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It is pointed out that the observed extremely high energy cosmic rays (EHECR) abbv&eV
and the observed baryon asymmetry of the Universe (BAU) may have a common origin in baryon
number violating decays of supermassi¥eparticles released from cosmic topological defects (TDs)
such as cosmic strings and monopoles. Xhparticles produced by TDs in the recent epochs produce
the EHECR, while the BAU is created hy particles released from TDs mainly in the very early
Universe. In this scenario the EHECR is predicted to contain baryons as well as antibaryons with a
small asymmetry between the two. [S0031-9007(98)06619-8]

PACS numbers: 98.80.Cq, 98.70.Sa

Cosmic topological defects (TDs) [1,2]—magnetic creating the baryon asymmetry of the Universe (BAU)
monopoles, cosmic strings, domain walls, textures, supedue to CP and baryon numberB) violating decays
conducting cosmic strings, etc., as well as various hybriedf the X particles. Production ofX particles from
systems consisting of these TDs—are predicted to fornTDs is an irreversible process, so the out-of-thermal-
in the early Universe as a result of symmetry-breakingequilibrium condition necessary for the creation of BAU
phase transitions envisaged in grand unified theories (and, hence, the Sakharov conditions are) automatically
(GUTs). The TDs can be thought of as “constituted” ofsatisfied.
quanta of supermassive gauge and Higgs fields (generi- The total baryon asymmetry produced by the decays
cally, X particles) of the underlying spontaneously brokenof all X particles released from TDs at all epochs in the
gauge theory, with typical massixy < 10'° GeV, the past is calculated below by normalizing the particle
GUT symmetry-breaking scale. TDs are topologicallyproduction rate in the present epoch to that required to
stable and so, once formed in the early Universe, thegxplain the EHECR flux. The result of this exercise
can survive forever withX particles “trapped” inside is that the observed BAU can be obtained provided the
them. However, from time to time, some TDs, throughtemperaturel'», defined as the temperature below which
collapse, annihilation, or other processes, can release tlay B asymmetry produced by theé particle decays is not
trappedX particles [3—11]. Decays of these particles  erased by otheB-violating processes, is 10'* GeV.
can give rise to extremely energetic nucleons, neutrinos, Of course, as is well knownp violation through
and photons [12,13] with energies up temy, which  sphaleron transitions at high temperatures [22] could erase
may potentially explain [14—18] the extremely high any netB asymmetry created by other processedess
energy cosmic ray (EHECR) events with energies abova nonvanishing value oB — L (L being the Lepton
10" GeV [19]. number) is generated. This is a general problem for

The energies associated with the EHECR events areny scenario of so-called “GUT baryogenesis” in which
hard to obtain [14,20] within conventional scenarios ofBAU is generated through the decay of supermassive
acceleration of charged patrticles in relativistic shocks asfGUT-scale)X particles at high temperatures above the
sociated with powerful astrophysical objects. In addition,electroweak scale (few hundred GeV). The way to avoid
there is the problem of the absence of any obviously identhis problem is also well known: Assume a GUT-like
tifiable sources for the EHECR events [14,21]. TheseS(Q(10), in which a netB — L asymmetry may be gener-
problems are avoided in the TD scenario in a natural wayated throughL-violating decays of certain Higgs particles
First, no acceleration mechanism is needed: The decdgee, e.g., Refs. [23,24] for reviews of various baryo-
products of theX particles have energies up temy  genesis scenarios); we shall assume this to be the case.
which can be as large as10'® GeV. Second, the ab-  The possibility thatB-violating decays ofX particles
sence of obviously identifiable sources is not a problenteleased from TDs could be responsible for the BAU was
because TDs need not necessarily be associated with afigst pointed out in two independent works [3,4] in 1982,
visible or otherwise active astrophysical objects. and subsequently studied further in Ref. [25]. However,

The purpose of this Letter is to point out that if the possibility that TDs might be relevant for EHECR was
indeed decays of{ particles from one or more TD not explored then. On the other hand, although there is
processes are responsible for the observed EHECR, thenrrently much interest in the possibility that TDs may
the same TD processes may also be responsible fdre responsible for EHECR, the possibility that the same
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TD processes might also have been responsible for the The X particles (includingX’s) released from TDs

BAU seems to have escaped notice thus far. Thus, théecay typically into quarks and leptons (and/or their
present Letter explores the possible link between EHECRntiparticles). The quarks “fragment” into jets of
and BAU and a possible common origin of both in decayshadrons—mostly pions, with a small admixture (typi-

of X patrticles released from TDs. cally <10%) of baryons and antibaryons (nucleons and
The number density of particles produced by TDs per antinucleons). Thus photons and neutrinos resulting from
unit time, dny /dt, can be generally written as [12] the decays of neutral and charged pions, respectively,
“a4p dominate the total particle yield at production [29], while
dny (1) = Qo ( r ) @ the baryon asymmetry associated with tKedecay is
dt my \ to ’ contained in the relatively small baryon yield.

