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RESONANT PHOTON-GRAVITON CONVERSICN
IN EM FIELDS: FROM EARTH TO HEAVEN"

Pisin Chen
Stanford Linear Accelerator Center
Stanford University, Stanford, CA 94402

-Abstraet- Gravitational radiation from high cuergy particles in inudern acccleratars
is reviewed. W point ont that the most clfective way for laboratory production aud
detection of gravitons is throngh resonant photon-graviton conversion in a strong ex-
ternal EM field. Specific example using crystal channels for wne 7 - ¢ = v process is
given, where the physical parameters needed for such a test appears to be rensonable,
As another application of this effect in astrophysics, we show that the coupling between
the cosmic nurmwxwo I)ngmund ndmtxon (CMBR) and the primordinl magnetic Geld
can induce a fi d d ion in the photon thix. Using the observed
CMBR fuctuation, we demt‘ a bound on the primnordial field strength, The effect can
also convert the relic gravitons int> photons. Far the string cosmulogy it gives a new
baund on the Hubble parameter at she Big Bang.

1. -Introduction-

At an energy scale much lower than the Planck senle, we can lincarize L Tinstein
cquution. \With the convention G = c=h =1, we write

O ¢y = 16aT,0 (1)

where ¢y, = Ry — /2 is the trace-reversed metric perturbation arvund the flat
space-time y,, with the curved metric gue = B + Ay, 0 = diag{l, =1, -1, -1}, and
Ty is the energy-mosentuim stress tensor. Clenrly this equation provides solutions as
propagating waves, i.c., the gravitational waves (GWs), with Ty served as the source.
We all know that *he change of the quadrupole moment (m time) of & massive ub]uu.
can give rise to a GW, It was pointed out by Ger htein®) that when a propagating
EM wave traverses a transverse background EM field, there is a nontrivial stress tensor,
Tie, which can resonantly ezeite a GW at the same frequency as the initial prapagating
EM wave. Iu the case wheee the propagating EM wave is produced by a clurged particle
interacting with a EN hackground field, the stress tensor has contributions from both
the particle asd the field: T,y = TP, + T Then both ditect massive radiation und
the resonant zxcitation contribute to the emission of G\,

In this paper we investigute two aspects of this resonant excitation mechanism,
one on carth and one in heaven. On carth we ask how feasible it is to produce und
detect GWs or gravitons in the laboratory setting. In heaven we ask whether this
effeet has any implicntion on cosmology. For the first issue we hegin by reviewing the
direet m.u\swe gmvn.mmml radiation from a high eneegy particle in a storage ring, i.e.
the i hrot digtion (GSR) in Sec.2, aud the resunant conversion
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of heamstrahiung into gravitons in linear colliders in See.3. These distnssions lead
naturally to the conclusion that the most effective way of laboratory production and
detertion of gravitons is to separate the production of photons from that of gravitons.
In Sec.d we propuse a gmuiton factory using long crystals tu resonantly convert a large
flux of photons into gravi and then back- t the gravitons into photons in the
samie Process ns A means to “detect” gravitons. The parameters required, though large,
appenr to he within reach of the available resource on carth. For the second issue,
we point out that the coupling between the cosmic micrawave background radiation
{CMBR)Y and the primordial maguetic field resouantly converts the CMBR photons
into gravitons, and gives rise to a finctuation in the CMBR Rux. Using the observed
CMRR Murtuation as a constraint, we deduce a bound on the primordio} ficld strength.
Since the effect can alko convert relic gravitons into photons, we derive a new bound
on the Nubble parameter at the Big Dang in string cosmology.

2, -Gravitational Synchrotron Radiation-

The problem of gravitational radiation of a relativistic charged partiele in a back-
grannd EM field has Leen iuvestigated by mony anthors?. We cmphasize that, as
discussed in the Introduction, the totality of the cuergy-momentutn
s;

stresy tensor of the
oin is responsible fur the gravitational radiation, where ihe direct massive radiation
conxtitntes only a subset of the contribution. With this undi ding, we now treat
the part of the GW in auch a sub-system that is generated by T, 1o this case the
electromagnetic internction serves only as a means to bend the particle trnjectory and
the mass of the particle ucts just like a grautauoml “charge”. For this reason we shall
call this subset of the GW the gravi ! fiation (GSR).

i
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Fig.1 Coordinates involved in the gravitational synchrotron radiation.

