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Matter in a warped and oscillating background
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We examine the role of matter in an oscillating background with a warped, compact extra dimension. This
background is compatible with &8t/7Z, orbifold structure which allows chiral fermions to be included in the
scenario. When the background oscillates rapidly, the leading coupling of these oscillations is to gauge fields
rather than fermions. If the decay of these oscillations were to occur today, it could provide an alternative
mechanism for generating the ultrahigh energy cosmic rays.
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[. INTRODUCTION with gravity leads to a potential decay channel for the oscil-
lations. We shall show by expanding a fermion and an Abe-
A remarkable property of actions that generalize thelian gauge field in Kaluza-Klein modes that to leading order
Einstein-Hilbert action for gravity is that they admit metrics the fermion zero mass mode does not couple to the oscillat-
with a periodic dependence on one or more of the coordiing component of the metric. The preferred channel for the
nates. The simplest such example occurs for an action confielaxation of the metric is therefore into gauge fields.
posed of a general set of curvature invariants, with up to four In the following section we review the features of oscil-
derivatives of the metric, and a scalar field. In 4 dimen-  lating metrics in 4+ 1 dimensions. Section Il describes how
sions a metric periodic in one of the spatial dimensions prot0 place the theory on an orbifold to allow for chiral fermions
vides a naturaiiy compact Space_by identifying the Compaci.n a warped, static background. Section IV examines the cou-
tification length with the period—without any singularities or Pling of the time-dependent components of the metric with
discontinuities in the metri¢1]. Moreover, these periodic the Kaluza-Klein modes of a fermion and an Abelian gauge
solutions exist without the need for finely tuning any of thefield placed in an oscillating, compact background. Finally,
parameters in the action. The coefficients of the four-n Sec.V, we study the phenomenological signature in ultra-
derivative terms determine an essentially unique compactifitigh energy cosmic rays of a very small, but rapid, oscilla-
cation size. tion today.
Similarly, we can search for metrics that oscillate both in
the fifth dimension and in timg2]. Although these metrics II. OSCILLATING METRICS
do not describe the most general isotropic vacuum solutions . .
for the action, they could have intriguing consequences for At distances approaching the Planck length, the usual
the early and the late evolution of the universe. In the veryEinstein-Hilbert action should be supplemented by higher
early universe, we shall see that the rapid decay of the osciféerivative curvature invariants. For example, an action with
lating background into gauge fields provides an example ofP tol four derivatives of the metric and a scalar field has the
how a universe with a Planck-scale time dependence caform
relax into one that can admit a realistic, slow evolution.
Moreover, if some slowly relaxing, but rapid, oscillation per- S= Mgi d*x dyy—g[ — A + R+aR2+bR,,R?®
sisted or arose recently, then it could contribute a flux of
ultrahigh energy cosmic rays. To be successful, the theory

would still require a mechanism to maintain these oscilla- + CRyp R + Mgi d*x dyy—g
tions at a satisfactory rate of decay today.
In this article we shall explore the effect of including X[—%Vad)Va¢+A£¢]+---. (2.0

fermion and gauge fields in these oscillating backgrounds.
Even for a purely static background, introducing chiral fer-M. and A denote the Planck mass and cosmological con-
mions requires that the compact extra dimension should hawgant, respectively. This action admits smooth, nonsingular
the topology of ar81/Z2 orbifold. The metric and the scalar metrics that are compact in the fifth dimension,
field that supports the compact geometry must be, respec-
tively, even and odd under this,. When the metric addi-
tionally oscillates rapidly in time, the coupling of these fields 1oyr convention for the signature of the metric(is, +, +, +,
+) while the Riemann curvature tensor is defined byR?,.q
=gl 5.~ 9l pg+ a5~ T8l y. Here the indicesa,b,...
*Email address: hael@cmuhep2.phys.cmn.edu =0,1,2,3y range over all coordinates while,v,...=0,1,2,3 label
TEmail address: bob.holdom@utoronto.ca the ordinary space-time coordinates.
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d32=gabdxadxb=eA<y)77de“dx"+ dy?, (2.2 The relative sizes o€, and ¢, in this solution are undeter-
mined. This relation allows us to state more precisely the
where the exponerm(y) is a periodic function, whed L, regime in which the small amplitude expansion exists. When
is either an interaction, such ag,¢V3¢)? [1], or a Casimir  x and v have a natural siz&(M; %), then a small amplitude
term[3] with differing values for its components in the large translates to a small cosmological constaitz A ~2>1.
ordinaryx* and the compagt directions. In either case, the Note, however, that the existence of periodic solutions—
existence of such solutions does not require finely tuning anpeyond the small amplitude regime—does not require a
of the parameters in the action. The effects of Rfeterms  small cosmological constant as was shown numerically in

