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Ultrahigh energy heavy nuclei propagation in extragalactic magnetic fields

Gianfranco Bertone,1 Claudia Isola,1,2 Martin Lemoine,1 and Günter Sigl1
1GReCO, Institut d’Astrophysique de Paris, C.N.R.S., 98 bis boulevard Arago, F-75014 Paris, France

2Centre de Physique The´orique, Ecole Polytechnique, 91128 Palaiseau Cedex, France
~Received 5 August 2002; published 26 November 2002!

We extend existing work on the propagation of ultrahigh energy cosmic rays in extragalactic magnetic fields
to a possible component of heavy nuclei, taking into account photodisintegration, pion production, and the
creation ofe6 pairs. We focus on the influence of the magnetic field on the spectrum and chemical composition
of observed ultrahigh energy cosmic rays. We apply our simulations to the scenarios proposed by Anchordoqui
et al., in which iron nuclei are accelerated in nearby starburst galaxies, and show that it is in marginal
agreement with the data. We also show that it is highly unlikely to detect He nuclei from M87 at the highest
energies observed;331020 eV as required for the scenario of Ahnet al. in which the highest energy cosmic
rays originate from M87 and are deflected in a Parker spiral galactic magnetic field.
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I. INTRODUCTION

The origin of ultrahigh energy cosmic rays~UHECR! is
one of the major open questions in astroparticle phys
Data from the Fly’s Eye experiment@1# suggest that the
chemical composition is dominated by heavy nuclei up to
ankle (E.1018.5 eV) and then progressively by protons b
yond, while other data@2# may suggest a mixed compositio
of both protons and heavier nuclei. The fact that pres
experiments do not give a clear answer to the question
chemical composition of primary particles motivates us
test scenarios with a heavy component.

Nucleons cannot be confined in our galaxy at energ
above the ankle; together with the absence of a correla
between their arrival directions and the galactic plane,
suggests that if nucleons are primary particles they sho
have an extragalactic origin. At the same time, nucleon
energies above.431019 eV interact with the photons of th
cosmic microwave background~CMB! by photopion produc-
tion; this would predict a break in the cosmic ray flux, t
so-called Greisen-Zatsepin-Kuzmin~GZK! cut-off @3#, and
the sources of UHECR above the GZK cutoff should
nearer than about 50 Mpc. The GZK cutoff has not be
observed by the experiments such as Fly’s Eye@1#, Haverah
Park @4#, Yakutsk @5#, and Akemo Giant Air Shower Array
~AGASA! @6#. However, currently there seems to be a d
agreement specifically between the AGASA ground array@6#
which detected about 10 events above 1020eV, as opposed to
about 2 expected from the GZK cutoff, and the HiRes flu
rescence detector@11–13# which seems consistent with a cu
off @14#. The resolution of this problem may have to aw
the completion of the Pierre Auger project@15# which will
combine the two existing complementary detection te
niques.

In the acceleration scenario, UHECR can achieve th
extreme high energies by acceleration in shocked magne
plasmas in powerful astrophysical sources, such as hot s
of radio galaxies and active galactic nuclei@16#.

Attributing sources to the highest energy events is co
plicated by the lack of observed counterparts@17,18#. A pos-
sible explanation is the existence of large scale interven
0556-2821/2002/66~10!/103003~9!/$20.00 66 1030
s.

e

nt
of

s
n

is
ld
at

n

-

-

t

-

se
ed
ots

-

g

magnetic fields with intensitiesB;0.121 mG @18#, which
would provide sufficient angular deflection even for high e
ergies and could explain the large scale isotropy of arri
directions observed by the AGASA experiment@6# as due to
diffusion. In this framework, the clusters of events seen
the AGASA and Yakutsk experiments@6,7# are interpreted as
due to focussing of the highest energy cosmic rays in ca
tics of the extra-galactic magnetic fields, as originally su
gested in Ref.@8# ~see also Ref.@9# for nuclei propagating in
the galactic magnetic field and Ref.@10# for recent detailed
analytical studies!. Indeed it has been realized recently th
magnetic fields as strong as.1 mG in sheets and filament
of large scale structures, such as our Local Supercluster
compatible with existing upper limits on Faraday rotati
@19–21#.

