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Instant preheating mechanism and ultrahigh energy cosmic rays
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Top-down models assume that the still unexplained ultrahigh energy cosmigHa¥CR’s) are the decay
products of superheavy particles. Such particles may have been produced by one of the post-inflationary
reheating mechanisms and may account for a fraction of the cold dark matter. In this paper, we assess the
phenomenological applicability of the simplest instant preheating framework not to describe a reheating pro-
cess, but as a mechanism to generate relic supermassive particles as possible sources of UHECR's. We use
cosmic ray flux and cold dark matter observational data to constrain the parameters of the model.
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I. INTRODUCTION they had a yet unknown interacti¢8].
In order to overcome such difficulties, another class of
The possible observation of ultrahigh energy cosmic raymodels has been proposg@l]. The primary particle would
(UHECR) events with primary energies above?ieV [1] not acquire kinetic energy continuously inside an accelerat-
constitute one of the most intriguing puzzles in astroparticléng region(“bottom-up” mechanisn as initially thought. In-
physics(see, for example, Ref2]), since their origin and stead, the highly energetic cosmic rays would be originated
composition are not yet understood. The usual bottom-ujpy the decay products of superheavy particles of cosmologi-
scenarios in which particles should be accelerated by astr@al origin (“top-down” mechanism). For simplicity, we will
physical objects do not seem to provide a convincing soluconsider that such particles have masses close to the grand
tion to the puzzle. The arrival direction of the primary par- unified theory(GUT) scale and would decay into known
ticles should point to their sources because at such energigarticles, as quarks and leptons that evolve following the
the intergalactic magnetic field does not deviate their direcQCD model[10]. The quarks hadronize, producing a small
tion of propagation. However, the clustering of UHECR fraction of nucleons and pions that in turn decay into pho-
events observed in the available data is not statistically sigions, neutrinos, and electrons and their corresponding anti-
nificant and therefore there is no evidence that they arisgarticles. Therefore, from the decay of such a supermassive
from point source$3]. In addition, it would be necessary to particle it is possible to produce energetic photons, neutrinos,
overestimate several parameters of such sources and theind leptons, together with a small percentage of nucleons.
acceleration regions in order to reach, marginally, the reDepending on which kind of particle is the primary one,
quired energie$4]. different attenuation lengths can be obtained, so that one can
The problem concerning cosmic ray sources is related testablish the minimum distances at which the supermassive
the necessity that they must be located in our neighborhoogharticles sources should be located.
since particles propagating at high energies suffer a rapid There are different exotic candidates to play the main role
degradation of their energy. For protons or nuclei as primain top-down scenarios, such as decaying topological defects
ries, interactions with the cosmic microwave background11] or evaporating primordial black hol¢s2]. The simplest
should cause a loss of their energy due to photopion produgep-down modelgat least from the particle physics point of
tion. Such an effect should result in a discontinuity in theview) involve supermassive metastable particles sometimes
cosmic ray spectrum for energies abovéx 10" eV, the called wimpzillas[13]. Due to their colossal masses, such
so-called Greisen-Zatsepin-Kuzmi@ZK) cutoff [5]. If the  particles were presumably produced during the post-
Auger Observatory data confirms that this feature is not obinflationary epoch and could contribute to a part or to the
served, it can be showfi®] that protons must have travelled whole of the dark matter that accounts for about 30% of the
less than~100 Mpc(attenuation lengthin order to arrive at  energy density of the Universe. In order to explain the theo-
Earth with energies larger than @&V. The attenuation retically estimated UHECR fluxeld4], such particles must
length for photons depends on their initial energy and it isbe decaying now and have to be located in our neighbor-
less than 100 Mpc for energies betweert?@V to 1G? eV hood, which is expected, assuming they are concentrated in
[7]. Since neutrinos have a very small cross section withour galactic halo.
nucleons within the standard model, it seems difficult that In this work we study the possibility of producing wimp-
they could produce air showers in our atmosphere unlesaillas in the post-inflationary process called instant preheat-
ing, suggested by Felder, Kofman, and Lind&L), origi-
nally proposed as an alternative preheating mechafl&mn

