, 1 0 n cm at (,. Note that 
although this field strength at i* is an upper hound, it was argued 2 6 ' , based on Hogan's 
theory2 7*, that it corresponds to an intcrgalactic field o f S 7 x 10~ 3 G at present. 
(Although by the argument of magnetic flux conservation one would have deduced that 
B ~ 10~ 7G at present, about one order of magnitude larger.) On the other hand, 
the bounds on the coherence scales appear to be conservative. These are the Hubble-
expanded values of the bounds at the BBN epoch, with the implicit assumption that 
the magnetic bubbles have been "frozen" in time without interactions. However, as 
demonstrated by Tajimact a l . 2 5 , 2 8 ' , during the plasma epoch magnetic bubbles, once 
in contact, tend to quickly "polymerize" into larger bubbles. Tor example, near the 
recombination time, it takes only ~ 10B sec ( < (, - 10 1 3 sec) before the polymer 
extends to the event horizon. Under this scenario of "polymerization", the bounds 
deduced from BBN can in principle be extended to the scale L. £ H~*, the largest 
possible causally connected scale at (,. Although this bound is lurger than what we 
deduced from the CMBR fluctuation by about a factor of 3, with various uncertainties 
and approximations in mind, wc should consider them to be reasonably consistent. 

In the models where the magnetir field "seeds" are generated during inflation23*, 
the coherence scale can in principle be larger than ff~l. In this case, our fluctuation 
reaches an asymptotic value, yet the CMBR constraint scales as LJ" 2 ' 3 . At large scales, 
we deduce from the COBE result 2 9 ' a scaling law: {ST/T) ~ 1 x 10 _ 5 (10 o / f l c ) 2 / 3 . 
Combining with Eq.(l l) , we find 

! = S 2 . 9 x l C n 4 ^ ( f f . / . . r " 3 , L. »/ / . - ' . (30) 

7. -Implications on Cosmology-

This effect can in principle also convert relic gravitons 3 0 , 3 1 ' into photons. It can be 
shown that prior to the decoupling, e.g., during the c-p plasma epoch, the magnetic 
field and the plasma density are both so high that the resonance window is very narrow 
around the resonance frequency at any given time: utrt{t) - ^00n/7o[Bc/B[t)pp(t}. 
In turn the time for a photon to remain in resonance, or the so-called "level cross­
ing", At - y^Tr/7aBc/B{t){nt/up(t))]lf2, is very short. As a result the rcsonnnt 
conversion is negligible. Thus the relic graviton spectrum is well preserved until the 
decoupling time. 

Nonstring-based inflation theories predict a flat or decreasing graviton spectrum 
(in frequency). For scales Lt ~ // ," ' , the lower limit of the resonant frequency set by 
A™(u,t) = 2 T W , allows for resonant conversion for frequencies w, ^ w,i ~ 3 x 10 - 1 0 cV, 
or A, £ 3 x 10acm. In terms or the value at present, A,,, ~ ( t i / f , ) a / 3 A, & 3 X 
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109cm. We see that the lower limit of the Harrison-Zcl'dovich scale-invariant spectrum 
(A™n ~ 107cm) lies insidu the resonance window. Here the wavelength is -* 7-9 orders 
of magnitude larger than the CMBR wavelength, which is way out in the Planckian 
tail. Any measured EM wave at this wavelength and scale may be a signal of g -* 7 
conversion. Constraint on the graviton density nt the maximum wavelength (Aj ~ 
/ / f ! ) , g'v<s the maximum possible energy density f l„ , ~ 10" 1 4 at present 3 0 ' . This 
gives the density fluctuation -* 8 orders of magnitude above the CMBR spectrum at 
A™". A direct measurement of the EM waves with such wavelength at large scales 
would be a test of the inflation theories. 

String cosmology allows for an increasing relic graviton spectrum 3 1 ' . In this case 
the constraint is fixed at the maximum frequency: WQ ~ l O ^ W b / A i p ) 1 / 2 ^ , where 
Ho, the Hubble parameter at ( = 0, is a free parameter in the theory, wi ~ Hi «* 
10 - 1 8 Hz is the minimal frequency inside the present Hubble radius. With the bounds 
10 2 £ Ho/Mp st 10" 4 for an increasing spectrum, wc sec that 0.03cm :£ Au £> 30cm at 
present, which covers the range of CMBR. 