Heavy nuclei as UHECR primaries are interesting in tw
ways in this context: they can be accelerated more easil
high energies, as the maximal acceleration energy a par
can achieve depends linearly on its charge Ze, and, in a
tion, the increased deflection~also proportional to Ze!, could
explain more easily the absence of correlation between
arrival direction of the events and the nearest powerful
trophysical objects. However, even in this case there i
limit on the distance to the source because of photodisi
gration processes due to the interaction with infrared a
CMB.

The study of the propagation of heavy nuclei in the a
sence of magnetic deflection has been treated in some d
in the literature. The pioneering work of Puget, Stecker a
Bredekamp ~PSB! @22# which included all energy loss
mechanisms, has been recently updated@24,25# to take into
account new empirical estimates of the infrared backgro
density of photons@26# which are about one order of mag
nitude lower than used by PSB.

In this paper we study the propagation of a distribution
heavy nuclei in a stochastic magnetic field, including all r
evant energy loss processes. Our numerical simulations
low to treat in a consistent way the interplay between m
netic deflection and photodisintegration losses. We also k
track of the propagation of all nucleon secondaries produ
in photodisintegration events, and propagate these secon
©2002 The American Physical Society03-1
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ies in the magnetic field. These effects had not been con
ered in previous studies of UHE nuclei propagation. In p
ticular, we focus here on the influence of the magnetic fi
on the observable UHECR spectrum and its chemical c
position. In contrast to the sky distribution, these quantit
are not significantly influenced by galactic magnetic fie
which we therefore neglect. As will be seen in what follow
a relatively strong magnetic field (B*1028 G), i.e. such that
UHECR of low energies diffuse, modify by its presence t
chemical composition and the energy spectrum recorded
given distance. This is due to the effect of diffusion, whi
increases the local residence time differentially with ener
as well as the effective length traveled, hence the photo
integration probability. The interplay between these effect
rather complex, and the output spectrum and chemical c
position thus depend on several parameters such as the m
mum injection energy, injection spectral index, linear d
tance and initial chemical composition. Due to the rath
high dimensionality of the parameter space, we will sh
results for fixed values of the maximum injection ener
Emax51022 eV and spectral index dn/dE}E22, at the ex-
pense of generality, and discuss how the conclusions wo
be modified for other values of these parameters.

The paper is organized as follows: in Sec. II we descr
the propagation of UHE heavy nuclei, in Sec. III we descr
our numerical simulation, in Sec. IV we present our resu
in Sec. V we apply our results to test the validity of som
recent models, and in Sec. VI we conclude.

II. ENERGY LOSS RATES

Heavy nuclei are attenuated basically by two proces
photodisintegration on the diffuse photon backgrounds
creation ofe6 pairs @18,22,27#. For energies above 1020eV,
it is the CMB which mostly contributes to the photodisint
gration process, whereas at lower energies the infrared b
ground provides the main source of opacity.

Pair production occurs at a threshold energy of 2me for
the photon in the rest frame of the nucleus, and gives
important contribution only for the interaction with th
CMB. We have tabulated the pair production energy lo
rates from Chodorowskiet al. @23# and treat them as continu
ous losses@28#.

The rate for photodisintegration is given by@22#

RA,i5
1

2G2E0

`de

e2
n~e!E

0

2Ge

de8e8sA,i~e8!, ~1!

whereA is the atomic mass of the nucleus andi is the num-
ber of nucleons emitted. The Lorentz factor of the nucleu
given by G5E/(Ampc2) of the nucleus,e and e8 are the
background photon energy in the observer frame and in
rest frame of the nucleus, respectively, andn(e) is the pho-
ton density of the ambient radiation.

The range of energies for the photodisintegration proc
in terms of the photon energye8 in the rest frame of the
nucleus, splits into two parts. The first contribution com
from the low energy range up to 30 MeV, in the Giant Dipo
Resonance region, where emission of one or two nucle
10300
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dominates; the second contribution comes from energies
tween 30 MeV and 150 MeV, where multinucleon ener
losses are involved. Above 150 MeV, following@22,24,25#
we approximate the photodisintegration rates by zero. T
energy corresponds to the threshold for photopion prod
tion, and we include this loss by using the cross-section
nucleon photopion production scaled by the geometrical f
tor A2/3. Note that the energy carried away by a pion in su
an interaction is;20% of the interaction nucleon energ
hence only;20%/A of the primary nucleus. The threshol
for photopion production is also increased to.4 1019

3A eV, and therefore pion production is only important f
nuclei up toA;4.

