PHYSICAL REVIEW D, VOLUME 59, 123006

Matter creation via vacuum fluctuations in the early Universe
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Cosmic rays of the highest energy, above the Greisen-Zatsepin-Kuzmin cutoff of the spectrum, may origi-
nate in decays of superheavy long-liviXgparticles. These particles may be produced in the early Universe
from vacuum fluctuations during or after inflation and may constitute a considerable fraction of cold dark
matter. We calculate numerically their abundance for a wide range of motpésaticles are considered to be
either bosons or fermions. Particles that are several times heavier than the infiaigg,~ 10" GeV, and
were produced by this mechanism, can account for the critical mass in the Universe naturally. In some cases
induced isocurvature density fluctuations can leave an imprint in the anisotropy of cosmic microwave back-
ground radiation[ S0556-282199)07010-1

PACS numbd(s): 98.70.Sa, 95.35:d, 98.80.Cq

I. INTRODUCTION vacuum, unlike the case of the generation of long-
wavelength perturbations. Rather, inflation provides a cutoff
According to the Greisen-Zatsepin-Kuznjit] (GZK) ob-  in excessive production of heavy particles which would hap-

servation, the energy spectrum of ultrahigh enefgidE)  pen in the Friedmann universe if it would start from an initial
cosmic rays produced at extragalactic distances should esingularity[5]. Note that we consider sterile or almost sterile
hibit an exponential cutoff at energy~5x 10° GeV. How- X particles, so that their production in usual plasma interac-
ever, a number of cosmic ray events with energies well belions and decays can be neglected. Thermal production of
yond the predicted GZK cutoff were recently observed byn€avyX particles was discussed in Reff8,4] and production

the various experimental group]. This is in obvious con- during reheating was considered recently il

tradiction with the standard cosmological and particle phys- Particle production from vacuum fluctuations in the Fried-

ics models and clearly requires some new physics beyond {Hgann universe during matter- or rad|qt|on-dom|nateq stages
standard model. was considered long ad8,9,10 and this gave the basis for

Conceptually, the simplest explanatii4] could be that simple estimates of-particle abundancis], which have the

. i . ass of order or smaller than the Hubble constant at the end
the highest energy cosmic rays are produced in the decays 8

. ) . ) inflation, my<H;. However, the more interesting case of
heavy long-living particles in a cosmologically local part O_f heavierX particles,my>H;, requires detailed calculations.

the Universe. We will call these progenitors of the COSMICRelevant calculations were done already by Chung, Kolb,
rays X particles. The mass of the particles has to be very 4nq Riotto[6]. However, to describe the end of inflation and
large, my=10"° GeV, for them to be responsible for coSMIC the transition to the Friedmann universe, they match the
rays events in the energy range= 10" GeV. It was noticed  fixed de Sitter background to the subsequent radiation or
[5,6] that such heavy particles are produced in the early Unimatter-dominated expansion either as an instantaneous junc
verse from vacuum fluctuations and their abundance can bgon or with the help of a smoothing function. The result is
correct naturally, if the standard Friedmann epoch in the evoespecially sensitive to the details of the junction procedure in
lution of the Universe was preceded by an inflationary stagethe case of largeny which is of interest for us here. Further,
This is a fundamental process of particle creation unavoidthe range of models considered in Rgf] was restricted to
able in the time varying backgroundpace-time metric in the case of scalar particles with conformal coupling to grav-
the present situationand it requires no interactions. The ity.
temporal change of the metric is the single cause of particle The purpose of the present paper is to calculate the pro-
production. Basically, it is the same process which duringduction of superheavy patrticles from the vacuum in the in-
inflation had generated primordial large scale density perturflationary Universe for a wide range of models, and to give a
bations and seeded the formation of galaxies and galaxgletailed and extended discussion of our other results already
clusters. However, there is a difference. An inflationary stageeported in Ref[5]. When considering particle creation, we
is not required to produce superheavy particles from thelo not make any approximations. To this end we find nu-
merically the exact evolution of the scale factor in the model
of the “chaotic” inflation [11]. Our basic formalism relies
*Email address: kuzmin@ms2.inr.ac.ru on the method of Bogolyubov transformations, which for the
"Email address: tkachev@physics.purdue.edu case of particle creation by nonstationary gravitational field
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was developed in Ref$8,9,10. We consider the possibility (i) Fermions.The relevant mode functions of the Fermi
for X particles to be either bosons or fermions. field satisfy the oscillator equation with the complex fre-
In Sec. Il we remind the reader about the explicit relationsquency

between mode functions of the field, coefficients of the
Bogolyubov transformation and the particle number. In Sec. X+ (wg—imya’) x =0, (6)
[l we present the results of our numerical calculations of o 5
particle production from the vacuum fluctuations both forwhere the real part of the frequency is given b=k
Friedmann and inflationary stages in the universe evolutiont mkaZ. We choose
In Sec. IV we relate the results of the previous section to the

resent day density of particles. In Sec. V we discuss rel- mxa / :
gvance of )(/)ur res&/lts t% the UHE cosmic rays events, and 0=V 1== = xal0="lox. ™

Sec. VI contains our conclusions.
as the initial conditions. In this case we find per spin state

Il. PARTICLE PRODUCTION BY A NONSTATIONARY

GRAVITATIONAL FIELD o—mya—Im(xxy )

|:Bk|2: 2w (8)

Here we summarize the basic formalism of gravitational
particle creation in an expanding universe which we em-the summation over spins gives a factor of 2 in Ex).
ployed in our analysis. For more details see Rf8s9,10.