Let us introduce the "magnetic energy density" in units of the critical energy den­
sity, Pc, at (,: 

tf 1 
8 T p' 

For the curvature signature k = 0 and the isotropic pressure p = 0 we have, from the 
Friedmaiin equation, /f2 = (8-r/3)Gp". Inserting this and Eq.(31) into Eq.(25), we get 

P™,(s-.-r)~ji ?in;.„(/;.t.) 3 ' 2 , i .s;;-< . (32) 

Here the relation H~l ~ 2f. has been used. 
Using Eq.(32) and the graviton spectrum from Gasperini and Vcneziano 3 l ' , wc find 

a graviton-induced CMBR fluctuation at present: 

where x0 = u0/T ~ (10* B / / | /7 , )( / / 0 /A/ .p) 1 / 2 ,T = 2.7°K, and p 7 = J^ p^{x)dx. Note 
that this fluctuation is frequency independent at small x. Since x$ is not a priori 
determined iu the string cosmology (because of HQ), we apply the general expression in 
Eq.(27) for the bound: Spllv{xQ)/p^{x0) & x 0 / ( l - c-l0)(6T/T). After some algebra, 
we obtain the following constraint: 

U £(,*•$)Wr*»<i£ • (34, 
If the primordial field strength can he independently determined, then XQ, and therefore 
Wo, is constrained by the CMBR fluctuation. Within our scenario, however, Sil\u is 
itself bounded by the CMBR fluctuation. As we discussed earlier, the primordial field 
so deduced, though an upper bound, is consistent with the field necessary to explain 



the high energy cosmie rays. We thus assume (cf. E<i-(32)) that iSQ',, ~ (6T/T), 
or ZJ. ~ 0.03G, at L, ~ //,"'• Inserting into Eo,.(34), wc find mi ordcr-of-magnitude 
estimate for a bound on Ho'. 

H0/MpZl , (35) 

This lies inside the previously deduced bounds 3 1 ' . 
In our consideration, the resonant conversion mediated by the primordial magnetic 

field was treated an unrelated to the Sachs-Wolfe effect. This may not. necessarily be 
so. Prior to the decoupling time the Universe was in a plasma state. It is known in 
plasma, physics that a local concentration of plasma density tends to expel the magnetic 
flux. In this regard the matter perturbation and the primordial magnetic bubbles im:y 
complement each other spatially. Indeed, wc know that it takes 6fl'„ = &P*n/p' ~ 
I 0 ~ s matter perturbation to give rise to a temperature fluctuation 5T/T "- I f ) - 5 . 
Miraculously, from Eq.(32) wc find that to attain the same level of fluctuation it also 
requires iHl*M ~ 1 0 - 5 at the scale L* <•» H~l. Thin suggests that cerium balance 
between the density pre- sure mid the magnetic pressure may have been attained at this 
scale prior to the decoupling. This may even provide a physical basis for tin- isothermal 
picture of the Universe. More details of the discussion mi cosmology can be found in 
Ref. 32. 

8. -Discussion-
ln this paper we have review the GW production from high energy charged par­

ticles in modern accelerators. We then suggest that the best approach to a possible 
laboratory production and detection of gravitnns is through resonant pholon-graviton 
conversion ir long crystals. With various idealization* invoked, the calculation indi­
cates that the power consumption for such an experimental lest of lint existence of the 
graviton appears to be quite affordable. Evidently, tlie scales involved in such an ex­
periment is gigantic, and the actual power consumption when more realistic conditions 
are introduced should be much more than what we estimated. But the prospect of 
a laboratory test of quantum gravity, or more specifically, of the existence of gravity 
quanta, is even concicvablc should be encouraging enough. 

When we apply this effect to cosmology, we demonstrated that the CMBR photons 
can resonantly convert into gravit.ons by coupling with the primordial magnetic field. 
Using the observed CMBR fluctuations as a bound, we derived a hound on the strength 
of the primordial field. Since the effect can also convert grnvitons to photons, we suggest 
thai this elFect can help to verify different models of cos in o logy. In particular, we found 
a new bound on the Hubble parameter at the Big Bang in string cosmology. It is hoped 
that further measurements and analysis of the CMBR fluctuation will help to tighten 
the constraint on this effect and the primordial held, which in (urn will help iti refine 
ihe bounds we found on cosmology. 
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