Returning to photodisintegration, the lower limit of th
integral onde8 in Eq. ~1! was approximated by 2 MeV fo
all reaction channels in PSB. We prefer to follow the a
proach of Ref.@25#, with different thresholds for emission o
one, two and multiple nucleons, for different atomic numb
A. As already discussed there, this could represent an im
tant difference compared to PSB because an increa
threshold energy may allow the nucleus to propagate o
longer distances. For the cross sectionssA,i(e8) above
threshold we used the same parametrization as PSB.

We include the contributions from three different comp
nents of the photon background: the first is given by
infrared photons emitted by galaxies and extends fr
.3.031023 eV to .0.33 eV. We used the new estimat
obtained from the emissivity of the IRAS galaxies@26#. The
second one is the CMB, extending from.2.031026 eV to
.4.031023 eV, and the third is the universal radio bac
ground ~URB! extending from .3.031029 eV to 3.0
31026 eV. Because of galactic contamination the latter ca
not be measured directly below.1 MHz, however, we veri-
fied that even the highest theoretical estimates from s
ming over the contributions from normal and radio-galax
@29# result in a negligible contribution to photodisintegratio
at the energies of interest (&1021 eV). Finally, we neglected
the optical background because, as can be seen in Fig.
Ref. @24#, it has no significant effect.

In a photodisintegration event the changes in energy,DE,
and atomic number,DA, are related byDE/E5DA/A. Thus,
the energy loss time due to photodisintegration is given
A/Reff,A , where

Reff,A5
dA

dt
5(

i
iRA,i . ~2!

In Fig. 1 we show the energy loss time due to sing
nucleon, double-nucleon and multinucleon emissions in
combined CMB, infrared and radio background, for differe
atomic numbers. We note that at energies above 1020 eV the
heaviest nuclei start to disintegrate more quickly. In additi
at these energies, the multinucleon emission becomes m
important compared to one or two nucleon emission. N
also that the energy losses for4He ~shown as a solid line in
Fig. 1! do not include photopion production, that becom
significant for energies*1.531020 eV.
3-2
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ULTRAHIGH ENERGY HEAVY NUCLEI PROPAGATION . . . PHYSICAL REVIEW D66, 103003 ~2002!
III. NUMERICAL SIMULATIONS

We use the same numerical approach used in earlier
lications @8,30,31#, putting a single source at the center, a
we register all nuclei and nucleons arriving on 10 ‘‘detecto
spheres surrounding the source at radii scaled logarithmic
between 1.5 and 50 Mpc. If not indicated otherwise, we a
assume that the source injects iron nuclei with anE22 spec-
trum extending up to.1022 eV.

We assume a homogeneous random turbulent magn
field with power spectrum̂ B(k)2&}knB for kmin,k,kmax
and^B(k)2&50 otherwise. The minimum wave numberkmin
determines the largest eddy size of the turbulenceL
[2p/kmin , which also characterizes the coherence length
the magnetic field. We useL.1 Mpc, corresponding to
about one turn-around in a Hubble time. The high freque
cutoff kmax gives the smallest eddy sizel c[2p/kmax; physi-
cally one expectsl c!L, but numerical resolution limits us to
l c*0.008L. We use l c.0.01 Mpc. Indeed, the magneti
field modes are computed on a linear grid in moment
space withN5128 bins ofk betweenkmin and kmax, with
random phases, and are Fourier transformed onto the c
sponding grid in location space. At a given point in spa
the magnetic field components are tri-linearly interpola
from the values on the adjacent grid vertices. The r.m
strengthB is given by B25*0

` dk k2^B2(k)&. The simula-
tions have been performed for two different strengths of
magnetic field: a weak field corresponding to 10212 G and a
strong field corresponding to 231028 G.

We injected 63106 iron nuclei at the source. The equ
tions of motion in the presence of the magnetic force and
continuous energy loss due to pair production are solved
at least every 0.01 Mpc the nucleus is tested against ph
disintegration and photopion production, by using the ra
determined as described in the previous section.