The hadronic spectra should be similar to those mea-
wherezr, denotes the present epoch, abglis the rate of sured for jets seen ik e~ annihilation experiments,
energy density injected in the form &f particles in the which are well described by quantum chromodynamics
present epoch. The quanti}, and the parameter de- (QCD) [30]. For the energy regions of our interest, the
pend on the specific TD process under consideration. Prawcleon, photon, and neutrino spectra resulting from the
cesses witlp < 1 generally lead to an unacceptably high decay of eactX particle can be approximated by power
rate of energy injection in the early cosmological epochdaws in energy «E~ %) with, typically, 1.3 < a < 1.7.
which would cause excessitele photodisintegration and ~ We can now make a rough estimate @7}, the
cosmic microwave background radiation (CMBR) distor-value of Qy in Eq. (1) required to explain the observed
tions [26] and are, therefore, unfavored in the contexEHECR flux. We can do this by normalizing the pre-
of EHECR. We shall, therefore, consider only the casalicted photon flux with the observed EHECR flux since,
p = 1, which is representative of a number of TD pro- in our scenario, photons dominate the observable particle
cesses studied so far [8—11] that are likely to be relevarftux at EHECR energies. Let us assume a typiBal
for EHECR. violating decay mode of th& into a quark and a lepton:

Although Eg. (1) is valid at all epochs after the X — ¢g€. The quark produces a hadronic jet. The pho-
formation of the relevant TDs in the early Universe, onlytons from the decay of neutral pions in the jet carry a to-
thoseX particles produced in the relatively recent epochgal energyE, o1 = (% X 0.9 X %)mx = 0.15my, where
and at relatively close by, noncosmological distancesve have assumed that on averag®0% of a jet’s total
(=100 Mpc) are relevant for the question of EHECR. energy is carried by pions. Assuming a power-law pho-
This is because protons abové'' GeV produce pions ton spectrum with index 1.5, the photon injection spectrum
in collision with the photons of the CMBR, and as a resultdue to a singleX particle decay can be written é‘é"ﬁl =
suffer drastic energy loss (the so-called “GzZK effect” | % 03(2&)_1_5 which is properlv normalized Wi’th the
[27]), which limits the source distance to effectively only x L mx ' properly

a few tens of Mpc [14,21,28]. Distances of sources ofotal photon energy, ;1. We can neglect cosmologi-
! 1 o cal evolution effects and take the present epoch values of
photons of energies abovel0'' GeV are also similarly

restricted due to absorption throughe~ production on the relevant quantities, since photons of EHECR energies

the radio background photons (see, e.g., Refs. [13,18]Faveacosmologlcally negligible absorption length of only

. i : . _-tew tens of Mpc. With these assumptions, the photon flux
The neutrinos can survive from much earlier cosmological, dny dN,

epochs; however, the detected EHECR events are unlikely (Ev) 1S simply given by j, (E,) = ﬁ’\(_EV “di dE,>

to be due to neutrinos because of their much loweWNereA(Ey) is the pair production absorption path length

interaction cross section compared to those of nucleon@f @ photon of energy, . o

and photons. Thus the EHECR can be produced, if at Noting that dnx/dt = Qo/mx, and normalizing the

all, by X particles released from TDs only in the very @0ove flux to the measured EHECR flux corresponding

recent epochs. to the highest energy event a8 x 10'' GeV, given by
The BAU, on the other hand, must already have beed(3 X 10" GeV) = 5.6 X 107# cm™?eV~!sec ' sr!

in place in the early Universe; indeed, in order not[19], we get

to disturb the successful predictions of the primordial GeV (30 Mpc

nucleosynthesis scenario, the bulk of the BAU must have ~ QFMECR ~ 12 x 1073 ( )

been created before a temperature ~ef.1 MeV, and cmi/gec Ay.300

probably well before the quark-hadron phase transition at ( mx ) )

a temperature of few hundred MeV. This is naturally 1016 GeV/

achieved in the TD scenario because, tkieparticle

production rate beinge 3, the bulk of the contribution where A, 309 is the absorption path length of a 300 EeV

to the BAU comes from production and decay ®f photon ( Eev= 10'® eV). The subscript 0 stands for the

particles at the earliest possible epoch characterized hyresent epoch. More detailed numerical calculations of

the temperatur@r mentioned earlier. the predicted EHECR flux have been done [16] by solving
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the relevant full transport equations, which yield a similarapproximation [3] in our scenario because f@articles

number forQS"ECR as derived above. do not dominate the density of the Universe at any time.
Equation (2) implies a required particle production Using the standard time-temperature relation in the

rate iy~ 1.1 X 105(35MES) (1 o)=1/2 Mpe3yr~!,  early Universe [23], we see that the integral in Eq. (3)