We chose the metric to be conformally flat at an early cos-
mological epochds®=a(#)2(d7?—dx?). The number den-

sity of X particles created from the vacuum in a time-varying A. Power-law cosmology
cosmological background can be written as

Ill. NUMERICAL RESULTS

In this section we consider particle creation during the
regular, i.e., noninflationary, stage of the Universe expan-
D J' | B 2K2dk, (1)  sion. We shall refer to this stage as the Friedmann stage of
s the Universe evolution. During the Friedmann stage the scale

factor is given by the expressiaq(t)«t® with a<<1. This

where g, are the Bogolyubov's coefficients which relate case is of interest since=1/2 anda=2/3 corresponds to
“in” and “out” mode functions, k is the comoving momen-  the radiation- and matter-dominated stages of the Universe
tum, andZ is the sum over spin states. The expressibn  expansion, which are inevitable. Moreover, in some cases
gives the number density of particles only, with the equaliand we shall encounter such situations belgarticle cre-
amount of antiparticles being created in the case of chargegkion during this stage gives a dominant contribution, while
fields. The creation of Bose and Fermi particles is to becreation during inflatiorfor at the transition between stages

1

2m%ad

nx:

considered separately. is negligible.
(i) Bosons.The mode functionsy,=x.(#) of a scalar Let us first consider massive particles conformally
Bose field are solutions of the oscillator equation coupled to gravity. It is the particle mass which couples the
w2 system to the background expansion and serves as the source
Xkt 0ix=0, 2 ; ; 3.-3
of particle creation. Therefore, we expegt=mya* at late

times when particle creation diminishes and the number of
particles conserves in a comoving volume. Because the scale
s 1, @ - factor has an arbitrary nprmallization, for defin!teness i.t is
wi=k= —(1-68) +mya”. (3 more convenient to rewrite this expression using relations
ac(mt)*, or ac<(m/H)“. We prefer the latter choice since
Here '=d/d». The constant describes the direct coupling the exact value of time depends on the previous history in the
to the curvature, with=0 corresponding to the minimal inflationary cosmology and consequently the time coordinate
coupling andé=1/6 being the case of conformal coupling. t is ambiguously defined. Moreover, it is a nonzero value of
Equations for massless Conforma”y Coup|ed quanta are réhe Hubble constant which is I’eSponSible for partiCle creation
duced to the equations in flat spacetime and such particld§ an expanding universe. The particle production is ex-
are not created. For massive particles conformal invariance Rected to stop wheH <my . Therefore, at the late epoch we
broken and particles are created regardless of the valge of can parametrize the anticipated formulas figras
Given the initial(vacuum conditions

with the time-dependent frequency

H 3a
_ , . n =Cam3(—) , 9
(0= xi(0)=—iwx, @ x=Ca™ iy ©
the Bogolyubov’s coefficients at any time momentare  where the constant, depends only upon the background
found to be cosmology, i.e.,@, and it can be found numerically. Note

that for the radiation-dominated case it was found in IR&.
Ny~5.3x 10" *m3 (myt) ~32 We confirm this result and ex-
tend it here to a broad range of cosmologically interesting

5 |2:|X|2|2+wzlxk|2—2w ©
K 4w '
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to be driven by a special scalar fiefdknown as thenflaton

Fluctuations generated at the inflationary stage may have the
strength and the power spectrum suitable for the generation
of the large-scale structure. This fixes the range of param-
eters of the inflaton potential. For example, the mass of the

T TTTTITY
L1

0.1 fermions

F 001k _: inflaton field has to ben,~ 10" GeV. During inflation, the
E E inflaton field slowly rolls down towards the minimum of its
L ] potential. Inflation ends when the potential energy associated
1078 5 with the inflaton field becomes smaller than the kinetic en-
F 3 ergy. Coherent oscillations of the inflaton field contained all
I L L] the energy of the Universe at that time. It is possjli4] that
0.1 02 03 04 05 06 07 08 0. 1 a significant fraction of this energy was released to other

o boson species after only a dozen oscillations of the inflaton

FIG. 1. CoefficientC,,, defined in Eq(9), is shown as a func- field, in the regime qf a broad parametric resonance. This
tion of a for background cosmology with a power-law scale factor Process was studied in detgll5, 16 It was shown that even

accte, rather heavy particles with masses by an order of magnitude

larger than the inflaton mass can be produced quite copiously

values of«, which includes the matter-dominated case as(See also[17]). Applying these results to the case of our

well. Our results are summarized in Fig. 1 where we glgt interest, we fmd_ that the stable very hegvy partu:@g, .
. : . =my=10m,, will be generally produced in excess in this
as a function ofw. The particle number reaches this

X . " process.
asymptotic value, Eq(9), if the initial vacuum state was . . - .