We keep track of each individual secondary nucleus
each time such a particle crosses one of the spheres
given radius around the source; arrival direction and ene
are registered as one event on this sphere. Energy loss

FIG. 1. The energy loss time vs energy for photodisintegrat
on the combined CMB, infrared and radio background. The s
line is for the helium nuclei, the dotted line for carbon, the dash
line for silicon and the dot-dashed line for iron.
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cesses and deflection are treated equally for all produ
secondary nuclei and nucleons. In the diffusive regime e
trajectory is followed for a maximal time of 10 Gyr and
abandoned if the particle reaches a linear distance from
source that is twice the distance to the farthest sphere.

IV. RESULTS

We started our simulations injecting a distribution of iro
nuclei following anE22 power law up to 1022 eV. We then
followed their disintegration history and kept track of a
secondary nuclei produced. We were thus able to evalu
the chemical composition of detected nuclei at any giv
distance.

In Figs. 2 and 3 we show the chemical composition
particles detected at three different distances for a magn
field of 10212 G and 231028 G, respectively. Results ar
expressed as integral energy spectran(.Eth) of nuclei of
mass A detected aboveEth , as a function of A. We normal-
ized this quantity to the numbernFe(.Eth) of ~iron! nuclei
emitted above the same energy.

n
d
d

FIG. 2. Number of nuclei relative to iron detected above
31019 eV at three different distances from the source as a func
of their atomic mass for a fieldB510212 G. Solid, dotted and
dashed curves correspond to distancesd51.5 Mpc, 7.1 Mpc, and
50 Mpc, respectively.

FIG. 3. Same as in Fig. 2 but forB5231028 G.
3-3
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BERTONEet al. PHYSICAL REVIEW D 66, 103003 ~2002!
In both figures one can see the increasing fraction of li
nuclei with increasing distance, and the progressive disi
gration of iron nuclei. In the case of strong fields shown
Fig. 3, heavy nuclei are considerably deflected, which
plies that the propagated path length before reaching a g
linear distanced from the source is much larger thand, the
difference being more important for highZ and lowE nuclei
~see spectra below!. Diffusion increases the number densi
of these nuclei due to their increased local residence ti
but it also increases their probability of photodisintegrat
at a given distance. Therefore a strong magnetic field,
such that some UHECR enter a diffusion regime, not o
modifies the energy spectrum, it also modifies the chem
composition at a given distance, with respect to the cas
rectilinear propagation~small deflection limit in a weak mag
netic field!. Further effects of the interplay between magne
diffusion and energy losses will be shown below.

To show the photodisintegration histories for different n
clei, we plot in Figs. 4 to 7 the relative abundancesf i(d) of
various atomic species as a function of distanced for differ-
ent threshold energies, wheref i(d) is defined as

FIG. 4. Relative chemical composition above 1019 eV as a func-
tion of the distance forB510212 G.

FIG. 5. Same as Fig. 4 but forB5231028 G and E
.1019 eV.
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(
i

ni~d!

, ~3!

and ni(r ) is the number of nuclei of speciesi detected at
distanced from the source.

As expected, iron dominates the chemical composition
small distances, whereas only protons are left for very la
distances, in agreement with previous studies on iron nu
propagation~in the absence of a magnetic field!. However
Figs. 9 and 7 show that UHECR above 1020 eV cannot be
predominantly iron at distances larger than.10 Mpc @24#
when propagating in a field of strength.231028 G. In the
case of a weak magnetic field, this component can surv
with a fraction *10% at all energies at distances up
.50 Mpc. Again the effect of the magnetic field is due
diffusion which increases significantly the effective prop
gated distance for a given linear distance.

The effect of diffusion also becomes apparent by comp
ing the relative abundances of heavy nuclei in Figs. 4 and

FIG. 6. Same as Fig. 4 for a weak magnetic field but forE.4
31019 eV.

