
HAL Id: hal-04110922
https://hal.science/hal-04110922v1

Submitted on 2 Feb 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Centaurus A as the source of ultrahigh-energy cosmic
rays?

Claudia Isola, Martin Lemoine, Günter Sigl

To cite this version:
Claudia Isola, Martin Lemoine, Günter Sigl. Centaurus A as the source of ultrahigh-energy cosmic
rays?. Physical Review D, 2001, 65, �10.1103/PhysRevD.65.023004�. �hal-04110922�

https://hal.science/hal-04110922v1
https://hal.archives-ouvertes.fr


PHYSICAL REVIEW D, VOLUME 65, 023004
Centaurus A as the source of ultrahigh-energy cosmic rays?

Claudia Isola
Centre de Physique The´orique, Ecole Polytechnique, 91128 Palaiseau Cedex, France

Martin Lemoine and Gu¨nter Sigl
Institut d’Astrophysique de Paris, C.N.R.S., 98 bis boulevard Arago, F-75014 Paris, France

~Received 17 April 2001; published 26 December 2001!

We present numerical simulations for energy spectra and angular distributions of nucleons above 1019 eV
injected by the radio-galaxy Centaurus A at a distance 3.4 Mpc and propagating in extra-galactic magnetic
fields in the submicro Gauss range. We show that field strengthsB.0.3 mG, as proposed by Farrar and Piran,
cannot provide sufficient angular deflection to explain the observational data. A magnetic field of intensityB
.1 mG could reproduce the observed large-scale isotropy and could marginally explain the observed energy
spectrum. However, it would not readily account for theE5320693 EeV Fly’s Eye event that was detected
at an angle 136° away from Cen-A, and it saturates observational upper bounds on the strength of extra-
galactic magnetic fields. High energy cosmic ray experiments now under construction will be able to detect the
level of anisotropy predicted by this scenario. We conclude that for magnetic fieldsB.0.1–0.5 mG, consid-
ered as more reasonable for the local supercluster environment, in all likelihood at least a few sources within
.10 Mpc from the Earth should contribute to the observed ultrahigh-energy cosmic ray flux.

DOI: 10.1103/PhysRevD.65.023004 PACS number~s!: 98.70.Sa, 13.85.Tp, 98.54.Cm
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I. INTRODUCTION

In acceleration scenarios ultrahigh-energy cosmic r
~UHECRs! with energies above 1018 eV are assumed to b
protons accelerated in powerful astrophysical sourc
During their propagation, for energies abo
*50 EeV (1 EeV51018 eV) they lose energy by pion
production and pair production~protons only! on the micro-
wave background. For sources further away than a few do
Mpc this would predict a break in the cosmic ray flux know
as the Greisen-Zatsepin-Kuzmin~GZK! cutoff @1#, around 50
EeV. This break has not been observed by experiments
as Fly’s Eye@2#, Haverah Park@3#, Yakutsk@4#, Hires@5# and
AGASA @6#, which instead show an extension beyond t
expected GZK cutoff and events above 100 EeV. This sit
tion has in recent years triggered many theoretical expla
tions ranging from conventional acceleration in astrophys
sources to models invoking new physics such as the
down scenarios in which energetic particles are produce
the decay of massive relics from the early Universe. T
enigma has also fostered the development of large new
tectors of ultrahigh-energy cosmic rays which will increa
very significantly the statistics at the highest energies@7#.

In bottom-up scenarios of UHECR origin, in which pro
tons are accelerated in powerful astrophysical objects suc
hot spots of radio galaxies and active galactic nuclei@8#, one
would expect to see the source in the direction of arriva
UHECRs. The lack of observed counterparts to the high
energy events@9,10# implies the existence of large scale i
tervening magnetic fields with intensityB;0.1–1 mG @10#,
which would provide sufficient angular deflection, or bur
ing sources and a magnetic field of intensityB*10211 G
which would impart sufficient time delay to UHE protons
explain their lack of correlation in time of arrival with opt
cal or high energy photons@11#. It has been realized recentl
that magnetic fields as strong as.1 mG in sheets and fila-
0556-2821/2001/65~2!/023004~8!/$20.00 65 0230
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ments of large scale structure, such as our local superclu
are compatible with existing upper limits on Faraday rotat
@12–14#. The origin of such magnetic fields is yet anoth
enigma, but there is evidence for the existence of orde
magnetic fields with strength;O(0.1 mG) on supracluster
scales@15#.