*Electronic address: hcampos@dfn.if.usp.br This process seems to be essential for particle production in
"Electronic address: jmaia@cnpq.br models of quintessential inflatidi6,17.
*Electronic address: rosenfel@ift.unesp.br In such a scenario, scalar partickesire nonperturbatively
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produced from the coherent oscillations of the inflaion  phase. Right after inflation, the field oscillates about the
have their masses “boosted” due to their coupling to theminimum of its potential, with decreasing amplitude due to
field ¢, and subsequently decay into supermassive metahe damping term B¢, and the solution of the above equa-
stable fermionsgy. The idea of examining stable supermas-tion becomes

sive particles in this context was addressed by Feddex.,

but its consequences either as dark matter or as cosmic rays Mp; sin(myt)

primaries were not calculated in detail. P(t)~ 3 m.t (4)

More specifically, there is a relation between the density ¢
parameter of these particles and their lifetimeylparticles The ¢ field may producey particles during this oscillat-
compose the whole of the dark mattef2 (=m,n,/pc ing phase due to nonperturbative effef24,22, provided
~0.3) [18], a maximum lifetime limit will be found. On the the coupling constants have appropriate values.yAgar-
other hand, a lower limit on the abundance of such particlesicles are bosons, such a process may lead to an explosive
can be obtained if lifetimes are constrained to be larger thaparticle production through parametric resonance of the
the age of the Universer(,= 10'% yr) [19]. As will be shown field [23]. To illustrate this behavior, we consider the quan-
later, such limits impose severe constraints on the parametetgsm nature ofy:
of the FKL mechanism.

This paper is organized as follows. In the next sectionwe . . 1 3,2 LR At o
review some features of the nonperturbative processes more X(t,X)= 2—3,2J dk(agxk(t) e "+ ax (H)e™ ™),
directly related to the production of massive scalar particles. (2m) (5)
In Sec. Il we perform a detailed calculation of superhegvy

particle production, extending the previous results in Refwhereék and él are the creation and annihilation operators,

[15]t: Iln Sec. I'\d/ weddlscttjjsskour trt“a'T‘ results for Eﬁdycedrespectively. The equations of motion for tkenodes of the
particles considered as dark matter in our current Universe eigenfunctions are given by

and present the parameter space for this model, which is ity
accordance with cosmological data. In the last section we
present a summary of our main results and discuss their con- ')'(k(t)+3H)'(k(t)+

2

+m2+ gz¢2<t))xk<t>=o.

sequences. a’(t)
(6)
II. PRODUCTION OF x PARTICLES Rewriting the above equation in terms of a more convenient
After inflation, matter had to b@e)created, since the Uni- VvariableX,=a¥2y,, we obtain
verse became empty. In the case of chaotic inflation, the )
scenario considered hef20], particle production may occur : k 2 2.,20v
during the quasiperiodic evolution phase of the inflaton field. Xit ;“L m+97¢" | X=0, @)

To study such a period we assume the Lagrangian:
where we used the fact that, for the quadratic chaotic poten-
L= Ea ¢(9“¢—V(¢)+Ea Xaﬂx_}mzxz_ Egzsﬁzxz- tial, the inflaton coherent oscillations redshift as nonrelativ-
2 2K 2 X 2 istic matter. Note that this is an oscillator equation with a
(1) variable frequency

The inflaton field¢$ produces quantum scalars bosgnith K2
bare masses, through the interaction term-g2¢*x?/2. o () = \/ +m2+ g2eR(t). 5
For simplicity, we will limit our analyses to the quadratic a’(t) X

potential V(¢)=m§,¢2/2 (the simplest chaotic inflation . ) .
mode) with my~10 °Mp,, as required by microwave The effective mass of is defined as

background anisotropy measurements. off ———s
During inflation we can neglect the contribution of the m, (1) = Vm,+g7¢=(t). ©
field and the equation of motion for th field is given by Depending on the values of the parameters, the time varia-
b+ 3Hb+M2b=0, 2 tion of w, will not be adiabatic. The loss of adiabaticity takes
¢ P My @ place wheng field passes through the minimum of its po-
whereH =ala is the Hubble parameter and obeys the Fried-tential, the region where,(t) changes more rapidly. In such
mann equation: a case, there will be an inequivalence betweenXheacua
' defined before and after the passage of the inflaton through

87 (d’z mi(bz) the minimum, which can be interpreted as productionyof
2

2 T2

(3)  particles[23]. This particle production process has been con-
sidered mainly for preheating proposals, since it happens be-
. : fore the usual perturbative reheating. Alternatively, such a
~ As far as the slow roll conditions are val[d#<3H¢,  coupling betweenp and y can be used in models with pro-
$212<V (), $~Mp /3], the Universe is in an inflationary duction of heavy metastable particles in the early Universe.

