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Ultrahigh Energy Cosmic Rays without Greisen-Zatsepin-Kuzmin Cutoff

V. Berezinsky! M. KachelrieR! and A. Vilenkir?
'INFN, Laboratori Nazionali del Gran Sasso, 1-67010 Assergi (AQ), Italy

2Institute of Cosmology, Department of Physics and Astronomy, Tufts University, Medford, Massachusetts 02155
(Received 26 August 1997

We study the decays of metastable superheavy particles as the source of ultrahigh energy cosmic
rays (UHE CR). These particles are assumed to constitute a tiny fragtiaf cold dark matter in the
Universe. The UHE CR fluxes produced at the decayX gfarticles are calculated. The dominant
contribution is given by fluxes of photons and nucleons from the halo of our Galaxy and thus does
not exhibit the GZK cutoff. The extragalactic components of UHE CR are suppressed by the smaller
extragalactic density ok particles and, hence, the cascade limit is relaxed. We discuss the spectrum
of produced extensive air showers and a signal from a Virgo cluster as signatures of this model.
[S0031-9007(97)04670-X]
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The observations of ultrahigh energy cosmic rays (UHEX particles and their lifetimey as free parameters fixed
CR) reveal the presence of a new, isotropic component anly by the requirement that the observed UHE CR flux
energiesE = 1 X 10'° GeV (for a review, see Ref. [1]). is reproduced. We calculate the fluxes of nucleons, pho-
This component is thought to be extragalactic, since théons, and neutrinos, considering the production of cascade
galactic magnetic field cannot isotropize the particles ofadiation, positrons, antiprotons, and radio fluxes as con-
such energies. On the other hand, the observation aftraints. We then discuss how the required properties of
particles of the highest energies, especially of the twdX particles can be realized.
events with energie-3 X 10'' GeV [2], contradicts The decays ofX particles result in the production of
the Greisen-Zatsepin-Kuzmin (GZK) cutoff [3] & ~  nucleons with a spectruri¥y (my, x), where my is the
3 X 10'° GeV, which is the signature of extragalactic mass of theX particles andx = E/my. The flux of
UHE CR. All known extragalactic sources of UHE CR, nucleond p, 7, n, ) from the halo and extragalactic space
such as active galactic nuclei [4], topological defects [5],can be calculated as
or the Local Supercluster [6], result in a well pronounced . 1 1
GZK cutoff, although in some cases the cutoff energy is IL(E) = — X R, — Wy(my.x), (1)
shifted closer tol X 10'' GeV [6]. UHE neutrinos [7] am Ty omx
could give a spectrum without cutoff, but the neutrinowhere indexi runs throughi (halo) andex (extragalac-
fluxes and the neutrino-nucleon cross section are not lardé), R; is the size of the hal®,, or the attenuation length
enough to render the neutrino a realistic candidate for thef UHE protons due to their collisions with microwave
UHE CR events. photonsa,(E) for the halo case and extragalactic case,

In this Letter, we propose a scenario in which the UHErespectively. We shall assumeyn = &xpépm and
CR spectrum has no GZK cutoff and is nearly isotropic.myxny = éxQcpmper, Where £x describes the fraction
Our main assumption is that cold dark matter (CDM) hasf X particles in CDM,Q¢py is the CDM density in units
a small admixture of long-lived supermassi¥eparticles.  of the critical densityp.,, and p&py = 0.3 GeV/cn? is
Since, apart from very small scales, fluctuations growthe CDM density in the halo. We shall use the follow-
identically in all components of CDM, the fraction & ing values for these parameters: a large DM halo with
particleséy is expected to be the same in all structuresR;, = 100 kpc (a smaller halo wittR, = 50 kpc is pos-

In particular,&x is the same in the halo of our Galaxy and sible, t00),Qcpmh® = 0.2, h = 0.6, the mass ofX par-

in the extragalactic space. Thus, the halo densit)of ticle in the rangel0'? GeV < myx < 10'® GeV, and the
particles is enhanced in comparison with the extragalactifraction of X particleséy < 1 and 7y > 3, where g,
density. The decays of these particles produce UHE CRs the age of the Universe. The two last parameters are
whose flux is dominated by the halo component, andconvolved in the flux calculations in a single parameter
therefore, has no GZK cutoff. Moreover, the potentially ry = £x1ro/7x. Following [10], we shall use at sma¥
dangerous cascade radiation [18] is suppressed. Longhe QCD fragmentation function in the modified leading
lived massive relic particles were already discussed in thingarithm approximation (see [11])

literature as a source of high energy neutrino radiation [9]. 2
: X ? Ky In*x/x,,
However, in our case the particles must be much heavier Wy(my,x) = — ex TTog2 ) (2)
(mx ~ 1013-10'° GeV). H u 7
The plan of our paper is as follows. First, we take aV"€r¢
phenomenological approach and treat the densjtyof 202 = (1/6) (Inmyx/A)*/?,
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x = E/my, xu = (A/mx)"/?, andA = 0.234 GeV. The 28 .
normalization constanky is found from energy conser-
vation as o7t - ~

~—

|

wherefy is the fraction of energy transferred to nucleons. =
Using Z° decay as a guide, we assurnfig =~ 0.05f, &
where f, is the corresponding fraction for pions*(e - 8
collider LEP gives 0.027 fopp only). For the attenu- <&
ation length of UHE protons due to their interactions &
with microwave photons, we use the values given in the
book [12].