Such strong magnetic fields would have profound con
quences for the propagation of charged ultrahigh-energy
mic rays@16–18#. In particular in the presence of a magne
field of strengthB.0.1 mG, and for a source at distanc
.10 Mpc, UHECR protons with energyE&100 EeV
would diffuse, while higher energy cosmic rays would prop
gate rectilinearly. The resulting modification of the ener
spectrum would explain naturally the observed spectrum
a unique power-law injection of index.2.2. In Ref.@18#, we
further showed that a large number of such sources in
local supercluster, at distance scale.10 Mpc with an am-
bient magnetic fieldB.0.1 mG would explain the large
scale isotropy of arrival directions observed by the Akem
Giant Air Shower Array~AGASA! @6#. It could also explain
the observed small-scale angular clustering~five doublets
and one triplet within 2.5° out of 57 events above 40 Ee!
by magnetic lensing effects through the large scale turbu
magnetic field.

At first sight this suggests the possibility of having on
one object in the Sky as the source of all UHECRs withE
*5 EeV, including the highest energy events. Two versio
of such single source scenarios have recently been put
ward in the literature: one with an extreme version of a c
herent galactic magnetic wind structure in which all o
served UHECRs supposedly can be traced back to M8
the Virgo cluster@19#, and a second one with Centaurus A
3.4 Mpc distance with an all-pervading magnetic field
intensityB.0.3 mG @20#. In the present paper we examin
critically the latter of these scenarios using detailed num
cal simulations for the energy spectrum and the angular
©2001 The American Physical Society04-1
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CLAUDIA ISOLA, MARTIN LEMOINE, AND GÜ NTER SIGL PHYSICAL REVIEW D65 023004
tribution of ultrahigh-energy nucleons propagating in ma
netic fields of rms strength between 0.3 and 1mG. Since we
want to test specifically the scenario proposed in Ref.@20#,
we consider only UHECR nucleons and not heavy nuc
and it is understood that all that follows applies to nucle
primaries only. In Sec. IV we briefly discuss how our co
clusions would be changed if heavy nuclei were the prim
ries, and indeed it appears to be an interesting loophol
our argument against Cen-A as the source of all UHECR

Typical proton deflection angles in galactic magne
fields of severalmG are &10° above 431019 eV @21,22#
and thus small compared to deflection in*0.3 mG fields
extended over megaparsec scales, and therefore we wil
glect the galactic contribution to the deflection of UHEC
nucleons. An exception is given by the scenario mentio
above which invokes a particular wind like configuration
the galactic magnetic field extended over;1 Mpc @19#.

II. NUMERICAL SIMULATIONS

Trajectories are calculated from the Lorentz equation i
given magnetic field and pion production is treated as s
chastic energy loss while pair production is included into
equations of motion as a continuous energy loss term. T
numerical tool has been used and discussed in earlier p
cations@17,18#.

We assume a homogeneous random turbulent magn
field with power spectrum^B(k)2&}knB for 2p/L,k
,2p/ l c and^B2(k)&50 otherwise. We usenB5211/3, cor-
responding to Kolmogorov turbulence, in which caseL, the
largest eddy size, characterizes the coherence length o
magnetic field; we useL.1 Mpc, which corresponds to
about one turn-around in a Hubble time. Physically one
pects l c!L, but numerical resolution limits us tol c
*0.008L. We generally usel c.0.03 Mpc, but we checked
by increasing the resolution for several runs that it has
effect on the results discussed in the following. The magn
field modes are dialed on a grid in momentum space acc
ing to this spectrum with random phases and then Fou
transformed onto the corresponding grid in location spa
The rms strengthB is given byB25*0

`dk k2^B2(k)&.
Typically, 5000 trajectories are computed for each m

netic field realization obtained in this way for 10–20 realiz
tions in total. Each trajectory is followed for a maximal tim
of 10 Gyr and as long as the distance from the observe
smaller than double the source distance. We have
checked that the results do not significantly depend on th
cut-offs. Furthermore, the distance limit is reasonable ph
cally as it mimics a magnetic field concentrated in the la
scale structure, with much smaller values in the voids,
generally expected.