As u generad property of a wave cquation, in the wave zone we have, from Eq.{1},
Cul By = ——L'“‘T,.v(k) . 2
where B = Rii and R is the distance ta the observition paint. The GW radintion power
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where n; is the ith romponent of . For GSR it can be shown that the component
which is doubly transverse to the tangent of the circular osbit,
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dominntes the contribution. Here v is the harmonic number, § = vfesing,wn = ¢/p
is the orbital frequency, 8, ¢ ate the polar coordinates defined in Fig.1, and J, is the
Bessel function. Inserting into Fq.(3} we obtain the GSR power spectrum

aw. ] 2.4,2

Won  WT O (3,00) - 52000 +3500)] . (6)
dr 32 G

where £ = wfwg, y = 23, we = YPuyp is the eritical frequency of the synchrotron

radiation, @ is the Airy function, and
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Fig. 2 Gravitational synchrotron ridiation power spectrum.
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Figure 2 shows the GSR spectrum with the contribution lrom the three terms in Eq.(5)
plotted seporately. At small 7, the spectrum scales as 2=1/2, 13, and z, respectively
{Sce Fig. 2). Further integrating aver the spectrum, we find the total pwer
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where Mp ia the Planck mass. Although the total power scales as y¥, the same as in the
clectromagnetic synchrotron sadiation (EMSR), the GSR power is dominated by the
fundamnental frequency due to its scaling law x~1/2 (Sce Fig. 2). This Is characteristi-
cally different frura that in the EMSR, wherc the dominaat frequency is we. Therefore
not only all N particles in a bunch in a storage ring radiate GSR coherently, all the ng
bunches in the ring can radiatc coherently so long as the bunches are not distributed
sytunetrically aronnd the ring. The total tate of graviton emmision i then

m? ey
ME op

Table 1 shows the estimated GSR graviton yields from vatious high cnergy storage
rings. In the best case, ie.. the LHC, there will be of the order 10 gras itons radiated
pur year. Note, however, that this is the total yield around the ring. The collectable
signal is much reduced if concentrated at a single lucation with u finite solid angle.
Furhtermore, at such low (hindamental) frequencies the notion of gravitons as discrete
entities in the GW is questiunahle. We remind again that this is only a fraction of the
total graviton yield from such an electromagnetic system where the EMSR can also
convert into gravitons through resonant conversion. We will retum to this issue at the
end of the next section.

Noga ~ 5.6n3N? (8)

Storage Rings PEP-IT| LEP-I LEP-IIl HERA[ LHC

£[GeV) 9 s0 | 100 | sso [ 7000
(107 18 | 100{ 200 [ 75 0.88
N0 38 | 4] 45 10 10
ny 1700 | 4 4 | 20| 2800
{lem] 346 | 6.24| 6.24 18.4
plm) S ] 4300 | 1035 | 4300
Gravitational alt B
‘u[kliz] 600 | 70 [ 70 | 200 70

Nea[107 5007 1.3x109 38 | 150 |6x10°] 1.§x 101

Resonant Conversion
w[109GHz] 35 70| 360 | 002 |4.8x107"
Nyea[107 7500 Ul ) er ) o3 | 10t ) oxaet




3. -Gravitational Beamstrahlung-

For a radi: “on ticld (from a charged particle) F® traversing n statie hackgronnd field
FO_ the electromagnetic part of the stress tensor has the form T/ ~ (Fb4 FY(Fb 4+ F9).
The square of the background field, FOF®, hears no relation to the motion of the
particle, and we shall ignore it in the following. There is also wo need to discuss
the square of the radiation ficld, FPF?, since almoyt everywhere £2 & FO except at
small distance from the particle. But this has been taken into account in the mass
renormalization, and thus is already contnined in T7. So the contribution from T is
simply FOF+ FOF? [t is clenr that the more intense the radintion aned the background
field, the more cffective the resonant conversion.

Eurlier, this effect was included in the investigation of GW prodnction from high
cnergy stornge rings?). It happens that a very powerful laboratory EN radiation, called
bramstrahlung, occurs in high energy lineas colliders dusing the collision of et e~ heams.
A substantial fraction of beam energy is lost throngh beamstrahlung when particles are
bent by the strong collective macroscopic EM field of the oncoming bear. In the world’s
first lincar collider, the SLC (Stanford Linear Collider), the typical beamstrahlung
phaton energy is ~ 103 of the initial particie energy. For futnre Jinear volliders, it
is found 10 be inevitable that 1he fractional photon encrgy is not negligible®, aud
the provess is necessarily quantum mechanical. With s potential impacts on high
energy experimentatiou and its challenge as a theoretical proldem, the study of quantum
heamstrabiung has been intensive in recent years®
uften modeled as o unifortn charge distribution in a cylinder with length L. The
collective: fields clearly varies as o function of the cylinder radius. Bnt it can be shown,
by integrating over the impact purameter (i.c., the radius) of the test particle, that the
average radiation power is well represented by 1 mean field B, where all partirles from
the oppusing beam radinte as if the field was uniform.