3M3,
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In such a case, the produced particles may have masse$ ¢. In such a case, the solutigd) for ¢ becomes
larger than the inflaton ma$&4]. In what follows, we work

on the latter approach and consigeandm, as free param- S(N)~ Mp, sin(27N) 13
eters to be estimated from the available cosmological data. 3 27N
IIl. THE FELDER-KOFMAN-LINDE MECHANISM This is a good parametrization froh=0.25 and later if we

fix N=0.5 to be the instant when the inflaton field crosses

Felderet al. [15] noticed that the preheating could be ef- the minimum of its potential for the first time. We will con-
ficient even in a singlep field oscillation if they particles  sider that the maximum momentum ¢f particle to be its
produced at the minimum o¥(¢) were allowed to decay mass, that isp,=<m, . The maximum available energy for
perturbatively intoy fermions when¢ reached the maxi- the creation of ay pair isg®, where® is the amplitude of
mum of its potential energy. The decay of such fermions intog(N). This determines the largest intervAN around the
other particles and their subsequent thermalization coulthaximum amplitude of the ¢ field, N~0.72 (@
complete the reheating process without the necessity of para-0.0Mp,), for which me“~g¢> is large enough to allow a
metric resonance. The authors also suggested the possmlhgaw creation. Such an mterval is found to BeN=0.25.
of using such a mechanism to produce heavy particles indditionally, we require that approximately 90% of the

order to explain cosmic rays with energies above the GZKparticles decay during this interval. From Eg1) we obtain,
cutoff in a top-down approach. Here, we perform explicit

calculations following such a suggestion by assuming ¢hat 10 1 g'%g (o8
particles are produced nonrelativisticaly. In this way the en- In| —= 100 —ZT,ZX 167 ) ogom — ¢(N)dN (14
ergy transfer process from the inflaton field is more efficient, ¢
since only a very “fat”y particle can decay int¢ particles.

The whole process can be schematically represented as with ¢(N) given by (13). Solving numerically the above

integral, we obtain that

!

g 9

12 —3
g'“g=3x10 " (15
¢4)Xﬁ> l,b,

This upper limit is almost one order of magnitude larger than
whereg’ is the coupling constant of a Yukawa interaction the Felderet al. estimate[15] (g'2g~5x10 %), since they

g’ 4y added to the Lagrangian E@l) to account for the did not consider the phase space factor in the expression for

interaction betweeny and y. the decay ratd10). It is important to notice that the only
From the Yukawa interaction term, the decay rateyof arbitrariness in our assumptions is the fraction of remaining
bosons intoy fermions is x particles(90%), but for reasonable choicésayn;/n; be-
tween 1/2 and 1/1QGhe constraints og andg’ do not vary
—  g'm" 2m,\ ? % appreciably. All the other constraints are consequences of the
Px—=dh)=—75"|17| & (100 assumption of a maximum momentum,<m,, so thaty
My may be considered as nonrelativistic. Naturally, the limits on

g'?g would be even tighter if we had considered values for
larger momenta. Therefore, we are being conservative in our
estimates. We also verified that although one should assume
the time dependence of the decay rate on the above calcula-
tions, it does not bring any important difference if compared
to the estimate found in Refl5] where a constant decay
: ; _ A i rate,I', was used. This seems reasonable, since the integra-
It is possible to obtain a relation between the coupliggs o interval for N is taken to be around the maximum of
andg’ if we take the intervaldt=t;— t around the maxi- 4Ny where the sine function does not vary significantly.
mum value of¢p evolution for whichmif is large enough to  gych care would be necessary if we were studying the pro-

Note that the above rate is not constant, sinm@@ defined by
(9) is time-dependent, ang particles tend to decay at large
values of ¢(t). This is the most interesting feature of the
model: a great amount of energy can be transferred f¢gom
to the stable fermions because the bospuecay when their
variable masses are at a maximum value.