can be conveniently parametrized by [1].
In the large 3+1 dimensions, once we have substituted
w=16a+5b+4c, A=ba+b+;c, the leading effects from thg-dependent scalar field, we dis-
cover that the density and the pressurp for the noncom-

v=3a+b+c. (2.3 pact spatial dimensions are

\ andy, in particular, represent the coefficients of a Gauss- p= %wt2€t2+ %¢2+...~gwt2€t2>o,

Bonnet and a squared Weyl tensor, respectively.

While the static metrics are adequate for studying a theory p=— %wtzé'r2+ 1240, (2.9

with a flat (3+1)-dimensional long distance limit, models

that are to include a realistic cosmology should evolve ingq that3 ,2¢2 resembles an effective cosmological constant.

time as well, The fundamental cosmological constant that appears in the
ds?— —eA<y)dt2+eA(WeB(‘)(Sijdx‘dxi action eff_ects the_ warping _of _the extra dlmesns;or;, as the
pressure in that dimension indicat@g= —2A + ; wf€;.
+eCMdy?; (2.4 We find that the small amplitude expansion described

above cannot be extended to the case of a de Sitter expansion
here we have still assumed an isotropy in the three largg(t)=kt+--- that coexists with the oscillations, if the rate
spatial dimensions but have allowed a different evolution ingf expansion is to be comparable to the leading oscillating
the compact dimension. terms in the metric, i.ek~O(Mse,). In general, the dynam-
We shall principally consider a universe that oscillatesics that links the short scale oscillations with the large scale

rapidly so that the time dependence and yhéependence, evolution of the universe is complicated and deserves further
which fixes the size of the compact dimension, are on atudy.

similar footing. The fourth-order, two-variable differential If the amplitude of the oscillations starts with a value
equations that result from varying the acti¢hl) are more |arge compared to any expansion rate, the amplitude must
difficult to solve than the static cad@.2), which can be eventually decrease sufficiently so as to allow a realistic cos-
solved numerically, but fortunately it is possible to build a mology. Given that the vacuum energy density in E48) is
solution order by order in a small amplitude expansion. Topositive, a natural mechanism for its relaxation is through the

first order ine,,e;<1, we find[2] decay of the rapid oscillations into energetic particles, analo-
gous to the decay of the inflation in inflation. In Sec. IV, we
Aly)=eycogwyy)+---, shall study how fermions and gauge fields couple to the os-

cillating functionsB(t) andC(t), thus providing an explicit
decay mechanism.
Note that the presence of the extra dimension is necessary

B(t)=¢ cogwit)+---,

C)=—3ecodmt)+-, 29 for this decay. In 31 dimensions the metric would not
with contain aC(t) term and would therefore be conformally flat;
then the oscillation could not decay into conformally coupled
1 fields.
wy=+\=3/pn and o;=————, (2.6
N3u—16v Ill. CHIRAL FERMIONS
so that a periodic solution exists whem<O and In order to recover the standard model fields, the theory

v<1su—no fine-tuning is needed. In E¢2.6) we see ex- must contain chiral fermions. A difficulty arises for the usual
plicitly that the higher derivative terms in the action deter-Kaluza-Klein compactification with only one extra dimen-
mine the size of the extra dimension and the oscillation fresion since the Lorentz symmetry group @Q) has only
quency. Proceeding to the next order in the smglle;  one,nonchiral spin representation. Chiral spinor represen-
expansior 2] introduces some corrections to eachAdly), tations do arise when we break the full &) symmetry
B(t), and C(t), which depend orboth tandy, and more group, for example by placing the theory on &HZ, orbi-
importantly relates the small amplitudes to the size of thefold in the fifth dimensior{4,5].

cosmological constant: We can similarly introduce an orbifold into the warped
s 29 25 Kaluza-Klein picture with a static metri€2.2). The field
A=7(0je + ofer). (2.7)  equations for the actio(®.1) that determingd(y) and ¢(y)
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03y T o) then expanding in a tower of Kaluza-Klein modes, we have a
os chiral zero mass mode,
025 y Y% (x*y)=0,
_%yc 0.25 0.5 %ch lib(RO)(X)\vy) = eiA(y) l//g))(x}\)a
(3.2
as well as a series of paired massive left and right modes
o3y + ${"R(xy) for n>0. Unlike the flat Kaluza-Klein expansion,

the zero mass mode does depend on the fifth coordinate
FIG. 1. The behavior ofp(y) on the orbifold forA=1, u  through thee A% factor.
=0.1,A=0,andAL,= —(1/4)(V,¢V23¢)2. The initial condition is
A"(0)=23.77364592. Hereye[—0.6578,0.6578 and ¢e
[ —0.744,0.744. The end points of each dimension are identified so
that both are compact.