I these calenfations the beam is

Mativated by the very intense collective field intriusic to sucl colliding beams
(B ~ 108G for the next generation, 0.5 TeV lincar colliders) and the very intense
beamstraklung that penctrates throngh such a field, Chen™ calewdated the resouant
ation of gravitational nstrahlung. With the end ceffects ignored and to the ae-
curacy of the order 1/+, it was shown that™

_mlm? L By? sinfwl)12
Wt = 33 (5) (1 507 Vet )

where N is the Compton wavelength, Be = m23/eh ~ 1.4x 101 Gauss is the Schwvinger
eritical fiehd, and W,,, the power spectrum of quantum beamstrahlung. The square
bracket represents the form factor from the Fontier spectrum of the brekground field.
We see that this form factor is essentially of the order uuity for wavelengths A S 2L,
where the Jast zero at sin{2xL/A) = sin 7 ocenr. Beyond this wavelength the GWs are
largely suppressed.

On the other hand, as is well-kuown, coherent radiution occurs ouly for wavclengths
louger than the length of the ridiating beasm, To take advantage of coherent radiation,
we concieve a shorter, low energy beam as the radiating benm which collides with a
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linear collider beans as the target benm. [u that case the graviton yield in gravitational

beamstrahhng i
N :ms(%)’(uﬁr)“(é)“(%)'“Nn . (10)

Table 2 shows the graviton yields using the design parameters of the next generation
linear colliders eurrently pursuit by various institutions around the world as the target
heams. As is clenr from Eq.(9), the scaling is in favar of long target beams with high
carrents,  The last column invokes u high current {(~ 10kAm). long (~ 30m) beamn
from an induction linac, such as the ATA (Advanced Test Accelerator) at Lawrance
Livermore Laboratory. We sce that even in the best case the yield is not as good ay
that from GSR. Nevertheless, the gravitons so produced sre much higher in frequency
and are well confined to a 1/~ narrow cone.

Linear Colliders | CLIC | DLC [ JLC [ NLC | TESLAI VLEPY iL

E[GeV] 250 | 250 250 | 260 | 256 | 250 | 05
1 frep[He) G800 | 8600 13500 16200 8000 [ 300 | 300
N[1019) 0.6 [ 2107 [065] 515 | 20 | 62500
Licm] 0.059]0.173{0.028 | 0.035] 0.5 { 0.2 | 3000
B/B{1077] 70 [ 14 30| 19] 13 15 1.0

Incoherent GB

w|Gev) 875 | 17.8] 75| 24| 163 | 185
Nepllo=Pgec™) 130 | 135 | 27 | 1.5 | 2000 | 190
Coherent GB

£'[GeY) 05| 05| 05 05| 05| 05 [ 05
N10%) 10 | M) 10 0] 10 10 1.0
1) W] we] i 10 10 10
anfeV] 0.125{0.125{ 0.125] 0.125| 0.125 | 0.125 | 0.125

Ne 1075l 84 ) 37 ) 1] 13 230 52 |3x102

Since in this calculation beamstralilung is treated as radiation in a effective uniform
field. the result (Eq.{D)) can also be applied to resonant conversion of the conventional
EMSR into GW's, 50 long as the subtlties arisen from the edges of a magnet is ighored.
fetnming te the previous section, we ser that in addition 1o the GSR there i also
a resonant. conversion with the rate Nyeo ~ (1/a){m/Mp)2 (B} BYLIA)N,, where
N, is the EMSR photon number. Since EMSR is dominated by the critical frequency
e = 734y 3 wa, this radiation is not coherent in the high energy storage rings that
we considered. As n result, the relative y el it Nyes/Nogy ~ (1/mN)(B/Bef(L)Ac)2.
‘Take, for the sake of discussion, B ~ 10Tcsla and L ~ 10m. Then since the number




of particles per bunch is of the order 10! in Table 1, the relative yield is reduced by
roughly a factor 1/10n. These estimates are listed at the end of Table 1 for comparison.
. -Resonant Photon-Graviton Conversion-