allow the decay ofy particles into nonrelatlwstnw fermi-  quyction of relativistic particles.
ons. Denoting byy; andn; the number densities of before Independently of the calculation details, our main goal in
and after the passage df through the local minimum of  this work is to find the largest possible region of the param-
V(¢), respectively, we have eter space of the FKL mechanism that is phenomenologically
allowed by the available data. Assuming that théermions
AT are the metastable massive particles that we are looking for,
In| —|= r(t)dt. (11) . :
i we need to evaluate their present abundance supposing that

they contribute to the energy density of the dark matter to-

It is convenient to work with a more intuitive time variable, day. Since for each decayinga i pair is created, we have

i.e., the number of oscillations to find the number densitg,, of the y bosons for each os-
cillation of the inflaton. For the first oscillatiom, can be

(12) calculated from the solution of E¢7) about the minimum of
V(¢), so that the total number gf particles[15] is

_ Mot
2
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n

1 (g ¢O|)3/2 m?2 where the last equality is obtained by considering thatithe
X=—3J’ d3kn,= 3 ——2], (16) and ¢ field coherent oscillations redshift as non relativistic
(2m) 8m 9l ol matter. Note that we are supposing that only thearticle

i production in the first passage is importdsee expression
and ¢o=my®/ 7 is the field velocity near the minimum of (1g)].

the potential. The model describes the above productign of Finally we can substitutep ,(t,)= (3M,2:,,/877)H,23 into
particles, the boosting of their masses and their subsequepig) s that

decay intoys wimpzillas with masses
Trh

Qw(TO)hZZQR(TO)hz(T_O)

m,~g®~0.0gMp,. 17) 8m myn,

— (21)
: . . 3 M3H

In order to verify that most of thes particles will be P
produced in the first oscillation ap, we compare the num-

ber density of produceg particles in the second passage by

he minimum of th ntial,n{?, to the first onen!"). , e .
the um of the¢ potential,ny™, to the first onen, Qr(To)h?~4.3x107° is the current radiation density pa-

By taking into account the dilution o'ﬁg(l) due to the Uni- _ 2
verse expansion between the consecutive passages, it r%meter. The other parameters *%_(SW/SM P')(p¢p)

found that(for details see the Appendix =(8m/3M ) (M50?/2)~(4m/3)x 10 M5, and, given
thatn,=n,/2 and for nonrelativistic fermionm§“~2m¢,
we find thatm,n,,~ mf(ﬁnx, wheren, is given by Eq.(16).

(18 choosingT,,=10° GeV, the above equation can be rewrit-
ten as

where To~2.7K is the present cosmic microwave back-
ground(CMB) temperatureh=H/(100 kms ! Mpc™?) and

(2) 2 2
n —372x10° m
%=\r2exp{——§ .
ny g ME,

Therefore, the exponential term could provide the desired
suppression between the two first passages. In fact, it can be ) g 2.7K
shown that the ratio between two consecutive passages tends Qy(To)h*~4.72¢ 10%(T410°Ge T_o
to a constant prefactor multiplying the exponential, and, as

long as the suppression is assured, particle production will be [ m2

negligible for all subsequent oscillations. We will see in the x g3 _g +10 2g?

next section that such suppression is verified, since for typi- M5,

cal values of the parameters, sag=10"2 and m, 5

=10 *Mp;, nP~10"%n{" and hence it is reasonable to y X120 my 09

consider only the first passage in our calculations. ex g M%I ' (22)

IV. ¢ ABUNDANCE AND ULTRAHIGH ENERGY If  wimpzillas are required to explain UHECRYs, it is

COSMIC RAYS possible to obtain a relation between their abundaig) (

If the ¢ particles are the superheavy relics that decay intgn€ir massesr(,), the lifetime ofy (r,), and the UHECR's
the observed UHECR's, we can use the presumed cosmic ragxes (for details see Ref$2,19]). As we mentioned earlier,
flux associated to their decaf8] in order to estimate limits 11 Order to obtain such relations it is necessary to adopt a
on the parameters of the model discussed above. model in which particles are produced from thjedecay.