In Fig. 1, we show the angular distribution of UHE even
as seen on Earth in equatorial coordinates, for two range
energies E*40 EeV, and E*100 EeV, and for B
50.3 mG, with Cen-A as the source. These images are
eraged over different spatial realizations of the magn
field. The distributions for specific realisations are more
isotropic than the average due to cosmic variance. The a
lar distribution predicted by this one source model is thus
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consistent with the isotropic distribution deduced by expe
mental data@2,6#. This is even more clearly demonstrated
Fig. 2, which gives the distribution in declination of arriv
coordinates of UHE events. The source Cen-A is located
RA5201.3°, d5243.0° in equatorial coordinates, and co
responds to the peak of flux in Figs. 1,2.

Cen-A does not lie in the field of view of experiments th
have provided data so far such as the Fly’s Eye and AGAS
This and the fact that the angular deflection of particles w

FIG. 1. The angular image in terrestrial coordinates, avera
over all 20 magnetic field realizations of 5000 trajectories each,
events above 40 EeV~upper panel! and above 100 EeV~lower
panel!, as seen by a detector covering all Earth, for the case s
gested in Ref.@20# corresponding toB50.3 mG, and the source
Cen-A located 3.4 Mpc away. The grey scale represents the inte
flux per solid angle. The solid line marks the supergalactic pla
The pixel size is 1°; the image has been convolved to an ang
resolution of 2.4° corresponding to AGASA.

FIG. 2. The distribution of arrival declination on Earth, ave
aged over many realizations, forE>40 EeV ~dotted line! and E
>100 EeV~solid line!, for the scenario corresponding to Figs.
The dash-dotted line represents an isotropic distribution. The p
size is 1° and the image has again been convolved with an ang
resolution of 2.4°.
4-2
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CENTAURUS A AS THE SOURCE OF ULTRAHIGH- . . . PHYSICAL REVIEW D65 023004
E*100 EeV is relatively small has an important cons
quence for the energy spectrum predicted by this model:
Northern hemisphere experiments should never have
tected the highest energy events, for which the angular
flection is too weak to bring the particle in the field of view
This is made clear in Fig. 3, where we compare the spect
predicted for AGASA with the actually observed spectru
assuming an injection spectrum}E22 up to 1021 eV. The
prediction is obtained by folding the simulated distribution
energyE and arrival directionV, D(E,V), with the nor-
malized AGASA exposure function AGASA(d) ~which to a
good approximation only depends on declinationd):

j ~E![E dVD~E,d!AGASA~d!. ~1!

For reference, we also show in Fig. 3 the spectrum t
would be observed by an idealized detector covering
whole sky uniformly, and by a mirror AGASA experimen
located in the Southern hemisphere. The solid angle i
grated spectrum*dVD(E,d) observed by a uniform detecto
is still different from the injection spectrum (}E22) at low
energies, while the two match at high energies. This res
from an increased local residence time due to diffusion
low energies, and rectilinear propagation~hence unaffected
energy spectrum! at high energies@17#. The pile-up around
E.40 EeV due to pion production of higher energy pa
ticles, also contributes to the change of slope at low energ

The scenario just discussed, which is already ruled ou
the energy spectrum and large-scale isotropy recorded
Northern hemisphere detectors, has been proposed by F
and Piran@20# on analytical grounds to explain all observ
tional data. The discrepancy, as will be discussed in gre