From Eq.(8) we sce that if the background field is much longer than the wavelength
of the propagating wave, the form factor [1 = sin{wL)/wL]? ~ 1. Then we can write

Wy(w) = Py = oW, () {11)
where
m B L
Pl = (e E)’ (12)

can be interpreted as the prabability of exciting a graviton from a photon at the same
frequency. To this end we really don't newd to go through the e =+ ¢ = g chaanel
ta produce gravitons directly from the charged particles. Indeed, it may be more

d if one scp: the between the photon production and the
graviton production, where the optimization of the photon yield may be rather diflerent
from that of gravitons. From now on we shall concentrate on the direct conversion
from a photon ta a graviton, and assume that the photons are provided by scparate
means. In our discussion, we shall adopt the matrix formalism developed by Raffeft
and Stodolsky®).

For s mixed photon-graviton state traversing a ic ficld with strength D
at an angle O, the wave tion can be lineurized, using the expansion w? + 82 =

(w + 0. )w — i8,) = (w + k)(w — &) ~ 2wlw — id). a5

Ay Ay ] [} Ay
av 0 0 ol[]e
g4 | M o, (13)
0o 0 a5 awl||]|
[t 0 Aar 0 Gy

where Ay ~ (Bsin®/Mp), Mp is the Planck mass: and & = (nj — 1)w,n, are the
refractive indices. A, Ay and Gy, Gy are the amplitudes of the phaton and graviton
states, respextively. For o less than perfect vacuum imbedded in a strong external ficld,
there are two major contributions to Aj. The Lagrangian for the Euler-Heisenberg
o 7 QED effect due to the presence of a strong magnetie field gives rise to?
A = 1426, nf®0 = 1+ 7¢/2 and £ = (o/13m)(Dsin@/ B2 In addition, the
medium also mtmduccs refractive index. So in principle we have A, = A?ED + A%
For the plasma epoch prior to the decoupling, we have AP = — where wy is the
plasma frequency. For the post recombination era when tho L‘lll\’l wis essentially in
gas form, AT is induced by the Cotton-Mouton effect!®: birefringence of the photon
due to the presence of an external magnetic field ju o medinm. Note that AQED x w,
while AP o« —1/uw.

Focuscd on the reduced 2 x 2 matrix, we can perform a ratation with angle 8 for
diagonalization. The stroagth of the mixing is characterized by the ratio of the off-
diagonal term to the diflerence of the dingonal terms: (1/2)tan20 = (Aar/y). In



the weak mixing case, (1/2)tan28 = § & I, arnd the photon-graviton degeneracy is
removed. [n this case the transition probability is

Play = gx) = 46%8in?(0y2/2) . (14)
If the path is much longer than the “oscillation length”, loye = 27/Ay), then the proba-

bility P re 48?2 & 1.

On the other hand, the maximum mixing occurs when # = 45°, corresponding to
the situntion where A; = 0. Here the degeneracy between the photon and the graviton
states iy reinutated, and the two are in resonance. Then,

Plyy = gx) = sin®{Apz) (15)

In this case n complete transition is possible. In the typical situation, however, the
coupling is 8o weak that for any physically realistic distance the argument can never
reach w/2. Then practically,

Py gy ot {16y

which can be easily varified to be identical to Eq.(12), with z repleced by L.

Note ulso that if &) # 0, yet Az « 1, then Eq.(14) rednces 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

Aplwres 2 M) S/ a7

and within this window the conversion probability is essentially P(y = ¢) & a%,2%
independent of the photon frequency.

For the case of an inhomagencous fivld, Raffett aud Stadolsky®) shiow that

Pl = gw) = ]/:.1:'.3,.,(:’)”,,{ - ./KA"(:").{:“}F . (18)
I 0

s long as the external feld varies smocthly (in both strength and orientation) over
the photon waveleagth. In the ¢ where the value of &) is so small that the phase
fuctor in Fq.(18) for any frequency is entirely uegligible, then the transition probability
is identicad for both (| and L modes.