! e However, if the parametric resonance is ineffective for
defined at the sufficiently early epoct](0)>my. We : . .
found thatH(0)~10m. i fficient for the results o b some reason, and one estimates the particle number density
ou atH(0) x IS suflicient Tor the Tesults 10 D&~ aqo - inflation at the level of initial conditions used in Ref.

come practic_:ally independent of th_e choice of the initi_al time[ls], one finds thaf), might prove to be of acceptable mag-
if a=1/2, with a smalle(largen ratio of H(0)/my required  njyde. This level is saturated by the fundamental process of
at larger(smalle) . _ _ _ particle creation during inflation from vacuum fluctuations
For the radiation-dominated Universe one finflsc  and it is the same process which generated primordial large-
= px/pc=myny 32Gt?/3 with the present value dBy be-  scale density perturbations. Parametric resonanci foar-
ing equal toQy~2x 10" 2(mz/M3) Jmyt., wheret, is the ticles is turned off if theX field is either a fermion field or its
time of equal densities of radiation and matter in fhe- 1 coupling to the inflaton is small, g2
universe. This givesy~(my/10° GeV)®2 We see that <10*(my/m,)*(m,/Mp)? [15]. (Parametric creation of
stable particles withmy=10° GeV will overclose the Uni- fermions was considered in Refgl8]. While it is not a
verse even if initially they were in a vacuum state and wereresonance” process, it might be useful for creation of very
created from the vacuum during the regular Friedmanrieavy fermions.

radiation-dominated stage of the evolutiglt.is possible to ~ Particle creation from vacuum fluctuations during infla-
separate the vacuum creation from the creation in collision§on (or in the de Sitter spagewas extensively studied
in plasma sinceX particles may be effectively sterije. (19,20, usually in the case of smathy and in application to

generation of density fluctuations necessary for the large-
I:s{cale structure formation. The characteristic quantity which
is usually cited, the variance of the fielg?), is defined by
an expression similar to Eg@l). In the typical case the dif-
ference is given by the factor 2 ${ay7)/wy in the integrand.

However, this restriction will be not valtdf the evolution
of the Universe, as it is believed, was more complicated tha
the simple radiation-dominated expansion from a singularity
The Hubble constant may have never exceadgd which is
the case of inflationd (0)~m,~ 10" GeV. Moreover, com- E e for th lar Bose fisld with minimal y
pared to the case considered above, the densiypzrticles or example, Tor the scalar BOse Tield with minimal coupling

2\ _a4/a.2m2 i ‘Y.
created during inflation is additionally diluted by the entropy ©© (€ Curvature(X®)=3H; /8 my '2f my<H; [%9,2(], For
release in reheating after inflation. a massless self-interacting fiekX?)~0.13H%/ |\ [21].

Particle creation in the settings close to our problem, but for

the specific case of the Hubble-dependent effective mass,
B. Inflationary cosmology myx(t)>H(t), was considered in Ref22].
In general, ifmy~H;~m,, we can again expe¢b] that

Any viable modern cosmological model invokes the Ny-ye harticie density will be given by E¢9). In general, the
pothesis of inflationfor a review and list of references, see coefficientC in this equation will be a function of the ratio

Refs.[12,13)). During inflation the Universe expands expo- /my, of the coupling constant, and will depend on de-
nentially which solves the horizon and flatness problems OF Iils of’ the transition between iﬁflationary and mattér
standard big-bang cosmology. Inflation is generally assume diation) dominated phases, etc. Fog.>H, an exponen-

tial suppression is expected. Detailed numerical stud¥X of
particle abundance created from the vacuum in inflationary
Another possibility is the late-time entropy release. cosmology is the subject of this section of the paper.
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FIG. 2. Ratio of the energy density X particles to the total- FIG. 3. Energy density of created particles in the massless

energy density at late times in a model with the massive inflatoninflaton model V()= \ ¢*/4. We defineck ;;=\/10" %,
V(¢)=m?¢?/2, as a function oiX particle massmy . For the in-
flaton mass we defineth;;=m/10"® GeV. The dotted line is the

low mass asymptotic, Eq9). We see that particle production is most effective in the

case of scalar particles with minimal coupling, exceeding
The case of laraen. with application to the dark-matter generated in other models by. many orders of mag_nltude if
gén with applicat my=<m. Note also that the ratio of the energy densityXin

problem was already considered in RES]. However, the Hicles to the total density is ind dent
analysis was restricted to the case of conformally coupletﬁ’ar icies 1o the fotal energy density 1S independent upgn
t my<<m in this model. This might seem to be easily under-

scalar particles only, and approximations were made to th& . .
extentt%at the fixedyde SitteFr)Ft))ackground was matched to tha@ndable. Indeed, the magnitude Ozf f'“CE‘;a_“O”S generated
subsequent radiation- or matter-dominated expansion eith&-ring inflation in de2 Sitter space {X >°‘m><2 'f2m><<Hi'
as an instantaneous transition or with the help of somdultiplying this by mi one would findpx~my(X®)=const,
smoothing function. Particle creation in the case of large ~ Seemingly in agreement with the observed behavior, Fig. 2.
can be especially sensitive tsome extent arbitrajythe de- However, this agreement is rather coincidental since it is