FIG. 7. Same as Fig. 5 for a strong magnetic field but forE
.431019 eV. A line for a given species that stops at distan
,50 Mpc means that there is no particle left in that species
greater distances in the simulation.
3-4
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ULTRAHIGH ENERGY HEAVY NUCLEI PROPAGATION . . . PHYSICAL REVIEW D66, 103003 ~2002!
The case of a strong field shows an enhancement of the
tive abundances of Si, O and C by up to a factor 100 w
respect to the weak field case. At higher threshold energy
effect becomes negligible because nuclei are no longer in
diffusive regime. Light elements such as helium are conti
ously produced by photodisintegration of heavier nuc
they reach a maximum relative abundance, which we fo
to be around 1%, then they quickly disappear, reducing t
abundance to 0.01 or 0.001% at a distance of 20 Mpc.

One should note that the above figures are sensitive to
initial maximum injection energy. In effect, here this ener
Emax51022 eV, which means that one cannot detect~second-
ary! protons with energyE.Emax/56.1.831020 eV. If the
maximum injection energy is lowered, sayEmax.1021 eV,
then one would not see protons with energyE*1.8
31019 eV, and consequently, in Figs. 6–9 the chemi
composition would be dominated by iron nuclei at all en
gies. In Figs. 4 and 5 with thresholdEth51019 eV, the pro-
ton domination would be reduced. Furthermore, in Figs
and 9, the composition would become dominated by in
mediate mass nuclei at distances*15 Mpc.

FIG. 8. Same as Fig. 4 for a weak magnetic field but forE
.1020 eV.

FIG. 9. Same as Fig. 5 for a strong magnetic field, but forE
.1020 eV. A line for a given species that stops at distan
,50 Mpc means that there is no particle left in that species
greater distances in the simulation.
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These figures also depend on the energy spectrum in
chosen. Indeed, it is easy to see that if the energy spectru
primary nucleiNp(.E)}E12a, then if all nuclei above en-
ergyE are photodisintegrated in secondary protons of ene
E/A ~and above!, the number ratio of secondariesNs
(.E/A) to primaries at the same energyNp(.E/A) reads
Ns/Np5A22a ~all other losses neglected!. Therefore, de-
pending on the spectral indexa ~taken here asa52), the
secondary flux has more or less importance compared to
primary flux. For hard spectraa,2, the secondaries tend t
dominate, while the reverse is true fora.2.

This latter statement is obviously modified in the presen
of a strong magnetic field, since particles of the same ene
but different mass have a difference magnetic rigidity. As
consequence, at the same energy, highZ particles ~in our
case, primaries! may be diffusing and their local density in
creased while lowZ particles~e.g., here secondary proton!
may be nondiffusing and their local density not increased
a strong magnetic field, for a hard injection spectruma
,2, one may thus see different regimes, in which either
secondaries dominate~low energy, where both protons an
iron nuclei diffuse, or high energy, where both protons a
iron nuclei do not diffuse!, or the primaries dominate~when
protons do not diffuse but iron nuclei of the same ene
diffuse!. If a.2, then secondaries give a subdominant co
tribution in all cases.

To further investigate the diffusion problem and photod
integration processes we studied the energy dependenc
the average mass and the observed spectra at different
tances from the source. Figures 10 and 11 show the ave
detected logarithmic nucleus mass logA, as a function of
energy, for two different distances from the source. The s
den change of the plots at an energy around 231020 eV is
also due to the maximum injection energy which transla
here for a maximum proton energy.1.831020 eV.

In these figures, we see that at low energies&1020 eV the
average composition is more strongly dominated by iron
clei in the strong magnetic field case than in the weak m
netic field case. This is an effect of diffusion, as befo
t

FIG. 10. Average logarithmic nucleus massA as a function of
energy forB510212 G ~diamonds! andB5231028 G ~squares! at
a distanced51.5 Mpc.
3-5
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BERTONEet al. PHYSICAL REVIEW D 66, 103003 ~2002!
which increases the local density of diffusing particles ver
that of nondiffusing particles. While iron nuclei of energ
&1020 eV diffuse in B.231028 G, protons of the same
energy do not diffuse, hence the effective enhancemen
iron nuclei with respect to secondary protons. Here as w
note that the above conclusion depends on the spectral i
chosen. If the spectrum is hard (a,2) then the importance
of the secondary proton is increased with respect to tha
the primary nuclei flux, and the above effect is reduced.