By accounting for the dilution ofy particles since their 1 NiS topic is an issue by itself, and we will follow the usual
production until today, one may find the associated densitSSumption of extrapolating QCD mechanisms valid in the
parametet ,(to) = p ,(to)/p.. In order to obtain an expres- the quarkjhadron fragmentanor) process for the higher ener-
sion for this parameter, we have to consider three differen@i€S considered here. As we will show later on, the use of a

moments in the history of the Universe: the productionyof specific value for the flux will not alter the regior_1 of. thel
particles (), the end of the reheating perioti(), and to- allowed parameter space appreciably. Such a choice implies
day (to). V\F}e can then write: that photons dominate the primary spectrum by a factor of

~6 over protong2]. This means that, if we consider the
ps(t0)To  py(tin) Ten observable ultrahigh energy cosmic ray fluxes as due to ex-
= : (190 tremely energetic photons resulting from the decay qfar-
ticles, we can write

pr(to)  pr(tm)

where we assumed thermal equilibrium for the relativistic

components and the fact thag(to)ad=p,(t,n)ad, . On the B 8 o [Mp| 2
other hand we can supposmat the UnK/erse will be reheated 7y=3.16x 10 S )(m_w ' 23
from an instant convertion of the remanescent inflaton den-
sity energy into relativistic particles, so that where f measures the clustering af particles inside the
galactic halo. It is taken as 1 for a uniform distribution of
Pyltn) _pyltin) _ py(tp) (200  superheavy WIMPs, but can be considered as approximately
Pr(tin)  pe(tn)  py(tp)’ 10° if they are concentrated in galactic hal@ee[2]). We
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FIG. 1. The allowed parameter spacg,(,9,9") for the produc- FIG. 2. The allowed parameter space of the previous figure is

tion of wimpzillas in the FKL mechanism. Fan, given in Planck  not substantially altered even if it is enlarged by an exaggerated and

mass units r(nXPI), the dark gray area stands for the allowed valueshypothetical lower limit for the abundance of (Qd,h2= 1020,

of the parameters betwee!h¢h2=0.14 (dashed ling and Qi/,h2 solid line). All the other lines have the same meanings as in Fig. 1.

=3.16x 10" *3(gd/Mp))¥? (solid line). Unitarity constraints oy’

andg provide limits to the left and to the right in the allowed area obtained the limits to the lefthe minimum value fog given

in the figure. The application of these limits on the original FKL the maximum possible value far') and to the right(the

results[15], g'g~5x10"*, increases the allowed area by adding maximum value fog) in the allowed(dark gray area in the

the light gray region. figure. For the sake of comparison, we also included the
. . _ same analysis for the original FKL result, which corresponds

will assume the latter case in what follows, i.x10°, 0 g the right triangle limited by the dot-dashed line and to the

that following limits on the parameters of the model can beyjdened area including the light gray region.

established: _ We see that the allowed region in the parameter space is
(1) if they constitute the whole of the dark mattéor  rather constrained. Particularly, given the valid rangegfor
Q,~0.3,h~0.7[18]) we find very high masses faf. From Eq.(17) the minimum
5  mass that can be obtained through this modemmig
Q,(To)h*~0.14; (24 ~10 GeV (the upper limit beingm,~10'® GeV). This

) - happens because the exponential suppression of the number

(2) if they have a lifetime of the order of the age of the gensity of y particles created after the firgt field half os-
Universe cillation, necessary to avoid parametric resonajsze Eq.

(18)], is also present in the expression foy, [see Eq(22)].
Although the upper cosmological limit is quite strong given
the most recent measurements, one may consider as a weak
(25 constraint the second astrophysical cosmic ray limit, as it is
model dependent. However, even if we consider other
Therefore, the yy abundance obeys the limits 3.16 classes of models to establish new lower limits @y the
X 10" gd/Mp)?<Q h?<0.14. This imposes con- above results would not change significantly, because the
straints on they bare mass according {@2): parameters of the model are not very sensitive to variations
on (,. Let us assume, for the sake of a comparison, an
m2 hypothetical value for the preseijt abundance, saylg,,h2
<— ~10" 29, so that the allowed region of the Fig. 1 is enlarged.

Mp, The resulting parameter space is depicted in Fig. 2.