tails of such a junction procedure. possible to relatepy and(X?) in this simple manner at late
In the present paper, considering particle creation as ddimes only. . _ .
scribed by Eqgs(1)—(8), we do not make any approxima- In our numerical calculations we had found that the vari-

tions. We assume a specific model of inflation, namely “cha-2nce(X?) of the field X measured at the end of inflation is
otic” inflation [11], and find numerically the exact evolution independent upomy if the mass o is small. At some later
of the scale factor in this model using a classical descriptiorgPoch whenH~my, which will be long after the end of
for the inflaton field and neglecting backreaction of creatednflation if X is a light field, the fieldX starts to oscillate on
particles. We consider both the “massive” inflaton with the all scales, including=0. Only at this time, which we de-
scalar potentiaV/(¢) = m?¢2/2, and the “massless” inflaton note byty, all field fluctuations are transformed into nonzero
with the potentialV(¢) =\ #*/4. The normalization to the particle density and we can ugg=myny~mx(X?). The
observable large-scale structure requindd§M3~10'2in  variance ofX fluctuations was unchanged on large scales,
the former model andmlo_lg‘ in the latter model. We con- Starting from the end of inflation down to the tlnﬂﬁ So,
sider creation of conformally and minimally coupled scatar When the field starts to oscillatpy=m§. However, the en-
particles, as well as creation &ffermions. ergy density of the inflaton fieldp=3H?/87G decreased
Our results are summarized in Fig.(thassive inflaton ~ during this time interval in proportion td4?(ty)/H?(0)
and Fig. 3(massless inflaton We define the energy density ~mf</H2(O). That is why the ratio of the energy densityXn
in X particles at late times gsc=mxny. In the case of the particles to the total-energy density does not dependgn
massive inflaton we normalizesl by the total-energy den- when measured at>ty .
sity. The ratio of those two quantities reaches some Variance of the fieldX is different from that usually cal-
asymptotic value and then remains constant in a matterculated for the fixed de Sitter inflationary background be-
dominated universe, and can be measured at any sufficientbause we consider the actual evolution of the scale factor,
late time in the numerical simulation which does not includeand the value of the Hubble parameter is not constant during
the inflaton decay. For each value mf, we integrated Egs. inflation, being larger at earlier times. Correspondingly, the
(1)—(8) until the asymptotic constant value of this ratio wasnumber of created particles per decadek @frows logarith-
reached. Similarly, the convenient quantity to be measured imically towards smalk if my is small.(The power spectrum
the massless inflaton model is proportionaptd p®4 which  behaves similarly.For definiteness, we restricted our calcu-
also becomes constant at late times. The curves labeled bgtions to ~10' for the expansion factor during inflation.
£=0 and&=1/6 correspond to the minimal and the confor- The examples of the particle numbéeny (k) for several
mal coupling to gravity, respectively. The dashed line de-values ofmy are shown in Fig. 4 at the moment correspond-
scribes the creation of fermions. ing to ten completed inflaton oscillations. The particle mo-
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102 ¢ trum in isocurvature cold-dark-matter cosmology must be
102 k& tited (with respect to scale invariant spectrurio favor
smaller scales.
10 e Let the power spectrum of the field fluctuations be
—~ 105 F k3Py(k)<kA. To fit to the second moments of the large-scale
% 1o—ei mass and(not contradict cosmic microwave background
2, distributions requireg=0.25. Models with3 ranging from
10 ¢ 0.3 to 0.6 were constructed and considered in R&f5,26.
108 & It is interesting that in our case the spectrum is indeed cor-
100 _ m = 2 rectly tilte_d, see Fig. 4, fomy which is somewhat Ia_rger
m, = 0.2, than the inflaton mass. On the largest scale of our integra-
10 o o e T e e e e tion, k~ 10*1_5 we find B~0.1 for my/m=2 and~0.3 for
Kk my/m=3. SinceB decreases with the length scale increas-

ing, on scales corresponding to the current horigomnill be

FIG. 4. The spectrum of created particléSn(k), in @ model  smaller. Because of that the amplitude of perturbations will
with massive inflaton is shown for several choices of the mass ofe z1so too small on cosmological scales whgwill be
scalarX particleg with the minimal couplingsolid lineg and_ the reaching the desired magnitud8=0.25. Indeed, density
icnc’:f:i:;ng; fﬁ:ﬁ’:ﬁ‘ggﬁtﬁz;gé' Masses and momenkeare given fluctuations, Spx/px, which are roughly proportional to

spectra shown in Fig. 4, are reaching unity near the break in
the power spectrumk(~1 at the end of inflationand on the
R X ) > Lcales of interest amplitude of fluctuations became too small
to this, in the fixed de Sitter Eackground T X?) already atmy /m= 3. However, their magnitude may be just
~H2[dInk (kiH)* 2" with 3—2v~2m$/3H? at small my right, Spy/pyx~10"5 on scalesk=10 2 for the case
and consequentlX?)o 1/m% . When our code was tested on my/m~2 (or slightly largey if Qy~1, see Fig. 4. Magni-
the fixed de Sitter background it reproduced the propefyde cannot correspond to the observable on the galaxy
power spectrum exactly. Note that the power spectrum in thgcales since then there will be too many fluctuations in
fixed de Sitter background grows towards large valuek, of CMBR. This puts a constraint on the model.particles
which is opposite to the behavior of Fig. 4. with minimal coupling to gravitymy<2m and Qy~1 are