5. -Graviton Praduction and Detection using Crystala:
A Gravitou Factory-

As is well-known, the faintness of the gravitationa! interaction makes the detection
of gravity wave one of the main challenges in modern physics. In Scctions 2 and 3
we saw that there is indeed n finite amount of gravitons radiated in storage rings and
linear colliders, But in terms of its detection, the yield mny appear to be too small',
‘This is really not very surprising, as these high encrgy accelerators are not designed
for optimizing the GW emmissioas in the first place. Since the resonant conversion
pracess is actually an oscillation hetween the photon and the graviton states, one may
conceive an experimental setting where the v = g — v 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 Lq, where transverse
magnetic fields with strength By and By, respectively, are applied (See Fig. 3). The
first eavity is used for ¥ — g conversion and the second for the g — - back-convemion
‘These two cavities are aligned but separated by a “wall”, at which the unconverted
photons are stopped while the converted gravitons penetrate into the sccond cavity'?,
This idea is very similar to the proposed axion experiment'¥).

Biy(magnet) £y erytal) Byfmagnet)/ Ey(crystal)
______ e — oA Y

7 Z1 ]

reflector I % / wave guide Ly

Fig. 3 A schematic diagram for a gravitun factory

Since the first cavity is for y = ¢ ion, one can in principle i il n pair
of reflectors at each end ao that the photons can be reused. If the loss factor of the
reflector is 1), then the same pboton pulse may rebonnce for the order 1/n times inside
the first cavity, The yield of the ¥ — g — 7 final state photons is then

W, At
Niya g+ =Pl gPlg~7) ,;,;’u , (19)

for a given time At. In “practical” upits, we can write

Ny > g+ 1) =73x 10-47(%)’(wg_ll(m)’(%)’(mf:_m)m:‘:;j' . (20)

Envision cavities #ith Ly = Lz = 100kw and musgnetic fiudls with By = By = 1007Tesla
Assume further that the loas foctor is n ~ 10°'% and the photon energy is w ~ 107%V.
Then in order to gencrate one final photon in a yenr (At ~ 107sec), we would need o



clectromagnetic beam power of the order W,,, ~ 50GW. This is a rather formidable
number. Furthermore, at such low frequency, whether one can really detect a single
“photon” is questionable.

It i3 well-known that in crystal channels the electrostatic fields can be as large ns
101V/m. This is equivalent to a magaetic field strength of B ~ 104 Tesla. Imagine
two 100km transparent (non-conductive) crystals with a field in the channcls equivalent
to B ~ 104 T. Limited by the channel size, we are compelled to inject higher frequency
photons, say fiw ~ 10eV. Then we find

W,y ~05GW (21)

in order to back-couvert one final state photon in » year. Such a power it tauch more
affordable.

Clearly. tlu.-n.- ig still a long way between such a simple minded conception and
the Jization. Practical idl may limit the preformance. For
cxamplc to ensure the resonance condition, from Eq.(18) we find that we need to have
the conductivity in the crystal be low cnough such that Ay £ me/100km. Auother
concern is that, since gravitons tend not to be bounded by the cavity walls, the natural
divergence of the gravitons may result in a loss of back-conversion efficiency. It is
dnubtl’u] thnl the 100 km structure can be made by a single crystal. Thus to ensure

diah ions of the backg) Beld along crystal channels, it is necessary that
the aligament accuracy between successive crystal sections be better than tbe photon
wavelength.

8. -Cosmie Back d Fl i

The cosmic microwave background tadiation (CMBR) is one of the few windows
from which we can look Lack into the early history of our Universe. The physical origin
of the CMBR. temperature ﬂuctuauon at Iurge scah-a detected by COBE™ have been
much di d. Thene fl are ibuted to the well-k Sachs-
Wolfe effcct!®, Both density fuctuations (scalar modes) and relic gravitons (tensor
modes) generated at ealier epochs, such as inflationd), can contribute 1o perturbations
of the hghlhkc gcud«-«ncs cansing a rcdshlfl in the CMBR spectrum, and therefore its

and ani

1f there indeed exists a primordial magnetie feld, then the thermal CMBR photous
can couple to this primordial ic field in the post ling (or bination)
cpoch and resonantly eonvert ieto gravitons. This efiect can thercfore cause a fluctu-
ation in the number and energy flux in the CMBR. As we will sce in the following,
this resonant conversion probability is essentially the same for all frequencies that we
consider. Using the observed CMBR fluctuation as a bonad, we derive a constraint
on the primordial field strength acd show tbat, within the uncertainties and approxi-
mations, it i3 resonably consistent with the bounds deduced froin other astrophysical
considerations.