For the same reason, wide variations of the reheating tem-
perature in Eq(21) will not change the picture. For example,
one would have to consider reheating temperatures about 20
orders of magnitude higher than the one assumed here to

Such conditions define a parameter space which is convé&btain a shift of only one order of m_agnitude on the allowed
nient to assess the phenomenological viability of the FKLfange ofm, . Therefore, the resulting allowed area of the
mechanism as a generator gfnon relativistic wimpzillas. parameter space is relatively independent of particle physics
This is possible because the number density pfoduced in  details of the reheating and of the hypothetical top-down
the post-inflationary era depends grandm, and is related ~decay ofy particles in UHECR's.

to (), so that limits on(},, today restrict the possible values

of ;uch parameters. The analysis is summarized in Fig. 1, V. CONCLUSION

which can be understood as follows. The upper and lower

limits of the gray area come from the substitution of Eqs. We studied how to generate supermassive fermions that
(24) and (25) in (22). We also have imposed unitarity con- can explain the UHECR's in the context of a particle produc-
straints on Eq(15) (g andg’=<1), so that 310 3<g=<1 tion mechanism suggested in REL5]. We obtained the pa-
(which comprises the upper right triangle in the figuaed rameter space for which such a mechanism can take place

gq) 1/2
7,~10" years»Q ,(To)h?~3.16x 10 12( M—) .
Pl

2 1/2
m
10Pg In| 4.72x 101993’2( M—ZX + 1ozgz>

Pl

2 1/4
m
<10°gIn 1.49><103°g3’2(M—§+1OZgZ) . (26)

Pl
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and concluded that some fine tuning of parameters seems to 2

be necessary. Additionally, the lower limit on thle mass Ni=112 — |¢1]= 3Mei

obtained,m,=10" GeV, is rather robust. A typical signa-

ture of this model would be an unforeseen rise in the flux at

the highest energies end of the cosmic ray spectrum, which€cond passage:

could be observed by the next generation of experiments,

like the Pierre Auger Observatory. The cosmic ray spectrum

must have a cutoff that is associated with the maximum en-

ergy possible for UHECR'’s and is independent of the GZK

feature. If such a cutoff happens to be belov@rE’JSBeV,_ this Jhird passage:

simplest version of the FKL mechanism should be discarded.

On the other hand, it is this mechanism that can provide

masses of such magnitude more naturally than any other top- N;=3/2 — |¢}= EM ol

down versions, so that if it is at all possible to measure such 9

high energy cosmic rays and if no cutoff in the UHECR

spectrum is observed by the next generation of experiments,

then this model can become an attractive candidate. It is also

interesting that, despite having perhaps too many free param—h .

eters, this model is rather constrained, and such a result fst passage.

relatively insensitive to wide variations of the relevant cos- )

mological parameters. N=j2 — |¢{|:% cogjm)
It is important to emphasize that we studied the produc- ! ) 3 jl2

tion of nonrelativisticys particles only, and the scenario can

be made more complex by considering the productiogof  From the general expression above, it is possible to obtain
thls case, the energy tran;fer from Fhe inflaton field to othe{ye can evaluate the amount of suppression for each passage
flelds_ may be not very efficient _and it Wou_ld be necessary 19. Writing the expressiol16) for the total number density of

the several phases that happened since inflaoierent  gefinitions, we have

oscillations phase, radiation domination and matter domina-
3/2 ’ 3/2 2
. g% [|o{Imy m

1
Np=2/2 — |¢é|:§MP|

3

Mg 2
-

tion) and the allowed parameter space may be widened.
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APPENDIX: THE EXPONENTIAL SUPPRESSION
Since thea(t)«t?? along the coherent oscillation phase, we

From(13), we can write the time derivative @#(N) with st compare the number density of particles produced at

respect toN: until t; ., by taking into account the dilution of; at the (
+1)th passage:
, Mp, 27 cog2m7N)  Mp, sin(27N) ) 3 0 5
¢ (N):T%—N_TW (A1) nY(tpa’(t)=nl(tj.)a’(tj,q)
. . t )2
(1) —n |

ny’(t; =ny’(t)| —| . A4
By labelling each time that) passes through the minimum =M () =) tj+1) (A4)

of its potential adN;, we have

However, from(12), t;/t;,1=j/j+1, so the ratio to be con-
sidered reads:
’:% COSZWN]) (AZ)
I3 N,

ng(j+l)(tj+1)_n§(j+l)(tj+1) 2

j+1

J (A5)

that is, first passage: nO(tj. 1) nO(t;)
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By using expressioriA3) in the above relation, we finally
find:

ng(j+l)(tj+1) _

ng(J)(tj‘Fl)

j+1)1’2 p( 3m2x 10P m?
. ex VT E
j g M2
(AB)

PHYSICAL REVIEW D70, 023003 (2004

Sincey particles decay into twa@s particles, the ratio above

is also valid forys particles. Thus, we conclude that the ex-
ponential suppression that has to be addressed in order to
obey cosmological limits on the wimpzilla abundansee
Section 1) guarantees that we can consider to a good ap-
proximation only they particles produced in the first pas-
sage.