Therefore, calculations which would be based on the cusgxcluded(Such particles with a small contribution & may
tomary procedure of matching a fixed de Sitter backgroungyist though. However, the magnitude of the density fluc-
to a subsequent Friedmann stage would give wrong results iyations induced in the process Hf particle creation can
this case. Note, however, that the result depends upon th&yrespond to the observable on the horizon scale, and be
duration of the inflationary stage, so our results in the case %sponsible for fluctuations in CMBRX particles with
scalars with minimal coupling amuly<m should be consid- 1y, /m~2 andQ4~1 can give such a contribution naturally.
ered only as a lower bound ofxparticle abundance. (The source for the galaxies’ seeds has to be different in this

Matching is also dangerous in the case of lange, and  case) Note that the density autocorrelation function is pro-
its influence was studied in detail in Ref6]. When the  portional to the square of the field autocorrelation function in
change is too abrupt, it generates artificial particles. This cagye present case, and the density fluctuations are non-
easily happen fomy>m, see, e.g.[23] where excessive Gaussian.
production was found. Atny=m the number of created par- | the case of fermions or scalar particles with conformal
ticles decreases exponentially withy . For the case of mas- coupling, the number density of the created particles has a
sive inflaton, our result shown in Flg 2 can be fitted as kink at My=m in the model with massive inflaton, see Fig.

m 2. This signifies that different mechanisms are responsible
leof 10_X% m2zexp(— 27my /m), (100  for particle creation amy>m andmy<m. Particles heavier
m than the inflaton are created during inflation, while particles
lighter than the inflaton are created after inflation during the
wherem;;=m/10'% GeV. (Note that the fitting formulas are regular Friedmann stage of expansion. We see that particle
approximate and arbitrary to some extgnt. creation during this latter stage is actually more effectivg (

As Fig. 4 shows, the power spectrum of fluctuationXin rapidly increases whemy drops slightly belowm). Hence,
particles is almost scale independent at snkalff my/m  we can assume that the number density of created particles
~1. Therefore, if such particles constitute a considerabl@t my<m is given by Eq.(9) with C,=Cy3. (Cy3
fraction of dark matter, these fluctuations will be transformed~9.7x 10 * for the conformal scalars, see Fig) Since the
into isocurvature density perturbations at late times and catotal-energy density is given by=3H?/87G, we find for
affect the large-scale structure formation. Isocurvature fluca=2/3,
tuations produce six times larger angular temperature fluc-
tuations in cosmic microwave background radiatiGMBR)
for the same amplitude of long-wavelength density perturba-
tions compared to the adiabatic cd®4]. Therefore, to fit —=——Cgp. (11
observations by a single spectrum, the mass fluctuation spec- P

mentum is measured in units of the inflaton mass. In contra
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10-10 Massive inflaton, Ye) = m? $?/2.
10-11 In this case the inflation is followed by the stage of matter
1o-2 domination which lasts until inflaton decays and thermal
equilibrium is established. Let us denote the temperature at
«Z 10-18 — the beginning of radiation-dominated stagelgs Actually,
é 10-14 b a transition to the radiation-dominated universe does not nec-
X essarily occur with the final state being in thermal equilib-
S 1071 rium. Complications arise if there are light bosons in a
10-16 theory,mg<m,,, even relatively weakly coupled to the in-
Lo b flaton, g=10*m3/M2~10 5. In this case the inflaton will
Lgmto decay via parametric resonance after just a few oscillations
0

and relativistic degrees of freedom start to dominate the
equation of state. This happens typically when the energy
density in the inflaton oscillations is redshifted by a factor
r~10"° compared to the valuezM, [14,15. Matter is

still far from being in thermal equilibrium, but since Uni-
verse expansion already at this point changes to radiation-
dominated it is convenient to characterize this radiation-
dominated stage by an equivalent “temperaturel,
~r¥m,Mp,. In any caseT, is the model-dependent pa-
rameter and we leave it as such.

Until the moment when the equation of state changes
rom matter dominated to radiation dominated, the ratio of
the energy density iX particles to the total-energy density
retains its value reached at the end of inflatign/p
=const. This ratio is plotted in Fig. 2 for different models as
a function of model parameters and it defines the present day
ratio of py to the critical density in the Universey., as

FIG. 5. Ratio of the energy density X particles to the total-
energy density at late times in a model with the massive inflaton
V(¢)=m?¢?/2, as a function of.

This function is plotted in Fig. 2 by the dotted line which
shows that already ahy<<0.5m the number density of cre-
ated particles is given by E@9), indeed. Note that in Ref.
[6] all particle creation was attributed to the transition from
the inflationary to matter-dominated phase, while we findf
that for my<m the dominant particle creation occurs at a
later stage, whehl ~k~my (for my<<m). The correct inter-
pretation allows us to identify the low mass asymptotic, Eqg.
(11), see alsq5].