FIG. 3. The realization averaged energy spectra correspon
to Figs. 1,2. The solid line represents the spectrum that would h
been detected by AGASA, and has been obtained from Eq.~1!. The
dashed line indicates the spectrum uniformly averaged over
whole sky. The dotted line is the spectrum predicted by an AGA
type experiment in the Southern hemisphere. The one sigma
bars indicate the AGASA data. The various spectra have been
malized to optimally fit the AGASA flux. Significant uncertaintie
due to cosmic variance and parameters such as the largest edd
L only occur for energies between.70 EeV and a few hundred
EeV where they are still smaller than a factor.2.5.
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detail in Sec. III, results from the fact that they argued th
diffusion held up to the highest energies, whereas in fact
diffusion approximation breaks forE*100 EeV, implying
much larger anisotropies at these energies. The impac
angular anisotropy on the energy spectrum for a source
cated in the blind area of northern hemisphere detectors
also been overlooked in Ref.@20#.

For the scenario withB50.3 mG we have also estab
lished a rough estimate of the minimal number of sour
necessary to explain existing observations in the follow
way: we overlayed distributions from single sources in ra
dom directions~for simplicity chosen to be at equal distanc
as Cen-A! and computed the average and fluctuations of
declination distributions of UHECR arrival directions. Th
minimal number of sources is determined by requiring t
the distribution is consistent with isotropy within the fluctu
tions and turns out to be 5–10. This number is a crude e
mate and one should allow for different distances for
different sources, and study the dependence of this num
on the magnetic field properties; such analysis is clearly
yond the scope of the present paper, but will be performe
a subsequent study.

We now investigate whether stronger magnetic fields,
providing larger angular deflection, might provide a bet
match to the observational data. In particular, we focus
the case whereB51 mG, and Cen-A is again the uniqu
source of UHECRs. One should stress that there is no ob
vational evidence for such strong extragalactic magn
fields @23#, although one cannot rule it out either on obs
vational grounds~see below!. As we show below, the single
source model is therefore rather contrived as it require
very strong magnetic field, but this latter remains a possi
ity, and cannot be discarded altogether.

The resulting arrival distribution in declination is show
for several ranges of energies in Fig. 4, and the resul
energy spectra, calculated as before, are shown in Fig
Increasing the magnetic field strength increases the max
energy at which diffusion takes place, hence it decreases
anisotropy at each energy up to that maximal energy,

ng
ve

e
A
ror
or-

size

FIG. 4. The distribution of arrival declination on Earth, ave
aged over many realizations, forE>100 EeV~dotted line! andE
>300 EeV~solid line!. All other parameters are as in Fig. 2, expe
B51 mG.
4-3
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CLAUDIA ISOLA, MARTIN LEMOINE, AND GÜ NTER SIGL PHYSICAL REVIEW D65 023004
thus reduces the differences between the spectra seen b
ferent detectors~AGASA, uniform, and Southern hemi
sphere analogue of AGASA!.

The large-scale anisotropy in this case is much sma
and could not have been detected by northern hemisp
experiments such as the Fly’s Eye and AGASA. The p
dicted energy spectrum for AGASA does not provide a v
good fit to the observed spectrum, see Fig. 5, but the dif
ence is not sufficient to rule out this scenario on this grou
However, we note that it is unlikely that the highest ene
Fly’s Eye event would have been detected in this model. T
event of energyE5320693 EeV makes an angle of 136
with the line of sight to Cen-A@10#. By folding the energy
probability distribution for the Fly’s Eye event with th
simulated distribution of deflection angles and energies
finds that 95% of events with a recorded energy correspo
ing to the Fly’s Eye event are deflected less than.130°.

Thus the present observational evidence is not suffic
to rule out with a high degree of confidence the possibi
that Cen-A is the source of all ultrahigh-energy cosmic ra
if the intervening magnetic fieldB*1 mG. Notably, one
cannot rule out the possibility of having a magnetic config
ration different from Kolmogorov turbulence, in which ca
the modification of the energy spectrum would be differe
than what is shown in the present simulations. For instan
it has been proposed that the magnetic field is not all perv
ing, but strongly enhanced in regions close to radio-galax
that were active in the past@10,24#, in which case the con
figuration seen by UHECRs would be a collection of scatt
ing centers rather than Kolmogorov turbulence.