In addition, in order that the resulting EHECR flux be is dominated by the contribution at the earliest tine

not too anisotropic, there must be several TD sources d@!ving

theseX particles today within a typical “GZK” volume of ng _ _ _

radius ~30 Mpc. This puts rather stringent constraints 22 X 107°(AB/10°2) (my/10'° GeV) 2

on the possible types of TD sources [18]. Currently, ~3/2 _

the most viable TDs in this regard seem to be collapsing X (Tp/10"° GeV)Qy / (h/0.65)"7, (4)

monopolonia [5,9] and “necklace” [10], although par- Where we have used, 300 = 30 Mpc in Eq. (2).

ticle production due to repeatedly self-intersecting kinky In @ general GUT-baryogenesis scenario, the tempera-

cosmic string loops [31] also remains as a possibilityture Tr is ~mx [23,24]. We thus see that, depending

Empirically, in terms of the number densities of TDs, on the values ofAB, i, and (o, the estimated BAU

perhaps the most well constrained are the monopolegf ~(4-14) X 107!'" [23] can be obtained withny ~

[23]. Noting that a GUT monopole typically has a 10'* GeV. (Note thatmy much abovel0'* GeV tends

mass my; ~ 40myx, so that each monopolonium col- t0 overproduce BAU, as well as the EHECR [17], and

lapse releases-80 X particles, the above estimate of may, therefore, be unfavored.)

required ny o implies the condition(n$,;;/nuy)Quh? = There are many uncertainties in the above estimates.
12 % 10—8(%)(%)1/2(90}12)—1/2, where ¢, An accurate estimate can be obtained only through

is the number density of monopolonia in the final Stagéjetailed numerical calculations involving a solution of
of collapse in the present epoch, i.e., the ones that aid® relevant Boltzmann equation that incorporates all
currently, and will be (over the next one Hubble time), dis-B-violating interactions, not just the decays ofs.
appearing due t&/# annihilation [32],n) is the number Neverthgless, the_rough estlmate of BAU made above
density of monopoles (including antimonopole®), is should give us an idea of the kind of numbers to expect.
the mass density contributed by monopoles &rgds the Recently, attempts have been made [33] to revive the
total mass density (both in units of the critical mass densityStandard” GUT baryogenesis throkjgh decay ’?f massive
of closure of the Universe), and is the present Hubble X Particles produced during the “preheating” stage in
constant in units 0f00 kmsec ! Mpc~!. An equilibrium the inflationary Universe. While thes@ particles may
Saha ionization formalism [5,9] for the monopolonjum Produce the BAU, they cannot be responsible for the
formation process indicates that the above requirement dRHECR because theseparticles all decayed away in the
(nS,;/ny) is consistent with the known independent up_early Universe and are not produced in the recent epochs.
per limits on the monopole abundance such as the closuf@n the other hand, it has been suggested [34] that massive
limit Q42 =< 1, and also with the more stringent “Parkar stableparticles (with a lifetime on the order of or greater
limit" [23] (Qarh?)parkar = 4 X 1073(mp; /1016 GeV)2. than the age of the Universe) may be created in the early

For a recent discussion of phenomenological aspects dfniverse through vacuum fluctuations during inflation,
various TD sources of EHECR, see Ref. [18]. which can act as the dark matter, and a small fraction of

Now, takingQ, = OFHECR in Eq. (1) withp = 1, the those decaying in the present epoch may give rise to the
total BAU produced by particle decays is simply given EHECR. However, in this scenario, the BAU (which must

by [3] have been created in the early Universe) cannot have an
n Y gt dn origin in decays of these stahle particles, which decay,
LS AB[ — d_tX( ) if at all, only in the recent epochs. In contrast, in the TD
N tr

scenario outlined above, thg particles themselves are
QEHECR ety gy (4 3 unstable, but they angeroduced continually at all epochs
= AB=—— f — ( O) : (3) including the recent epochs, so tfmith BAU as well as

nx t EHECR can be produced.
where ¢ is the “freeze-out” time corresponding to the Note that, in the TD scenario, the EHECR at production
temperatureTr mentioned earlierAB is the mean net is predicted to contain baryons as well as antibaryons with
baryon number produced in the decay of &rparticle, a small asymmetry between the two. It remains, however,
and s = (272/45)g.sT? is the entropy density at tem- as a challenge at this stage to devise a scheme that would
peratureT (corresponding to time), g.s ~ 100 being enable one to distinguish EHECR air showers initiated by
the relevant number of relativistic degrees of freedonprotons from those initiated by antiprotons, thereby to test
[23]. Inwriting Eqg. (3), we have assumed that the entropythe prediction experimentally.
produced in the decays &f particles themselves at any In summary, then, not only the extremeijgh energy
time ¢ in the early epochs of our interest is negligible cosmic rays, but the entire “low” energy baryonic content
compared to the ambient entropy density. This is a goodf the Universe may, at some stage or another, have

.S\t
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originated from topological defects. Thus the BAU may[17] P. Bhattacharjee, Q. Shafi, and F. W. Stecker, Phys. Rev.
be a dynamically evolving quantity, and the EHECR Lett. 80, 3698 (1998).
observed today may represent the baryon creation proceB$l] V. Berezinsky, P. Blasi, and A. Vilenkin, astro-ph/
itself “in action” in the Universe today. 9803271.
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