First we derive the probability for a photon to convert into a graviton by traversing
one lurge magnetic domain, or “bubble”, with size L and a uniform ficld strength B at
an angle © with respect to the photon propagation direction. Let ¢ be the time when
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the photon enters the bubble. As the photon propagates through this domain both L
aud B will evolve. Assuming the conservation of magnetic flux, we find B(t) « 1/L3(t).
As the post-decoupling cra is matter dominated, we have L o< £2/3 and thus B o t=73,
Neglecting the phase Tactor, we find fram Eq.{18)

P PBsin?e/ME . LYSHT'()
1) =

o[} — t/L1B?(t)sinf O/MB |, L) R HMY)
where H(t) is the Hubble pursmeter at time t. The upper expression is strictly truc
for L, < H71, but is ~ 20% over-estimation for L ~ H:'!. Note also that P(t) is

asymptotically independent of the bubble size. Starting from the recombination time
t. to the present time {3, & photon will have to cross & such bubbles with similar size

L, att,:
]
N~ Ll / ('T‘)mm ~3(%)'“% . (23)
IN

Let us first cxamine the case where Ly $ H1. If the bubbles have sharp domain
walls, i.e., the change of ficld strength and oiientation across the boundary is not
adiabatic, and if these changes are entirely random {rom bubble to bubble, then the
mean total probability ia

(22)

4
1t
P= 2p(¢)~—/ue L([)p(z 'P. . (24)
whese P, ~ B2L2 /M3, The rms fnctnation around the mean is

”‘[ /de/ut)[”(:) (;) i ]m 25ﬁ(2—:)]/21)‘ ) (25)

This “leakage” of photons into gravi leads to a freg ind lent fluctuation
in the CMBR flux, i.c.,

3 toy /2
(JPv/ﬂv)“'m(L—-) P, LSHTU (2)

where p,(z) = (T4/7?)2%/(e* = 1), and z = w/T.

1f. on the other hand, the coherence scales are much larger than H:1, the mean
total conversion probability is obtained by integrating the lower expression of Ey.(21)
over the angle, and we find P ~ (9/2)5212/M2. In this limit, the rms Huctuation is
primarily induced through the randomness of the licld orientations in different bubbles,
which gives a coefficient of (3/8 — 1/4)/2 = 1/2/2. Thus the fluctuation reaches arn
asymptotic value

9t
Golod~s5(2)'P . LosEs (@)

independent of L, (since P o L2).



‘The ani of such a fl jon i3 iated with the only physical scale of
the process, namely the bubble size L, at ¢,. Thermal photons arriving at our detector
frown diffeeent angles have crossed different scts of randomly oriented bubbles. So the
flux vuries at the scale of the bubble size across the aky. For an observer at present,
this bubble size has been Hubble-cxpanded to Ly ~ {1 /t.)¥2L..

This fluctuation is different in character from that generated by the Suchs-Wolfe ef-
fect, which js frequency dependent. Since the number of photons per mode in blackbody
radiation is on adiobatic invariant, a frequency variation is equivalent to u temperature
varintion: dwjuw = 8T/T. So for the Sachs-Wolfe cffect we have

z

Bor/psw = o 6TIT) . (28)
Nate that for 2 3> 1,(8p4/py)sw 2 2{8T/T); while for 2 & 1, (8py/py) e = (6TT),
independent of frequency.

Observations of CMBR fiuctuations at large scales by COBE, at medium scales
by ARGO!™® and MSAM), plus other at various freq ranges fit
reasonably well with the above scaling law. Nevertheless, due to uncermumm in the
nieasurements and naise in the signals, the ibility of a freq dent con-
tribution to {(§py/p,) it addition to the frequency (lqmndcnt one, canuot ln ruled cut

It is clear that the i allowed photon-g; ion induced fl
can never exceed the ohserved CMBR ﬂucluatlon Since our cffect is frrqucncy inde-
pendent, the constraint should be set by the at low From

Fq.(26), this means

B, My A
s

i’ . — -1
! L @/ . LS HTY . (29)

Note that the anisotropy scale Ly ~ (t,/t,)2° ~ 280Mpc, i.c., the Hubble
expanded hortizon size at f,, corresponds to a coherence angle 8, ~ 1.5%. From the
observations at this scale?®, which gives (§T/T) ~ 1 x 1075, we find B, £ 0.03G. To
be sure, further measurements and analysis of the observed data with the inclusion of
a frequency-independent contribution wonld help to refine this bound,