IV. FERMIONS AND GAUGE FIELDS IN AN
OSCILLATING BACKGROUND

do not depend explicitly oy so we are free to translate an The presence of ordmary fef”.‘"’” or gauge f|el<jS e?ffeC‘S
the evolution of the universe with rapid time oscillations.

extremum ofA(y)' toy=0.Ifthe pe”Od_ qu(y) Ils Ye lthen The interaction of such fields with the oscillating metric of-
we can compactify the space by restricting[—zYc.2Yc]  fers a route for the relaxation of these oscillations. However,
and identifying the end points. The solutions f&fy) found  we shall see that the zero mass mode of the Kaluza-Klein
numerically in[1] and analytically in a small amplitude ex- expansion of a massless five-dimensional fermion does not
pansion in 2] are manifestly even undgr— —y so the back-  couple directly to the oscillating components of the metric,
ground metric respects an SO(3<1), symmetry. to leading order. A decay into gauge fielas scalar fields

This 7, invariance allows us to introduce an orbifold ge- becomes the dominant channel for the relaxation of the met-
ometry in the extra dimension by identifyingwith —y. In ric.
order to define a theory consistently on this orbifold, the Returning to a metric with a dependence on both time and
fields must be odd or even under this discréte As we  the extra dimensiori2.4), when B(t) #C(t) this metric is
have seen, the background metric is even and this orbifoldot conformally flat. This feature becomes more apparent if
geometry will further constrain the allowed gravitational ex-we define new coordinates
citations of this background.

The scalar field, in contrast, must be odd(—y)= t .
— ¢(y). The reason is that the field equations (2rl) relate n(t)EJ’ e Bt
¢'(y) to an expression that depends Afy) only through
terms with even numbers of derivatives. Therefafé(y) y
oscillates with the same period &fy) and is also even r(y)zf e AV 2gy’ 4.2
under ¢’ (y)=¢'(—y). For the solutions found in1-3],
¢'(y) is everywhere positive so that after integrating we. . .
obtain a ¢(y) that increases monotonically. Choosing the'" terms of which the metri¢2.4) becomes
constant of integration so that(0)=0 produces a(y) that i
is odd. To accommodate the boundary values, we must fur- ds?=eA"eB 7 —dp’+ gijdx dx!
ther impose thatp(y) itself assumes values only in a com- +eCm-B(ngr2], (4.2
pact space by identifyingy(y./2) andé(—y./2). In Fig. 1,
we show explicitly an example with this geometry. The form\yhereA(r), B(7), andC(7) are understood to ba(y(r)),
for ¢(y) was found numerically foA £,=Kk(V,¢V2¢)? but B(t(7)), andC(t(7)).
with the parameters chosen arbitrarily within the region of e now introduce a fermion fielg and an Abelian gauge

the {A,u,\,k} space with periodic solutions field A, through the actioh
In order to be compatible with this, orbifold structure, a

separate scalar field should be included if we wish also to o

allow the rapid time oscillations. This requirement follows Sg,,,A:f d* dry—g{edyI' (D, —igA,) ¥

from the leading order behaviab®=3w?e? [2]; upon inte- e

gration we obtain a contribution that is even under e —29%°9°FacFpd} (4.3

symmetry which is incompatible with the symmetry of the
scalar field that supports the compact extra dimension.

We now obtain chiral fermions through the standard con- 2Because of our choice for the metric’s signature, we have not
struction[4—6]. If we choose the following boundary condi- included the usual factor dfin the fermion action. Thes matrices