Scalar particles with minimal coupling to gravity are pro-
duced predominantly during the inflationary stage for all

my, and the resulting number density is much higher, Seéollows.
Fig. 2. T

Conformal coupling, £=1/6, is a stable point of Qxhzzﬂ — Qgh?, (12)
renormalization-group equations. Otherwiéas a running p vTo

coupling constant and there is no reason to expect the cou-
pling to be, say, minimal at mass scales of inflation. ThewvhereT, is present temperature of cosmic microwave back-
dependence oX-particle abundance on the coupling to the ground, and2gh®= p,.h?*/p.~4.31x 10" ° is the fraction of
curvature scalar is shown in Fig. 5. critical density that is in radiation toddit3]. The following
The situation in the case of the massless inflafy)  definitions are used herp.=3H3M3/87 and Hy=10th
=\ ¢*/4, is quite similar. However, now there is no distinc- kms * Mpc™. Parametety describes the change in entropy
tive mass scale in the equations of motion for the scale fageer comoving volume for the whole cosmological history
tor, and the kink in the functiomy(my) does not appear. starting from T=T, down to the present day, i.esg
The quantityy\ ¢ might be considered as an effective infla- =S, . In simple cosmological modelg;~1. However, in
ton mass, but it changes during the evolution. For definitemodels with subsequent latent heat releédee to phase
ness we plohy as a function ofmy/\AMp,. Note that the transitions or due to the decay of long-living particles, e.g.,
transition from the inflationary to the radiation-dominated moduli fields y can be very large.
stage occurs ath~0.38Mp [15] and this may define the  Letus assume for illustration purposes tiigt=10° GeV,
more natural mass scale for the ratig /mey(#). Indeed, i-€., (T, /To)(2gh?)~1.8x10". (This is the highest al-
we observe thatny reaches its maximum whemmy lowed reheating temperature when gravitinos in supergravity
~0.35/AMp,, see Fig. 3. theories are not overproducg2i7].) With y~1 we find that
We find that the number density of produced fermions in®xh?~1 if my/m~2 in models with scalaX particles with
both cases is approximately equal to the number density gfonformal coupling, or i particles are fermions, see Fig. 2.
scalar particles with conformal coupling. The main differ- For minimally coupled scalars this value &fy is reached

ence amounts to a spin factor of 2. for my/m~3.
To summarize this subsectioftyh? is found by multi-

plying the data of Fig. 2 by a factor
IV. PRESENT DENSITY OF X PARTICLES

Let us estimate the present day number density pér- 1.8x10"(T, /y10° GeV)mis.
ticles. Consideration is somewhat different for massive and
massless inflaton models. Massless inflaton, ) =\ ¢*/4.
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Before and after the decay of the inflaton the Universewindows are quite wid¢3], but on the exotic side, which
expands as radiation dominated. In Sec. Ill for the statenay give rise to some problems.
which precedes the decay of inflaton oscillations we had cal- The possibility thatX particles were generated from the
culated the quantityy/\AMpp>4 wherep is the inflaton  vacuum by gravitational interactior},6] may answer the
energy density. After the decay of the inflaton, in a state ofjuestion why their abundance should lie in the interesting

thermal equilibrium we can use range(Q)x=<1, and was considered in detail in this paper.
o 14 The problem of the particle physics mechanism respon-
_f 79« 314 sible for a long but finite lifetime of very heavy particles can
Sy = * ! (13) . K
3\ 30 be solved in several ways. For example, the otherwise con-

) o served quantum number carried Ryparticles may be bro-
whereg, is the number_ of _relat|V|st|c degrees c_)f_ freedom atyqp, very weakly due to instanton transitidi@, or quantum
temperaturd’, . Assuming instantaneous transition betweengayity (wormhole effects[4]. If instantons are responsible
those statesp, =p, and again using for X-particle decays, the lifetime is estimated ag

Q= (px/ToSo)(ToSo/pe) ~ m;l- exp(4m/ay), whereay is the coupling constant of the
relevant gauge interaction. The lifetime will fit the allowed
together withsy=ys, , we find window if the coupling constantat the scalemy) is ay
~0.1[3].
Qe WMp [ 729, | ¥ py Ot (14 A class of natural candidates for superheavy long-living
X To 30 \/XM o p3/4 rh®. (14 particles which arise in string ard theory was reevaluated

recently in Ref[31] and particles with desired mass and long
We see that)yh? can be found by multiplying the data lifetime were identified. Other interesting candidates were
plotted in Fig. 3 by a factor 28107\ 35/ ygahs, where we  found among adjoint messengers in gauge-mediated super-
definedg,o=9, /200, and used/\Mp/ Ty~ 1.6X 10?°\/\ 13. gravity modeld6,32] and in models of superheavy dark mat-
Note thaty\M p~3.9x 10'2/\ 5 GeV, so that already with ter with discrete gauge symmetrig3].
y=1 we shall havey<1 if my=4x10" GeV.