However, if future or ongoing experiments in the Nort
ern hemisphere, e.g. the High Resolution Fly’s Eye@5# and
AGASA @6# keep recording cosmic rays above.200 EeV
with large deflection angles from the line of sight to Cen-
even the scenario withB.1 mG would be ruled out. Simi-
larly, if no significant anisotropy is seen between these
periments and the southern Pierre Auger array@25# at the
highest energies, the model would be discarded. As an
ample, we calculate from Eq.~1! the fractional difference
dI[(I N2I S)/(I N1I S) of integral fluxes I N and I S that

FIG. 5. Normalization averaged energy spectra with the sa
conventions as in Fig. 3, but forB51 mG, all other parameters
being equal.
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would be seen by detectors in the Northern and South
hemispheres above a given energy~for simplicity, we use
exposure functions for AGASA and an analogous one for
Southern hemisphere, as before!. We find dI .20.19 for E
*100 EeV, anddI .20.78 for E*300 EeV. These num-
bers can also very roughly been estimated from Fig. 4. Th
are several planned full sky observatories which will eas
be able to detect anisotropies of this size. The Pierre Au
project @25# will consist of one hybrid array of water tank
and fluorescence detectors in each hemisphere of which
southern one is currently under construction in Argenti
For a total acceptance of 7000 km2sr @26# per array and the
flux predictions shown in Fig. 5 one would need.6 and.2
years to detect the anisotropydI at the 3s level above 100
EeV and above 300 EeV, respectively. This would cor
spond to detect.220 and.8 events in total~i.e. the north-
ern and southern array combined!, respectively. There are
furthermore plans for space based air shower detectors
as OWL@27# and EUSO@28#. Although the design of these
projects is not worked out yet in detail, they are likely
have even higher acceptances than the Pierre Auger Ob
vatories.

We note in this context that we have assumed in all
simulations that the source emits only protons. If the sou
is sufficiently compact, protons could convert into neutro
within the source. As pointed out in Ref.@29#, for sources as
close as Cen-A, neutrons at the highest energies could
vive decay and produce a spike in the direction of the sou
This can only increase anisotropy. Preliminary simulatio
performed with our code indicate that the total flux in t
.2° pixel centered on the source is significantly~i.e. by a
factor .2) increased only above.300 EeV.

We stress thatB.1 mG corresponds to the upper lim
inferred on the strength of the magnetic field in the loc
supercluster from Faraday rotation observations of dis
quasars@12–14#. Strictly speaking, the rotation measure is
function of BAL, whereL denotes as before the coheren
scale of the field, provided thatL!R, whereR represents the
size of the medium pervaded by the magnetic field~for the
local superclusterR.10250 Mpc). In principle, the coher-
ence lengthL could be smaller than 1 Mpc, used in th
previous section, andB correspondingly larger. However, a
will be discussed in the next section, the diffusion coefficie
D(E) scales inversely proportional withL, so that by de-
creasingL, one would increaseD(E) correspondingly, and
the diffusion approximation would break down at a smal
energy, thereby increasing the anisotropy at higher energ
We thus find that one cannot decreaseL and increaseB to
improve the fit to the data. Moreover, notwithstanding th
fact, if diffusion were to be more efficient at the highe
energies observed, the effective distance traveled would
consequently increased, and the GZK cutoff would be m
pronounced, which would further aggravate the disagreem
with the observed spectrum.

We thus conclude thatB.1 mG seems to be the only
value ofB that would be marginally consistent with Cen-A a
the source of observed UHECRs. We further note tha
equipartition of energy holds, the magnetic field intensity
tied to the thermal energy density of the ambient gas:

e
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CENTAURUS A AS THE SOURCE OF ULTRAHIGH- . . . PHYSICAL REVIEW D65 023004
B50.5 mGT7
1/2k10

1/2h70, ~2!

where T7[T/107 K is the temperature of the local supe
cluster in units of 107 K, andk10[k/10, withk the collapse
factor ~i.e., the local overdensity of baryons and electron!,
andh70 the Hubble constant in units of 70 km/s/Mpc. Th
gas cools by bremsstrahlung emission in the keV ran
which in principle can be observed. A marginal detection
x-ray emission correlated with the plane of the local sup
cluster has actually been reported and corresponds to a
lapse factork10.1, with a weak dependence on the assum
temperatureT.108 K @30#; the signal is however weak an
these parameters could be in error. Numerical simulation
large-scale structure formation indicate thatk10.1 and T
.107 K are probably upper limits for sheets such as
local supercluster, and seem to better describe the filam
tary structures@13#. Deep searches for soft x-ray emissio
correlated with the plane of the local supercluster using
XMM-Newton or Chandra observatories could impro
these limits, and appear mandatory.