At the recombiuation time, the typical photon energy is T, ~ 0.3 ¢V, and the gas
density is 1y ~ 103%™, With B, ~ 0.03 G, the corresponding changes in the refractive
index are Aqm 107%em=" and A% ~ ~10"Fem=121 These values are so small
that the vorresponding oscillation Iength Byclw = T) = 2/|A} || ~ 10%%em > Hit~

10% . Iuis clear that the resonance window covers all possible fr-'qucln.us This
confirms our ption that this fl is ially fi

Let us now check this constraint against the bounds on the pnmur(h.nl tield derived
frow othet astrophysical considerations. There are several arguments for the existence of
an intergaluctic maguetic field. For example, to obtain the observed high energy cosmic
rays (£ > 10%%V), vne would need an intergalactic magnetic field with strength of the
onder ~ 1077 ~ 1079G at scales Ly ~100Mpe to confine the accelerated particles?
There have Leen many proposals regarding the origin of chiy magnetic feld*3423) ag
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well as efforts io look for its s, Tn particular, Cheng, Seb and Truran?0
recently obtained from the abund of the light el during Big
Bang Nucleosynthesis (BBN).

In Ref.26 it was found that the maximum strength of the primordial inagnetic ficld
at the BBN epoch (¢ ~ 1 min.,~2x 10!2 cm) i B § 10" G on scales Hl;l;N 2Lzt
em. By assuming magnetic flux conservation, the authors of Ref.26 deduced that these
bounds evolve into B, < 0.1 G on scales 10¥cm 2 Lo 2 10'! cm at ¢,. Note that
although this field strength at ¢, is an upper bound, it was Arglled“), based on Hogan's
theory®?), that it corresponds to an intergalactic field of € 7 X 109 G at present.
(Although by the argument of magnetic flux conservation one would have deduced that
B ~ 107G at present, shout one order of magnitude larger.) On the other hand,
the bounds on the cohcrence scales appear ta 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 Tajima et al.25:28), during the plasma epach mognetic bubbles, once
in contact, tend to quickly “polymerize” into larger bubbles. For example, ncar the
recombination time, it takes only ~ 10° sec (< £, ~ 10'3 sec) before the polymer
extends to the event horizon. Under this scennrio of “polymerization”, the bounds
deduced from BBN can in principle be extended to the scale Lo S H;?, the largest
possible cavsally connected scale ot ,. Although this hound is larger than what we
deduced from the CMBR fluctuation by about a factor of 3, with various uncertainties
and approximations in mind, we should consider them to be reasonably consistent.

In the models where the magnetic field "sceds” are generated during inflation®,
the coherence scale can in priuciple be larger than H;%. In this case, our fluctuation
reaches an asymptotic value, yet the CMBR constraint seales as Ll-zﬂ. At large scales,
we deduce from the COBE reault?® n scaling law: (§T/T} ~ 1 x 107%(10°/6,)2/3.
Combining with Eq.(11), we find

B8, M, 2
=52 22 g, L) . o
B S 29X 0T HLL,) . Ly H; (30)

7. -Implications on Cosmology-

This effect can in principle also convert relic gravitons3*3") into photons. It can be
shown that prior to the deconpling, e.g., during the e-p plasma epoch, the magnetic
field and the plasma density arc both so high that the resonance window is very narrow
around the resonance frequency st any given time: weey (1) = /9077 7a[B./ B(t)|wy(t).
In turn the time for a photon to remain in resonance, or the so-called “level cross-
ing”, At ~ [\/WMT‘D(/B(!)(N!/W,,(!))]'/Z, is very short. Ax a result the resonant
conversion is negligible. Thus the relic graviton spectrum is well preserved until the
decoupling time.

Nonstring-based inflation theories predict a flat or decreusing graviton spectrum
(in frequency). For scales L, ~ HJ', the lower limit of the resonant frequency set by
AP (wat) = 2mH, allows for resonsnt conversion for frequencies wy 2 wy ~ 3x 10-1%V,
or Ae $ 3 x 10%m. In terms of the value at present, Ares ~ (t1/1)%3\, < 3 x
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10%m. We see that the lower limit of the Harrison-Zcl'dovich scale-invariant spectrum
(AR ~ 107em) lies inside the revonance window. Here the wavelength is ~ 7-9 orders
of mognitude larger than the CMBR wavelength, which is way uut in the Planckian
tail. Any measured EM wave at this wavelength and scale may be a signel of ¢ & 7
conversion.  Conatraint on the graviton density at the maximum wavelength (A ~
HT"), gives the maximum possible cneegy deasity £2,, ~ 107M ut present™. This
gives the density fluctuation ~ 8 orders of magnitude above the CMBR spectrum at
Amin_ A direct measurement of the EM waves with such wavelength at large scales
would be a test of the inflation theories.