tions on a five-dimensional fermion: are defined byr*={i y*, s}, wherey* and ys are the standarg
matrices, so thgtl'*,I'B} =278 for »*B=diad —1,1,1,1,1. Refer
PN, —y) =y (xNy), (3.)  to[7] or[8] for further details on fermions in a curved background.
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whereF ,,, is the gauge field strength. We work in the limit in r/2 (my* .
which these fields do not significantly affect the background f_ /2dr fr (N v (r)
geometry. In this action, we have not assumed an orbifold fe
structure in the extra dimension, but as in the previous sec- rel2 (my* - o
tion one can be readily introduced. Tied is a vierbein =f_r LA TR (NTRI(N) =" (4.1]
which connects the curved coordinates with a locally Lorent- ¢
zian frame: wherer . is the volume of the extra dimension. Analogously,
ab we expand the gauge field
€xegJab= 7AB - (4.4
The covariant derivative of a fermion A0 =2 ADGMRM(r), (4.12
n=0
Da=dat %waBCO'BC (4.5

defining the masses of the modes through

involves the spin connection defined by AL, h(M]= — M2eA2n() 4.13

_1.b
®apg= 2 €l Ja€b— Ip€aal

b
— 3€p[ 92€ap— dp€aal

and normalizing the states through

rel2
A(r)/2p(m) (n) —_ smn
— 3eRefl dcepa— duenclel (4.6 Jrc,zdfe W(ORT()=0™ (4.1
d BC_1 FB FC . . . - .
ando a[T=. -] The fermion-gauge interaction will induce couplings among

The contributions from the spin connection are canceledne various Kaluza-Klein modes,
by introducing a rescaled fermion field defined by

rel2
Y1) =e AlNg= (39BN~ (1ACHIY (x\ ). (4.7) G["’,;F’ng dr £ (N FL(rHh®P(r).  (4.15
‘ —rgl2 ’ ’

The fermion-gauge field action then becomes The effective action that appears in four dimensions as a

B result of Eq.(4.9) is thus
Sg,,,A:f d*x dr{iwy*(d,—igA,)¥Y
S¢,A=f d“x[E i\lff_m)y”( W”a#—i% G[”“PA;W)@L“)

+eB Oy 55, —igA) T} "
+J d4Xdre(MC)/Z{—%n””nAPFMFw +§11 iagﬂ)yﬂ( 5m“(9ﬂ—i§p: ngpA;m)\]f(Rn)
—1eBOpF, FL L (4.9

+el8-0Ry mn(\ﬂmxlf@,.{”ﬂ—fg‘)qf{”))]
note that the first term no longer contaiA$r), B(#»), or
C( 77) + f d4X eC/ZEn: {_ % nMVnApFiLn)ng;))
A. The Kaluza-Klein expansion
- peneen. . ~5e® oMy ADAMY. (4.6
To investigate the effect of the oscillating metric in the
long distance limit, we expand the fermion and gauge fields At jow energies, well below the Planck scale, only the

in a tower of Kaluza-Klein modes. To simplify, we work in  dynamics of the massless modes will be important in the

the axial gaugé\, = 0. The fermions are expanded separatelyeffective theory. Tha-dependent parts of the lowest lying
in left- and right-handed fields, fermions are

3 “ FO_ (0 _ -1
VRO =31 y5) W= 2 WIRO) FR(T) L =Rl

(4.9  along with a factor oie™A(") from Eq. (4.7). The couplings
among the massless modes simplify to
wheref{"k(r) satisfy

_ ~000_ ~000_ 9 rof2 (0)
a0 =mf, af=-mf” (410 o
and obey the following orthogonality condition: The low energy effective action is thus
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= . 1.
Seff:J' d*x{iw @ y#(d,—igoA) W I~ - pvado LN . (5.1

— eSPROFOur . (4.189 N is the number of protons with enerdy>E- in a jet
produced by the initial gluon of enerdyy~Mp,. £ is the

In this effective action, the gravitational oscillations do attenuation length of these protons due to scattering from the
not couple directly to the fermions, but rather to the gaugecosmic microwave background radiatid®]. When E-
fields. In the small amplitude limit that we have assumed, the= 10 GeV then¢ is approximately a few tens of Mdd.0.

leading interaction is This energy is just above the expected but not seen Greisen-
o Zatsepin-Kuzmin(GZK) cutoff [9], which is exceeded here
Linteractior= — 3 C(1)FO)FOm, (4.19 Dby high energy protons originating within a distarcef us.