V. X PARTICLES AND UHE COSMIC RAYS VI. CONCLUSIONS

Why were the ultrahigh-energy cosmic rays observed We have shown that the very weakly interacting super-
above the Greisen-Zatsepin-Kuzmin energy cutoff? One sdieavyX particles withmy = (a few)- 10** GeV may naturally
lution to the problem might be provided, for example, by theconstitute a considerable fraction of cold dark matter. These
existence of some exotic particles which are able to propaparticles are produced in the early Universe from vacuum
gate(evading the GZK boundfrom cosmological distances fluctuations during or after inflation. Related density fluctua-
and yet interact in the Earth’s atmosphere like a hadron. Aions may have left an imprint in fluctuations of cosmic mi-
particle with such conflicting properties was found in a classcrowave background radiation if scaliparticles with mini-
of supersymmetric theorig28]. Alternatively, high-energy mal coupling to gravity are approximately twice heavier than
cosmic rays may have been produced locally within the GZKthe inflaton and)x~ 1. Decays ofX particles may explain
distance. One possibility is connected with the destruction otUHE cosmic ray phenomenon.
topological defect$29], while another one is connected with  Qur hypothesis has unique observational consequences. If
decays of primordial heavy long-living particl¢8,4]. The  UHE cosmic rays are indeed due to the decay of these su-
candidateX particle must obviously obey constraints on perheavy particles, there has to be a new sharp cutoff in the
mass, density, and lifetime. cosmic ray spectrum at energies somewhat smallerrihan

In order to produce cosmic rays in the energy raige Since the number densityy depends exponentially upon
=10 GeV, the mass oK particles has to be very large, m,/m,,, the position of this cutoff is fixed and can be pre-
my=10"® GeV [3,4]. The lifetime 7, cannot be much dicted to be neam,~ 10" GeV, the very shape of the cos-
smaller than the age of the Universes 10'°yr. With such a  mic ray spectrum beyond the GZK cutoff being of quite
short lifetime, the observed flux of UHE cosmic rays will be generic form following from the QCD quark/gluon fragmen-
generated with the rather low density &f particles,{)yx  tation. Next generation experiments, like the Pierre Auger
~10"*2, whereQy=myny/p.t, Ny is the number density Project[34], High Resolution Fly’s Eyd35], the Japanese
of X particles, andp,;; is the critical density. On the other Telescope Array Projedi36], may prove able to discover
hand, X particles must not overclose the Universgy<1.  this fundamental phenomenon.

With Qy~1, theX particles may play the role of cold dark ~ We conclude that the observations of ultrahigh-energy
matter and the observed flux of UHE cosmic rays can b&osmic rays can probe the spectrum of elementary particles
matched ifry~10?? yr. In Refs.[30] the observed spectra of in the superheavy range and can give a unique opportunity
UHE cosmic rays were fitted to the model assuming specififor investigation of the earliest epoch of evolution of the
abundances, the lifetime andny in the range 18  Universe, starting with the amplification of vacuum fluctua-
=my/GeV=10' However, the statistics is poor at presenttions during inflation through fine details of gravitational in-
to pinpoint parameter&r rule out the model The allowed teraction and down to the physics of reheating.

123006-7



VADIM KUZMIN AND IGOR TKACHEV PHYSICAL REVIEW D 59 123006

ACKNOWLEDGMENTS was initiated. The work of V.K. was supported in part by
Russian Foundation for Basic Research under Grant 95-02-
) ) ) 04911a. I.I.T. was supported in part by the U.S. Department
We are grateful to S. Khlebnikov, A. Linde, and A. Riotto of Energy under Grant DE-FG02-91ER406@lask B and
for useful discussions. V. A. Kuzmin and I. I. Tkachev thankby the National Science Foundation under Grant PHY-
the Theory Division at CERN for hospitality where this work 9501458.

[1] K. Greisen, Phys. Rev. Letil6, 748 (1966; G. T. Zatsepin Sect. A9A, 109(1968; E. A. Tagirov, Ann. Phys(N.Y.) 76,
and V. A. Kuzmin, Pis'ma Zh. Esp. Teor. Fiz4, 114(1966 561 (1973; T. S. Bunch and P. C. W. Davies, Proc. R. Soc.
[JETP Lett.4, 78 (1966)]. London360, 117 (1978.

[2] N. Hayashidaet al, Phys. Rev. Lett73, 3491(1994; D. J. [20] A. D. Linde, Phys. Lett116B, 335(1982; A. A. Starobinsky,
Bird et al, Astrophys. J424, 491(1994); 441, 144(1995; T. ibid. 117B, 175 (1982; A. Vilenkin and L. H. Ford, Phys.

A. Egorov et al, in Proceedings of the Tokyo Workshop on Rev. D26, 1231(1982; B. Allen, ibid. 32, 3136(1985.
Techniques for the Study of Extremely High Energy Cosmi¢21] A. A. Starobinsky and J. Yokoyama, Phys. Rev5D, 6357

Rays edited by M. NaganoICRR, University of Tokyo, (1994.
1993. [22] D. Lyth and D. Roberts, Phys. Rev. &Y, 7120(1998.
[3] V. A. Kuzmin and V. A. Rubakov, Yad. Fi1, 1122(1998 [23] K. Engvist, K. W. Ng, and K. A. Olive, Nucl. Phy&303 713
[Phys. At. Nucl.61, 1028(1998]. (1988.
[4] V. Berezinsky, M. Kachelriess, and A. Vilenkin, Phys. Rev. [24] A. A. Starobinsky and V. Sahni, ifProceedings of the 6th
Lett. 79, 4302(1997). ] Soviet Gravitation Conferenceedited by V. N. Ponomarev
[5] V. A. Kuzmin and I. I. Tkachev, Pis’ma Zh.Ksp. Teor. Fiz. (MGPI Press, Moscow, 1984G. Efstathiou and J. R. Bond,
68, 255(1998 [JETP Lett.68, 271(1998]. Mon. Not. R. Astron. Soc218 103 (1986; H. Kodama and
[6] D. J. H. Chung, E. W. Kolb, and A. Riotto, Phys. Rev.5D, M. Sasaki, Int. J. Mod. Phys. &, 491(1987; A. A. Starob-
023501(1999; Phys. Rev. Lett81, 4048(1998. insky, Pis'ma Astron. Zh14, 394 (1988 [Sov. Astron. Lett.