String logy allawn for an i ing relic graviton apectrum!). In this case
the constraint is fixed at the maximum frequency: wp ~ 102%(Ho/Mp)V /2w, where
Hyg, the Hubble parameter at t = 0, is a frce parameter in the theary. wy ~ Hy ~
10~18Hy is the minima! frequency inside the present Hubble radius. With the bounds
102 2 Ho/Mp 2 10~ for an increasing spectrum, we sce that 0.03em $ Ap S 30cm at
present, which covers the range of CMBR.

Let us introduce the “magnetic encrgy density” in units of the criticel cnergy den-
sity, p, at t:

B? 1
.
&8, i (31)
For the curvature signature k¥ = 0 and the isotropic pressute p = 0 we have, from the
Friedmaun cquation, H? = (87/3)Gp. luserting this and Eq.(31) into Eq.(25), we get
9 . -
Prmalg = 7) ~ 8 (LY L Les il @2
Here the relation H;! = 2¢, has been nsed.

Using Eq.(32) and the graviton spectrum from Gasperini and Veneziano M we find
a graviton-induced CMBR fl ion at present:

Spav(z) . 32 2 py
P e L () pxer

. (33)

where zg = wo/T ~ (104, /T)(Ho/Mp)'/2,T = 2.7°K, and p; = Jo? pv(z)dz. Note
that this fluctuation is frequency independent at small z. Since zg 5 not a priori
! ! in the string gy (because of Ho), we apply the general expression in
Eq.(27) for the bound: bp,,, (70)/p4(z0) S 70/{1 — e~"}ST/T). After some algebra,
we obtain the following constraint:

sinh®(20/2) _ 15 ( aodfi\4 _ay2{8T/T)
22 < (100 F) Ly T

(34)
T

If the primordial field strength can be ind lently < ined, then zg, and th
Hg, is constrained by the CMBR fuctuation. Within our scenario, however, 8023, 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
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the high encrgy cosmic rays. We thus assume (of. Eq.(32)) thet Q3 ~ {§T/T),
or D. ~ 0.03G, ot L, ~ H\. Inserting into Eq.(34), we find an order-of-magnitude
estimate for a bound on Hp:

HofMpS1 . (35)
This lies inside the previously deduced bounds®!),

i vur consideration, the resonant conversion medinted by the primordinl magnetic
field was treated as 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 i known in
plastnu 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 may

! cach other jally. Indeed, we know that it takes 802}, = ép}./pt ~
1075 matter pertnrbation 10 give Tise 1o a temperature flnctuation ST/T° ~ 1075,
Miracnlonsly, from Eq.(32) we find that to attain the same level of fluctuation it alse
requires 825, ~ 1075 at the scale L, ~ H;l. This suggests that certuin balance
hetween the density pre sure and the magnetic pressure mny have been attained at this
scale prior to the decoupling. This may even provide a physical basis for the isothermal
pictitre of the Universe. More details of the discussion on cosmology can be found in
Tef. 32

8. -Discussion-

In this paper we have review the GW production from high energy charged par-
ticles in modern accelerators. Ve then suggest that the best approach to a possible
laboratory production and detection of gravitons is throngh resonant photon-gr:
conversion in long crystals. With various ide ions invoked, the
cates that the power ption for such an experi al test of the existence of the
graviton appears to be quite affordable. Evidently, the 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 luboratary test of quantutn gravity, or more specifically, of the existe
quanta, is even concievable should be encouraging enough.

iton
enlation indi-

e of gravity

When we apply this effect to cosmology, we demonstrated thit the CMBR photons
can resonantly convert into gravitons by coupling with the primordinl mngnetic field.
Using the observed CMBR Auctuations as a bonnd, we derived a hound on the strength
of the primordial ficld. Since the effect can also convert gravitons to photons, «
that this effect can help to verify diffecent models of cosmology. In particular, w
a new bound ou the Hubble parameter at the Big Dung in string cosmology. 1t is hoped
tluet fuether measurements aud analysis of the CMBR Auctuation will help to tighten
the constenint on this effect and the primordial field, which in tuen will help to rofine
the bounds we found on cosmology.
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