At higher energies, an opposite effect happens, i.e.,
composition is lighter for a stronger field, because photod
integration is more important than at low energies and
creases with the larger propagated path length in stron
fields. For larger distances~see Fig. 11! a continuous in-
crease of the average logarithm ofA is seen above the hig
energy proton cutoff for both field strengths. This is due
the fact that the maximum energy that one can detect fo
species of massA increases withA, as discussed above
which implies that moving toward higher energies we sel
heavier nuclei.

Note that here as well these figures depend rather stro
on the initial maximum injection energy. Moreover, th
rather large error bars on the average logarithmic mass
not really representative of a Gaussian standard devia
since the mass distribution is strongly peaked on iron nu
and protons. The large error bar simply reflects the la
mass difference between these two peaks. This two-peak
havior can be seen in Figs. 2,3 which show the distribution
mass of the composition above31019 eV for various dis-
tances: one can clearly see in these figures that most reco
particles are either protons or iron nuclei. This effect is
duced in the case of a strong magnetic field~as photodisin-
tegration losses are more severe due to increased effe
length traveled!, as shown in these figures and by the
duced size of the error bars on the average logA in Figs.
10,11.

We finally show in Figs. 12 and 13 the expected spectr
different distances for the two field strengths. Figure
shows the weak field case and can be compared to Fig.
Ref. @25# ~although these authors chose to use a spec
index a53). Figure 12 shows a cutoff at energyE.(1.5

FIG. 11. Same as Fig. 10 but at ford57.1 Mpc.
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22)31020 eV that is increasingly pronounced with distanc
in agreement with previous works@22,24,25#. Figure 13
shows a characteristic spectral slope due to diffusion of
clei in the magnetic field for energies below the cutoff, a
an almost flat component at highest energies~recovery of the
injection spectrum in the absence of losses, for rectilin
propagation!. The fact that the transition energy between d
fusive and rectilinear propagation occurs around the cu
energy;1020 eV is due to the choice of the magnetic fie
strengthB.20 nG. If the magnetic field were substantial
stronger, the increased length traveled for particles above
cutoff would result in a more pronounced cutoff for the sam
distance.

In Fig. 13 one also notes the presence of a low ene
cutoff aroundE;1.531019 eV. This is due to the fact tha
the Larmor radius of iron nuclei at energies around 1019 eV
and in a magnetic field around 231028 G is about 2
3104 pc, comparable withl c , which represents the resolu
tion of our numerical simulation. Furthermore, we follo
nuclei up to a maximum propagation time of the order of t
age of the Universe,tmax51010 Gyrs; particles with highZ
and low energies can have a propagation time larger t

FIG. 12. All-particle spectrum observed at distancesd
51.5,2.3,3.2,4.8,7.1,10.5,15.5,23,33.9,50 Mpc from right to l
The dotted line is ford550 Mpc, andB510212 G.

FIG. 13. Same as Fig. 12 but forB5231028 G.
3-6
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tmax and never reach distant shells. This effect represent
additional contribution to the low-energy cutoff of spectra
distant shells.

V. APPLICATIONS

Let us now apply the results of our numerical simulatio
to test some models recently proposed to explain the or
of cosmic rays.

A. Iron nuclei from nearby starburst galaxies

In a recent work Anchordoquiet al. @32# have put forward
the possibility that cosmic rays above the ankle are es
tially heavy nuclei which originate in two nearby (d
;3 Mpc) sources, the starburst galaxies M82 and NGC 2
and propagate in aB.15 nG extra-galactic magnetic fiel
which isotropizes the arrival directions on Earth. They ba
their analysis on analytical estimates of the diffusion coe
cient and approximations to the photodisintegration los
and angular deflections. Our numerical simulations are w
suited to improve the discussion of their hypothesis, tha
to a more accurate treatment of photodisintegration proce
and to a treatment of deflection without approximations. O
should first note that Fig. 10 shows that starting with a d
tribution of iron nuclei at a linear distanced.3 Mpc with
B.20 nG, the average nucleus mass is still high: logA.3
24 at E.1020 eV. This suggests that the heavy compon
can survive across this distance; this is in agreement with
results of Ref.@32#.