We shall obtain an estimate df. from the perturbative
This coupling offers a natural channel for the decay of theanalysis of multiparticle production in jets based on the
oscillating component of the metric. Similarly, any funda- modified leading logarithm approximatiae.g.,[11]).* The
mental scalar fields in the theory would also allow the decayesulting “limiting spectrum” is known but since the initial
of the oscillating gravitational field. The kinetic energy term gluon energy is so highr=In(Eq/Agcp)>1, we may sim-
for the zero mass Kaluza-Klein mode of a massless fiveplify further with a Gaussian representation. We extract the

dimensional scalar field has a prefactore8f* ©2, following results from[11] where ¢=In(Ey/E):

If the fermion in Eq.(4.18 had a small realistic mass, —,
either through a fermion mass in the five-dimensional action aN p( 19 ) 5.2
or if a massless fermion subsequently develops a dynamical dé 2 o° | '
mass, a mass term would produce a coupling between the
fermion and the gravitational oscillations. However, this term T 3 — N
would be suppressed bw/M; relative to Eq.(4.19. o= E 1=-77] €= 7(3+\Cl7). (5.3

V. ULTRAHIGH ENERGY COSMIC RAYS Herez= 16N /b, C=a?/(16Ncb), 3b=11IN,~2n;, and
) . o . 3a=1IN.+ 2nf/N§. We also note that a Gaussian spectrum
If some slowly decaying residual oscillations were to existyesembles the results from Monte Carlo simulatifir®. For

today, the gauge field products of this decay would provide gne total multiplicity V'= [ 5 (dN/d£)d& we use the full “lim-
possible source for the ultrahigh energy cosmic rays. Herging spectrum” result,

we shall only focus on demonstrating that a realistic cosmic
ray spectrum can arise and then establish a rough limit on the 18
rate of the decay. We shall not attempt to develop a detailed N=I'(B) 2 lg+1(2), (5.4
model that produces this rate. The dominant signal would
likely result from a decay of the oscillating background into WhereB=a/b. This gives\~7x 10°. Assuming that 5% of
energetic gluons. The natural size fof whenx and v are  the energy from each initial gluon emerges as protons, these
not finely tuned in Eq(2.6) is Ms~Mp,, whereMp, is the ~ results imply thatN-.~3000 for E..=10"* GeV andn;=6.
effective four-dimensional Planck scale. Moreover, since thd his value forN.. triples when theO(7~*?) corrections in
oscillating metric in Eq(2.4) is spatially isotropic, the inter- EQ. (5.3) are absent. Another indication of the sensitivity of
action(4.19 superficially resembles the decay of a very mas-he result to the approximation is that no single valueos
sive particle at rest. An initial gluon of enerdg,~Mop;, actually correct over the range of energies involved, idnd
produced in any of the two, three, or four gluon channels inranges from 1400 to 6000 as ranges from 3 to 8. This last
Eq. (4.19, will fragment into a high multiplicity jet of par- result also shows how.. can be strongly affected by new
ticles with a wide range of energi@szor an initial photon ~ physics beyond the standard model.
pair the secondaries are only those produced as the photons The observed integrated flux of cosmic rays with
scatter from the intergalactic radio background, and thus>10'" GeV is approximately 210 2°cm ?s *sr ! [13],
should not provide as strong a constraint as gluon producand so Eq(5.1) andN.~3000 imply that
tion. Additionally, the presence of any gauge interactions be- . g 3 g
yond the standgrd moFc)jeI could provi)égotr?er decay channels. Prac=3x 10 *gem =s . 5.9
The observed flux of ultrahigh energy cosmic rays, as-Thus the current vacuum energy density of the universe, as-
sumed here to be protons, can then set a bound on rate gfimed to be about two-thirds of the critical density, has a
production, or equivalently on the rate of decay of the effecdecay rate
tive vacuum energy density,,.. We estimate the flux of
protons above some ener§y. by
“4In this approximation the main difference at leading order be-
tween a quark and a gluon jet is that the multiplicity of particles in
3For simplicity we shall treat the initial gluons as monoenergetic,the gluon jet is enhanced by a factor of 9/4 relative to the quark jet
rather than integrating over the energy distributions in the threefor the same initial jet energy. The mean particle energy of products
and four-gluon cases, since the strongest constraint comes from théll correspondingly be slightly lower in the gluon jet. In the fol-
most energetic gluons. lowing we have treated a gluon jet the same as a quark jet.
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ducing Z bursts within thef® volume, as they travel toward
<10_6t —, (5.6 us[20]. In particular, neutrinos with energy withidE/Ex
Prac universe =T,/M;~3% of theZ resonance energg=4 (eV/m,)
wheret nerse= 14 Gyr is the age of the universe. X 10'? GeV may annihilate with an enhanced cross section