Finally one should point out that the arrival direction d
tributions predicted forB*0.3 mG tend to produce spike
with small angular width which could correspond to t
event clusters seen by various experiments, notably AGA
@6#. This effect is due to caustics effects in magnetic lens
as shown numerically in a previous work@18#, and studied
analytically in Ref.@31#. However, since clustering woul
need more extensive numerical simulations to be prop
quantified through the calculation of the angular two-po
correlation function@36#, and since the large scale angul
distributions already suffices to rule out the single sou
model for B&1 mG, we do not pursue this analysis in th
present case.

III. COMPARISON WITH ANALYTICAL ESTIMATES

Let us now compare these results with analytical e
mates in an approach similar to@20#. There is often confu-
sion in the literature about different regimes of diffusion a
corresponding expressions for the diffusion coefficient. I
dangerous to take analytical expressions too literally as th
exists no analytical derivation of diffusion coefficients in t
limit in which the turbulent component of the magnetic fiel
becomes comparable or stronger than a~putative! uniform
component, the so-called strong turbulence regime. In
respect, one should note that the formula for the diffus
coefficient given in Ref.@16#, now used without caution in
the community, does not correspond to an analytical der
tion. It is a phenomenological formula, that is furthermo
shown to be in error in Ref.@32#, where analytical approxi-
mations and accurate measurements of diffusion coeffici
obtained through Monte Carlo simulations are presen
Notably, this latter study shows that for Kolmogorov turb
lence the diffusion coefficient can be approximated as

D~E!.0.02E20
7/3B26

27/3LMpc
24/3 Mpc2/Myr, Ec,E20,

.0.03E20B26
21 Mpc2/Myr, 0.1Ec,E20,Ec,

.0.004E20
1/3B26

21/3LMpc
22/3 Mpc2/Myr, E20,0.1Ec.

~3!
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In this expression,E20 is the UHECR energy in units of 100
EeV,B26 is the magnetic field strength in units ofmG, LMpc
is in units of Mpc andEc51.45B26LMpc ~in units of 100
EeV! corresponds to the conditionr L5L/2p, where r L

50.11E20B26
21 Mpc is the Larmor radius. Note the differ

ence of the above result with the formula given in Ref.@16#,
for which D(E)}E1/3 for E20,Ec , and D(E)}E for E20
.Ec . The dependence ofD(E) for 0.1Ec,E,Ec in Eq.
~3! above agrees very well with the phenomenological Bo
diffusion coefficientDB.r Lc.

The diffusive regime as well as the transition to nea
rectilinear propagation can also be seen in the dependen
time delay t ~defined as the difference between the to
propagation time and the straight flight distanced/c) on en-
ergyE shown in Fig. 6 forB2651 and Cen-A as the source
In the diffusive regime the average time delayt(E)
.d2/4D(E), where d is the source distance, whereas f
E20*3, in the regime of almost rectilinear propagatio
t(E).1.73108 yrE20

22dCenA
2 LMpcB26

2 @11#, where dCenA

[d/3.4 Mpc. The values obtained forD(E).d2/4t(E)
from Fig. 6 in the diffusive regime are consistent with E
~3! within the width of the distribution.

Note that according to Eq.~3! a largest eddy sizeLMpc
considerably smaller than 1 would lead to less diffusio
tending to make anisotropies even larger. We remark
indeedLMpc is likely to be smaller@23# and thus the choice
LMpc51 Mpc is already a conservative choice in favor
the single-source model.