The high energy photon flux is produced mainly due to
decays of neutral pions and can be calculated for the halo
case as

1
KN] dx xWy(mx,x) = fn, %
0

o
0
i<}

22

log,o(E/eV)

1 n
A i X
IY(E) = —

. ; RyNy(E), 3) FIG. 1. Predicted fluxes from decayirg particles: nucleons

(p,P,n,7) from the halo (curvel§*'°), extragalactic protons

where N, (E) is the number of photons with energy (curve '), photons from the halp (curvlé;““’), and neutrinos
produced per decay of o€ particle, which is given by from the halo and the extragalactic space (cui¥g. The data

points are based on the compilation made in Ref. [22].
2K o0 fl dx F( |n2x/xm>
N,(E) = —exp————1J. 4
v(E) mx  JE/my x* 202 ()

To fit the UHE CR observational data by nucleons from
halo, we needy = 5 X 10~ !'. Thus, the cascade energy
The normalization constar ;o is again found from the density isw.,s = 3.2 X 1078f, eV/cm?®, well below the
condition that neutral pions take away the fractip/3  observational bound.
of the total energynx. The other constraints come from the observed fluxes

For the calculation of the extragalactic gamma-ray fluxof positrons and antiprotons in our Galaxy and from the
it is enough to replace the size of the hatgp by the extragalactic component of the radio flux. We performed
absorption length of a photon, (E). The main photon detailed calculations which will be published elsewhere.
absorption process is"e~ production on background ra- |n all cases, these constraints are satisfied and they are
diation and, atE > 1 X 10'° GeV, on the radio back- weaker than that due to cascade gamma radiation.

ground. Th_e neut_rino flux calcglation is similar. ' Now we address the elementary-particle and cosmo-
Before discussing the obtained results, we considefogical aspects of a supermassive, long-lived particle.
various astrophysical constraints. Can the relic density of such particles be as high as

The most stringent constraint comes from electromagrequired in our calculations? And can they have a lifetime
netic cascade radiation, which is initiated by high-energy\comparable or larger than the age of the Universe?
photons and electrons from pion decays and is developing Let us assume that thg particle is a neutral fermion
due to interaction with low energy background photonswhich belongs to a representation of the (SJUx U(1)

The relevant calculations were performed in Ref. [8]. Ingroup. We assume also that the stability ofparticles

our case, this constraint is weaker, because the low-energy protected by a discrete symmetry which is respected by
extragalactic nucleon flux is-4 times smaller than that all interactions except quantum gravity through wormhole
from the Galactic halo (see Fig. 1). Thus, the cascade raffects. In other words, our particle is very similar
diation is suppressed by the same factor. to a very heavy neutralino with a conserved quantum

The relevant parameter which characterizes the fluwumberR’ being the direct analog ok parity (see [13]
of cascade radiation is the total energy density of casand the references therein). Thus, one can assume that
cade radiationw.,s. The observation of the low-energy the decay ofX particles occurs due to dimension 5
diffuse gamma-ray flux results in the limitc,s <1 X  operators, inversely proportional to the Planck masgs
107°-1 X 107° eV/cm’ [8]. In our case, the cascade and additionally suppressed by a factor €x§), whereS

energy density calculated by integration over cosmologiis the action of a wormhole which absorRécharge. As

cal epochs (with the dominant contribution given by thean example, one can consider a term

present epoch = 0) yields |

L~ —TYvppexp—S), (6)
mpl

1 0
Weas = 5 7x 22CDMPer _ 6 3 % 1021y £, €V/Cr.

Hotg where ¥ describesX particles, andy is a SU(2) scalar
(5) with a vacuum expectation valug:yy = 250 GeV. After
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spontaneous symmetry breaking the term (6) results in thef particlesy is produced per horizon volumé per Hub-
mixing of theX particle and the neutrino, and the lifetime ble timez. (v ~ 1 for textures andv > 1 for strings.)
duetoX — v + g + ¢, e.g., is given by The main contribution to th&-particle density is given by
the earliest epoch, soon after the defect formation, and we
7) find éx ~ 10 %v(myx /103 GeV) (T;/10'° GeV)3, where
’ T, is the defect formation temperature. Defects of en-
ergy scalen = my could be formed at a phase tran-
where G is the Fermi constant. The lifetimey > 7y sition at or slightly before the end of inflation. In the
for X particles withmy = 10'° GeV requiresS > 44.  former case,T; ~ Tk, while in the latter case defects
This value is within the range of the allowed values asshould be considered as “formed” when their typical
discussed in Ref. [14]. separation becomes smaller than(hence, Ty < Tg).