If this limit is saturated then we have a model for the on the nonrelativistic relic antineutringand vice verspato
ultrahigh energy cosmic rays. The spectrum in &g2) im- produce theZ. We estimatgwith the same uncertainties as
plies a hard energy spectrudN/dE~10"¢ with a~1.2 at  beforg that the number of neutrinos in this energy band,
the relevant energies. The observed flux spectddE is ~ produced per gluon jet, ranges from 300 to 1100Eas
modified by the rapid decrease of the attenuation length byanges from 18 to 10" GeV. The probability for such a
almost a factor of 100 in the rangex40'°<E<10' GeV  nheutrino to produce & burst within the¢® volume is in the
(the GZK cutoff. The frequently plotte@>dJ/dE thus rises  range 0.025%-1%, depending on the relic neutrino cluster-
for E<4x 10'° GeV, drops for 4 10'°°<E<10'" GeV, and ing [20]. On the other hand, there is an enhancement factor
continues to rise foE > 10" GeV. This behavior is a simple 0f about 100 for the neutrino flux relative to the direct proton
consequence of a hard initial spectrum of protons producefiux since the former originates from the whole Hubble vol-
uniformly throughout space, and is quite consistent with thedme. EachZ burst produces two protons with typical ener-
data above 1 GeV. Below 16° GeV the observed flux 9iesEp~Eg/30, and thus this mechanism produces protons
rises much faster with decreasing energy, and some oth@eaked in a fairly narrow energy range.
source for cosmic rays must dominate.

This picture is similar to models involving decay of su- VI. CONCLUSIONS
permassive long lived particl¢44—16. The primary differ-
ence is that the supermassive particles tend to congregate 'r&
the galactic halo, and this produces a galactic component
the signal in addition to a possible extragalactic one. But th

galactic component would not produce a dip in the SPECUMyjoy resulted from a periodic solution to the field equations,

and it would prqduce some amount of large ;cale an'SOtrOWather than adding brane boundaries, the most appropriate
[15,16. In our picture the absence of a galactic component is

natural, although there remains the question of just how Spé}%p{)hric;agif:nlsngog::ve the universe 8iZ; orbifold structure
t'al.llyhgnt')fglzw dt?)?] ?ﬁg%igecgf?ﬁjggﬁggnbeback round i A Kaluza-Klein expansion of massless fermion and gauge
Eq. (5.5 provides a const?/aint onlv on tl“(a)gsmologicall ields in a warped and oscillating background reveals that the
re?:.entldecpa rate. Yet, just as in m)c/)dels in which ?he u)I{[ra—Zero mass modes of the fermion do not couple at leading
y : ' order with the oscillating terms in the metric. Thus the gauge

high Energy cosmic rays orlglnate. from the decay of V€Nfields would most readily facilitate the decay of the oscillat-
massive particles, the low energy diffugeay spectrum pro- i‘ng gravitational field

vides an additional constraint on how the decay rate itsel he d f th illati inth . Id d
changes during the evolution of the universe. For example T € decay of the oscillations in the metric could procee
' rapidly in the early universe, at least until the amplitude is

i i —4+p
assuming that the decay rate in E§.9 evolves ad sufficiently small that the oscillatory effects are comparable

[17], then the observed flux of rays with energies 10 . :
: to any de Sitter expansion or to effects from any matter and
MeV-100 GeV generally allows models wif=2 [18]. For radiation present, in which case the simple picture developed

smaller values op, th? .o.bserved spectrum d'oes not aIIowin Sec. Il breaks down and the subsequent evolution is more
sources that produce initial gluons with energies greater tha

about 10° GeV[18,19. Therefore, decay of the background E'omplex. Yet it would be useful to determine when such

either should not proceed too efficiently, which accords Withoscillations could coexist with a familiar cosmology in the
b Y (3+1)-dimensional effective theory since we have seen that

Eq.(5.6), or should have only begun recently. As an example small, slowly relaxing oscillation today could provide a

of the former, a mechanism that produced a slow exponenti - -
decay at the rate given in E¢6.6) would effectively decay ource for the observed ultrahigh energy cosmic rays.

with p~4.

The production of cosmic gluon jets also ties in with an-
other mechanism for producing air showers above the GZK This work was supported in part by Natural Sciences and
cutoff, this time involving jets produced outside thé vol- Engineering Research Council of Canada. The work of H.C.
ume. This is because gluon jets contain neutrinos, and theseas also supported in part by the Department of Energy un-
energetic cosmic neutrinos have some probability for proder grant DOE-ER-40682-143.

Pvac

A warped, compact background space-time with a com-
ct scalar field, introduced to address the cosmological con-
tant problem, does not present any obstructions to including
hiral fermions. Since the compactness of the extra dimen-
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