In Fig. 14 we show the angular deflection, defined as
angle between the source direction and the momentum o
particle when it is recorded, as a function of energy. Here
well, the sudden increase of error bars around 231020 eV is
due to the presence of secondary protons in the signal;
tons with E;1020 eV suffer a similar deflection than iro
nuclei of energy;231021 eV, which is of order a few de-
grees. The same angular deflection when plotted versus m
netic rigidity R[E/Z shows a much more regular behavio
similar to that shown in Fig. 14 up to the size of the err
bars.

FIG. 14. The average angular deflection vs energy for a so
at a distanced53.2 Mpc.
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This figure shows furthermore that for energies below
transition energy, the arrival directions have been isotropi
asu;90°690°. In the high energy regime, one recovers
power law behavioru}E21 but we find an average angula
deflection that is overall a factor.4 from that given analyti-
cally from a random walk argument by Waxman a
Miralda-Escude´ @33#, and used by Anchordoquiet al. @32#.
We believe this difference is due to order of unity facto
entering the random walk formula and our convention
defining the coherence length, and the range of applicab
of the random walk formula.

Of interest is the prediction of an anisotropy that shou
be seen at the highest energies,E;(223)31020 eV as sug-
gested by Fig. 14. We also note that the highest energy F
Eye event of energyE5(3.260.9)31020 eV arrived from a
direction that is.37° away from M82~see Anchordoqui
et al. @32#, and references therein!. By comparing with Fig.
14, this event appears to be only in marginal agreement w
our simulation, but the rather large deflection could be
plained by a slight overestimate of the energy. Note also
the Fly’s Eye event is located 98° away from NGC 253.

Two other very high energy events have been reported
the AGASA experiment, one withE.2.160.631020 eV
with arrival direction (a,d)5(19°,121°) @6# ~equatorial co-
ordinates!, the other withE;331020 eV and arrival direc-
tion (a,d)5(359°,22°) ~this latter is preliminary, see Ref
@34#!. These two events are located at 82° from M82 and 4
from NGC 253 for the former, and 86° from M82 and 49
from NGC 253 for the latter. For these two events as well
agreement with Fig. 14 is marginal, although slightly bet
with respect to the Fly’s Eye event.

Finally, in Fig. 15 we compare the spectrum observed
distanced53.2 Mpc from a single source for a magnet
field B520 nG with the observed AGASA spectrum. It turn
out that in order to fit the AGASA spectrum an injectio
spectrum}E21.6 is required. This is relatively hard com
pared to theE22 injection spectrum usually expected fo
shock acceleration@16#. The hardness of the spectrum r
quired is likely due to the interplay between energy loss
existence of secondaries and diffusion at low energies.

ce FIG. 15. Observed spectrum at 3.2 Mpc for B5231028 G,
compared with AGASA data. Injection spectrum}E21.6 and nor-
malization was fit to the data.
3-7
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Note that it is not realistica priori to expect that a sourc
such as a starburst galaxy would accelerate only iron nu
and not lighter nuclei. In particular the cosmic abundance
iron would suggest that protons should be much more ab
dant at the same rigidity. Assuming that the accelerated s
trum for speciesi as a function of rigidityR can be written
dni /dR5Ni(R/R0)2a, one finds that the ratio of fluxes o
two species i, j at a given energy readsFi /F j

5(Zi /Zj )
a21Ni /Nj . If i corresponds to protons,j to iron

nuclei, anda51.6, thenFp /FFe.0.1Np /NFe. If Np /NFe

corresponds to the cosmic abundance of iron, then ind
one cannot consider iron as the dominant species. How
in the present scenario, it is assumed that acceleration t
place in two steps, first in supernovae shock waves up
1015 eV, then reaccelerated in the galactic wind up
1020 eV. It is not clear in this case to whatNp /NFe refers, but
if in a first approximation one considers that it is the prot
to iron ratio at;1015 eV, this latter is found to be of order
few for galactic cosmic rays. This is mainly due to the fa
that the spectrum of heavier nuclei cosmic rays is generic
harder than that of lighter nuclei. In that case, indeed
contribution of protons, and for that matter intermedia
mass nuclei, to the energy spectrum at injection can prob
be neglected in a first approximation.

Finally, one should note that starburst galaxies are ac
for a finite amount of time: only;108 yrs. Here for B
.20 nG the time delay atE;1019 eV is of order of a few
108 yrs. If the high energy part of the spectrum has be
recorded~in part! by the present experiment, then the flux
the lower end of the spectrum should be depleted in he
nuclei, as most of these particles would not have had eno
time to reach us. It is difficult to quantify this effect a
present, but it constitutes a potential signature of this s
nario for future detectors.