Let us now turn to the cosmological production of |t should be noted that early evolution of defects may
X particles withmy = 10'* GeV. Several mechanisms be affected by friction; our estimate afy will then
can be considered, including thermal production at théhave to be modified.X particles can also be produced
reheating stage, production through the decay of they hybrid topological defects: monopoles connected by
inflation field at the end of the “preheating” period strings or walls bound by strings. The required val-
following inflation, and through interactions and decaysues ofny/s can be obtained for a wide range of defect
of various topological defects. parameters.

For the thermal production, temperatures comparable to Let us now discuss the obtained results. The fluxes
my are needed. In the case of a heavy decaying grawshown in Fig. 1 are obtained fak, = 100 kpc, my =
itino, the reheating temperatui® (which is the highest 1 x 103 GeV, andry = &xto/7x = 5 X 1071, This
temperature relevant for our problem) is severely limitedratio ry allows very smalléx and 7y > 1. The fluxes
to values belowl0®-10'° GeV, depending on the grav- near the maximum energima = 5 X 102 GeV were
itino mass (see Ref. [15] and references therein). Omnly roughly estimated (dotted lines on the graph).
the other hand, in models with dynamically broken su- It is easy to verify that the extragalactic nucleon flux at
persymmetry, the lightest supersymmetric particle is thee < 3 x 10° GeV is suppressed by a factor ef4 and
gravitino. Gravitinos with mass;/, = 1 keV interact by a much larger factor at higher energies due to energy
relatively strongly with the thermal bath, thus decouplinglosses. The flux of extragalactic photons is suppressed
relatively late, and can be the CDM particle [16]. In this even stronger, because the attenuation length for photons
scenario, all phenomenological constraintszgn(includ-  (due to absorption on radio radiation) is much smaller than
ing the decay of the second lightest supersymmetric partfor nucleons (see Ref. [18]). This flux is not shown in the
cle) disappear and one can assufpe~ 10''-10'> GeV.  graph. The flux of high energy gamma radiation from
In this range of temperatureX, particles are not in ther- the halo is by a factor of 7 higher than that of nucleons,
mal equilibrium. 1fTx < my, the densityny of X parti-  and the neutrino flux (given in Fig. 1 as the sum of the
cles produced during the reheating phase at tigndue to  dominant halo component and subdominant extragalactic

19227)* mp1 g

X ~ 2 3
(Grvgw)?* my

a +a— X + X is easily estimated as one) is twice higher than the gamma-ray flux.
The spectrum of the observed extensive air show-
nx(tg) ~ Nan’oxtg exp(—2myx/Tr), (8) ers (EAS) is formed due to fluxes of gamma rays and

nucleons. The gamma-ray contribution to this spec-

whereN, is the number of flavors which participate in the trum is rather complicated. In contrast to low ener-
production ofX particles,n, is the density ofz particles, gies, the photon-induced showersiat> 10° GeV have
and oy is the production cross section. The densityXof the low-energy muon component as abundant as that
particles at the present epoch can be found by the standafor nucleon-induced showers [19]. However, the shower
procedure of calculating the ratiey /s, wheres is the  production by the photons is suppressed by the Landau-
entropy density. Then fomy = 1 X 1013 GeV andéy  Pomeranchuk-Migdal (LPM) effect [20] and by absorp-
in the wide range of valued0 8-10"*, the required tion in the geomagnetic field (for recent calculations and
reheating temperature i& ~ 3 X 10'! GeV. discussion, see [8,21] and references therein). These ef-

In the second scenario mentioned above, nonequilibfects are energy dependent. The LPM effect starts at
rium inflaton decayX particles are usually overproduced 10°-10' GeV and it almost fully suppresses the pro-
and a second period of inflation is needed to suppress theituction of “normal” EAS att, = 1 X 10'> GeV, when
density. maximum EAS reach the see level practically for all

Finally, X particles could be produced by topological zenith angles [8]. The calculation of the spectrum of
defects, such as strings or textures (for a review of deEAS is outside the scope of this paper and the normaliza-
fects, see [17]). Particle production occurs at string intertion of the halo nucleon spectrum by observational data
sections or in collapsing texture knots. The evolution ofat E ~ 2 X 10!' GeV in Fig. 1 has an illustrative char-
defects is scale invariant, and roughly a constant numbeacter. The general tendency of greater suppression of
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