Using these results, one can understand the situation
countered in the previous section. In the diffusive regime o
finds that the ratio of the diffusive propagation time~which is
equal to the time delay in this approximation! to the source
distance readst(E)/d.13E20

22B26
2 LMpcdCenA, for E20

.Ec . Diffusion ceases to be a good approximation wh
t(E)/d is no longer @1. For instance, the conservativ
choice t(E)/d.1 requiresE20,3B26LMpc

1/2. This corre-
sponds to a maximal energy for diffusion of.100 EeV
whenB.0.3 mG, and.300 EeV whenB.1 mG. These
numbers are in agreement with the results of the previ
section. Note that the ratio of the diffusive propagation tim
to the source distance also corresponds to the ratio of

FIG. 6. Distribution of time delayst versus recorded energyE,
for B51 mG, and Cen-A as the source.
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source distance to the mean free path for scattering on
magnetic inhomogeneities.D/c to within a factor four.

The difference betwen our results and Ref.@20# can be
explained as a misuse of the diffusion coefficient given
Ref. @16# by the authors of Ref.@20#, and to some extent, b
the fact that that diffusion coefficient itself has the wro
scaling withE, B, and L. More precisely in Ref.@20# the
authors use the diffusion coefficientD(E).0.05 Mpc2/
Myr E20

1/3B26
21/3LMpc

2/3 @16# @note that the present prefactor
the correct one; their Eq.~1! has a numerical error# on the
whole energy range, whereas according to Ref.@16#, this
scaling is only valid whenr L&L/2p, or as aboveE20&Ec

51.45B26LMpc. This makes an important difference, b
cause, had the authors of Ref.@20# used the other limiting
regime they quote, namelyD.0.1E20B26

21 Mpc2/Myr, valid
for E20*1.45B26LMpc, they would have found that the rati
of the diffusive distance traveled to source distance re
d/4D.2.6E20

21B26dCenA, which shows thatB.1 mG is
necessary to achieve diffusion up to the highest ener
E20.3. Instead, they used the former approximation, giv
d/4D.5.3E20

21/3B26
1/3LMpc

22/3dCenA, which due to the~incor-
rect! weak scaling would let believe that diffusion can
achieved easily withB.0.3 mG on the whole range of en
ergies.

One should mention that the transition between diffus
and rectilinear regimes of propagation is not sudden
stretches over half an order to an order of magnitude. As
approaches this transition, the anisotropy increases steep
match the small angle deflection in the rectilinear regi
uE.140°E20

21B26LMpc
1/2dCenA

1/2 @11#. Therefore it is incorrect
to assume that the diffusive estimate for the anisotropy
mains valid up to the transition energy.

Finally, Ref.@20# ~unlike Ref.@29#! also base their calcu
lations for the flux of particles detected at Earth on a tim
dependent solution of the diffusion equation, but one sho
rather use a stationary solution corresponding to a cont
ously emitting source. Indeed if Cen-A were a bursti
source, or more generally a source emitting only once o
timescaletem!tmin , wheretmin is the smallest time delay
imparted to all UHECRs, or equivalently, the time delay
the highest energies observed, an experiment like AGA
would record events only in a limited range of energies@33#.
In other words the distancedD of the diffusion front from the
source at timet is given bydD(E)56D(E)t, and depends on
energy. At the present time at which AGASA is operatin
the front of low energy particles would not have yet reach
the Earth, while that of higher energy particles would alrea
have passed. From Fig. 6 one sees that at any given
AGASA would record only part of the total energy spectru
since particles withE510 EeV arrive at timet;109 yr,
while particles with E5100 EeV arrive at timest
;108 yr.