[1] M. Nagano and A.A. Watson, Rev. Mod. Phy&, 689(2000.

For more recent data from the AGASA Collaboration, see M.

Takedaet al,, Astropart. Phys19, 447 (2003. It is important

[11] A. Vilenkin and E.P.S. ShellardCosmic Strings and Other
Topological DefectsCambridge University Press, Cambridge,
England, 199% M.B. Hindmarsh and T.W.B. Kibble, Rep.

to point out that such results have been questioned by data Prog. Phys55, 478(1995.

from the HiRes Collaboration, T. Abu-Zayyackt al,

[12] A. Barrau, Astropart. Physl2, 269 (2000.

astro-ph/0208243. See also D. De Marco, P. Blasi, and A.V[13] D.J.H. Chung, E.W. Kolb, and A. Riotto, Phys. Rev. 99,

Olinto, Astropart. Phys20, 53 (2003.

[2] P. Bhattacharjee and G. Sigl, Phys. R&p7, 109(2000; R.J.
Protheroe and R.W. Clay, Prog. Theor. Phys. Suppl, 74
(2003.

[3] C.B. Finley and S. Westerhoff, Astropart. Phy2l, 359
(20049.

[4] A.M. Hillas, Annu. Rev. Astron. Astrophy2, 425 (1984).

[5] K. Greisen, Phys. Rev. Lett6, 748(1966; G.T. Zatsepin and
V.A. Kuzmin, Pis’'ma Zh. Ksp. Teor. Fiz4, 114(1966 [JETP
Lett. 4, 78 (1966)].

[6] F.A. Aharonian and J.W. Cronin, Phys. Rev. 50, 1892
(19949.

[7] R.J. Protheroe and P.L. Biermann, Astropart. Ph§s.45
(1996; 7, 181(E) (1997.

[8] G. Domokos and S. Kovesi-Domokos, Phys. Rev. L8g,
1366(1999.

[9] V. Berezinsky, M. Kachelrie, and A. Vilenkin, Phys. Rev.7B,
4302(1997; V.A. Kuzmin and V.A. Rubakov, Phys. At. Nucl.
61, 1028(1998.

[10] M. Birkel and S. Sarkar, Astropart. Phy8, 297 (1998; V.
Berezinsky and M. Kachelriess, Phys. Rev. @3, 034007
(2002); S. Sarkar and R. Toldra, Nucl. Phy621, 495(2002;
C. Barbot and M. Drees, Astropart. Phy4), 5 (2003.

023501(1999; V. Kuzmin and I. Tkachevjbid. 59, 123006
(1999; D.J.H. Chung, P. Crotty, E.W. Kolb, and A. Riotto,
ibid. 64, 043503(2001); R. Allahverdi and M. Drees, Phys.
Rev. Lett.89, 091302(2002.

[14] V.A. Kuzmin and I.I. Tkachev, Phys. Rep20, 199(1999.

[15] G. Felder, L. Kofman, and A.D. Linde, Phys. Rev. &9,
123523(1999.

[16] A.H. Campos, H.C. Reis, and R. Rosenfeld, Phys. Le&7B
151 (2003.

[17] M. Sami and V. Sahni, hep-th/0402086.

[18] W.L. Freedman and M.S. Turner, Rev. Mod. Phys, 1433
(2003.

[19] A.H. Campos, L.L. Lengruber, H.C. Reis, R. Rosenfeld, and R.
Sato, Mod. Phys. Lett. A 17, 2179(2002.

[20] A.D. Linde, Phys. Lett129B, 177 (1983.

[21] J.H. Traschen and R.H. Brandenberger, Phys. Red2,[2491
(1990; Y. Shtanov, J.H. Traschen, and R.H. Brandenberger,
ibid. 51, 5438(1995.

[22] L.A. Kofman, A.D. Linde, and A.A. Starobinsky, Phys. Rev.
Lett. 73, 3195(1994.

[23] L.A. Kofman, A.D. Linde, and A.A. Starobinsky, Phys. Rev. D
56, 3258(1997).

[24] D.J.H. Chung, Phys. Rev. b7, 083514(2003.

023003-7