[7]1 D. J. H. Chung, E. W. Kolb, and A. Riotto, hep-ph/9809453. 14, 166(1988].

[8] S. G. Mamaeyv, V. M. Mostepanenko, and A. A. Starobinskii, [25] A. Linde and V. Mukhanov, Phys. Rev. 86, 535(1997).
Zh. Eksp. Teor. Fiz70, 1577(1976 [Sov. Phys. JETR3, 823 [26] P. J. E. Peebles, astro-ph/9805194; astro-ph/9805212.
(1976)]. [27] J. Ellis, J. E. Kim, and D. V. Nanopoulos, Phys. Letti5B,

[9] S. G. Mamaev, V. M. Mostepanenko, and V. M. Frolov, Yad. 181 (19849.

Fiz. 23, 1118(1976 [Sov. J. Nucl. Phys23, 592(1976]; 26, [28] G. R. Farrar, Phys. Rev. Left6, 4111(1996; D. J. Chung, G.

215(1977 [26, 111 (1977)]. R. Farrar, and E. W. Kolb, Phys. Rev. %7, 4606(1998.

[10] L. Parker, Phys. Rewl83 1057(1969; A. A. Grib and S. G.  [29] C. T. Hill, Nucl. Phys.B224, 469 (1983; C. T. Hill, D. N.
Mamaev, Yad. Fiz10, 1276 (1969 [Sov. J. Nucl. Phys10, Schramm, and T. P. Walker, Phys. Rev3g 1007(1987; G.
722 (1970]; Ya. B. Zel'dovich and A. A. Starobinslii, Zh. Sigl, D. N. Schramm, and P. Bhattacharjee, Astropart. PAys.
Exp. Theor. Fiz.61, 2161(1971 [Sov. Phys. JETRB4, 1159 401(1994; V. Berezinsky, X. Martin, and A. Vilenkin, Phys.
(1972]. Rev. D56, 2024(1997; V. Berezinsky and A. Vilenkin, Phys.

[11] A. D. Linde, Phys. Lett108B, 389(1982; A. Albrecht and P. Rev. Lett.79, 5202(1997).

J. Steinhardt, Phys. Rev. Lett8, 1220(1982. [30] V. Berezinsky, astro-ph/9801046; M. Birkel and S. Sarkar, As-

[12] A. D. Linde, Particle Physics and Inflationary Cosmology tropart. Phys9, 297 (1998.

(Harwood Academic, New York, 1990 [31] K. Benakli, J. Ellis, and D. V. Nanopoulos, Phys. Rev5B

[13] E. W. Kolb and M. S. TurnerThe Early UniversgAddison- 047301(1999.

Wesley, Reading, MA, 1990 [32] T. Han, T. Yanagida, and R.-J. Zhang, Phys. Rev5®

[14] L. A. Kofman, A. D. Linde, and A. A. Starobinsky, Phys. Rev. 095011(1998.

Lett. 73, 3195(1994); Y. Shtanov, J. Traschen, and R. Bran- [33] K. Hamaguchi, Y. Nomura, and T. Yanagida, Phys. Re%8D
denberger, Phys. Rev. b1, 5438(1995. 103503(1998; 59, 063507(1999.

[15] S. Yu. Khlebnikov and I. I. Tkachev, Phys. Rev. LétZ, 219 [34] J. W. Cronin, Nucl. Phys. BProc. Supp). 288 213 (1992);
(1996; Phys. Lett. B390, 80(199%; Phys. Rev. Lett79, 1607 The Pierre Auger Observatory Design Report, 2nd ed., March
(1997; Phys. Rev. D66, 653 (1997). 1997; M. Boratav, for the Pierre Auger Collaboratiofhe

[16] L. A. Kofman, A. D. Linde, and A. A. Starobinsky, Phys. Rev. Pierre Auger Observatory Project: An OvervieRroceedings
D 56, 3258(1997). of 25th International Cosmic Ray Conference, Durban, Vol. 5,

[17] E. W. Kolb, A. Riotto, and I. I. Tkachev, Phys. Lett. £3 p. 205(1997).

348(1998. [35] S. C. Corbatoet al, Nucl. Phys. B(Proc. Supp). 288 36

[18] J. Baacke, K. Heitmann, and C. Patzold, Phys. Revs&) (1992.

125013(1998; P. B. Greene and L. Kofman, hep-ph/9807339. [36] M. Teshimaet al, Nucl. Phys. B(Proc. Supp). 288 169

[19] N. A. Chernikov and E. A. Tagirov, Ann. Inst. Henri Poincare (1992.

123006-8