B. Helium nuclei from M87

In a different scenario, proposed by Ahnet al. @35#, M87
in the Virgo cluster~located at a distanced'20 Mpc from
the Milky Way!, is assumed to be the local source
UHECR. Indeed the authors showed that one can trace b
to M87 the 13 events observed above 1020 eV @6# if the
galactic magnetic field has the structure of a Parker sp
and extends to;122 Mpc. They showed that provided th
two highest energy events are helium nuclei and the oth
protons, all 13 events point back to within 20° of M87. T
importance of the specific magnetic field chosen to reach
conclusion was stressed in a note by Billoir and Letess
Selvon@36#.

To see if such a composition is possible we studied
relative abundance of helium as a function of the dista
from the source. In Fig. 16 we show the chemical compo
tion as a function of distance, assuming that only He nu
are injected in M87 and that the extragalactic magnetic fi
B510212 G.

This shows that even for very weak fields and thus ne
gible deflection, the abundance of helium nuclei with ene
above 1020 eV is a factor 100 smaller than the nucleon abu
dance at distancesd.20 Mpc. The probability of observing
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two helium nuclei out of 11 protons in this energy range
thus extremely small. If all the events are protons, the c
vergence in the direction of M87 is poor, which makes t
model much less attractive. To start with a distribution
iron nuclei would make things worse, as can be seen in
6, leading to helium nuclei abundances at least 103 times
smaller than the nucleon abundance.

Although we considered a weak stochastic magnetic fi
while Ahn et al. considered a strong coherent magnetic fie
structured as a Parker spiral, this should not make a
difference in our conclusions. As a matter of fact, if o
increases the magnetic field strength, the effective len
traveled for He nuclei is increased, hence photodisintegra
should be more severe. This scenario thus appears fine-t
in so far as the chemical composition is concerned.

VI. CONCLUSIONS

In this paper we studied the propagation of a distribut
of heavy nuclei in a stochastic magnetic field, including
relevant energy loss processes. For the propagation in
magnetic field we used the same numerical approach a
Refs.@8,30,31#. This approach was here generalized to hea
nuclei and their photodisintegration processes. One m
conclusion of this paper is that a strong magnetic field,
such that some UHECRs experience a diffusive propaga
regime, can strongly modify the chemical composition a
energy spectrum at a given energy with respect to w
would be seen in the absence of a magnetic field. Ra
generically, an increased magnetic field implies a larger
fective length travelled, hence a larger photodisintegrat
probability, hence a chemical composition shifted to ligh
species. As we have argued, the extent of this effect a
depends on the injection spectrum spectral index, and on
maximal injection energy. If the injection spectrum dn/dE
}E2a, then if a.2 the secondary protons produced in ph
todisintegration interactions do not give a dominant con
bution in the low energy observed flux. The converse is
generally true in the case of a strong magnetic field, as
injection spectrum is softened by diffusion.

We applied our results to the discussion of two mod

FIG. 16. Relative chemical composition as a function of t
distance for a simulation with a source injecting helium nuclei,
B510212 G.
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recently proposed to explain the origin of UHECR. O
simulations suggest that the model proposed by Anchordo
et al. @32#, in which UHECR are iron nuclei accelerated
nearby starburst galaxies, is in relatively good agreem
with the data as far as the energy spectrum is concer
However, it requires a relatively hard injection spectruma
.1.6), and the three highest energy events from AGA
and Fly’s Eye are*40° away from the galaxies proposed
sources, in marginal agreement with the expected deflec
, J
:/

o-
m

i

ev
a

ys

ys

th

a

10300
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We also showed that for an injection spectrum domina
by helium nuclei, the relative abundance of helium compa
to nucleons turns out to be smaller than 0.01 at distan
;20 Mpc from the source. This implies that the scenario
Ahn et al. @35#, which suggests that the UHECR origina
from M87 and are deflected in a powerful Parker spiral g
lactic magnetic field, and which requires that the two high
energy cosmic rays~out of 13 above 1020 eV) are He nuclei,
is highly fine-tuned.
ys.
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