This implies that if Cen-A is the source of all UHECRs,
has to be a continuously emitting source, or, what amount
the same, an intermittent source that emits on timescalestem,
with quiescent periods of durationDt!min@Dt(E)#. Here
Dt(E) denotes the spread of time delays at energyE, and the
condition ensures that the various contributions of the v
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ous bursts of particles largely overlap so as to produc
featureless energy spectrum at all times. Furthermore, s
no low energy cutoff in the energy spectrum has been s
down to energies.5 EeV, Cen-A must have been active fo
a time corresponding to the largest time delay poss
.t(5 EeV)1Dt(5 EeV). For B.1 mG, we find that
Cen-A must have been producing UHECRs intermittently
the past.10 Gyr. Whether this is realistic or not can hard
be constrained on theoretical grounds. The above constra
on the duration of the periods of activity and quiescencetem
and Dt read tem&107 yr, and similarly forDt, which are
reasonable orders of magnitude for the evolution time sc
of Cen-A @34#. The age of Centaurus A can be estimat
from the time necessary for its jets to extend to their pres
size .250 kpc, i.e. between;108 yr and a few Gyr, de-
pending on the deceleration during extension, so that for
purposes this age is essentially unknown. Note that Cen
rus A is a radio-galaxy with sub-relativistic jets, and witho
hot spots; the lobes are not particularly active, with a to
bolometric luminosity;1039 ergs/s@34#.

The constraints of Ref.@20# on the energy requiremen
must thus be reconsidered. In the stationary regime, the
at Earth readsE2 j (E)5E2q(E)/(4p)2D(E)d, whereq(E)
is the injection spectrum at the source. One easily calcul
that, assumingq(E)}E22, in order to produce the energ
weighted flux measured by cosmic ray experime
.1024.5 eV2m22s21sr21, one requires a UHECR emissio
power PUHECR.1039B26

21dCenA ergs/s at the source. Not
that this represents the average power; the actual power
ing the phase of activity is higher and readsPUHECR(tem
1DT)/tem. The abovePUHECR is thus a strict lower limit,
which is nevertheless more optimistic than the;1043 ergs/s
obtained in Ref.@20#.

As an aside, we note that the above constraint on the
of Centaurus A can be generalized to any such source
UHECRs, namely that the time delay at the lowest energ
be smaller than the age of the source, and thus also the a
the Universe. The propagation time at 5 EeV reads, using
~3!: t.2.8 GyrB26dCenA

2 . Imposing t<14 Gyr gives a
general constraint between the distanced to the source and
the strength of the intervening magnetic field:

S B

1 mGD S d

10 MpcD
2

&0.6. ~4!

Even if there are several sources contributing to the c
mic ray flux, this limit should hold unless the sources co
spire to add their individual piecewise contribution in such
way as to form a featureless energy spectrum. When th
are many sources the above constraint disappears, as the
tral limit theorem would guarantee that a featureless sp
trum would be produced; this is notably one of the peculia
ties of theg-ray burst model of UHECR origin@35#.

IV. CONCLUSIONS

Our detailed numerical simulations show that the mo
considered in Ref.@20#, in which Centaurus A is the sourc
of all observed UHECRs, is inconsistent with the data,
4-6
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least for the magnetic field strengthB.0.3 mG put forward
by these authors. We find that for a magnetic field stren
B.1 mG, the predicted energy spectrum is in margin
agreement with that observed by AGASA. However the la
deflection angle of the highest energy event~the Fly’s Eye
event! with respect to the line of sight to Cen-A must b
explained as a.2s fluctuation. We also argued that th
magnetic field intensity saturates the observational up
bounds from Faraday rotations and on x-ray emission fr
the ambient gas. This model can be tested by improv
these upper limits with current experiments. We also show
that in order to explain all UHECRs down toE.5 EeV,
Cen-A must have been producing UHECRs for the p
.10 Gyr. All these facts are rather strong requirements
the source and on the intervening magnetic fields.

However this requirement on the magnetic field intens
could be lowered by an order of magnitude if the UHEC
primaries are iron nuclei instead of protons. Heavy nuclei
further deflected by significant amounts after traversal of
galactic magnetic field, which would improve the isotropy
large angular scales. However photodisintegration of he
nuclei on the cosmic microwave background~CMB! is suf-
ficiently severe that no UHECR of energy greater than 2
EeV could have traveled longer than 10 Mpc@37#. Here as
well, this may be in conflict with the observation of the Fly
Eye event withE.3.260.931020 eV observed 136° away
from Cen-A; however the disagreement is marginal and
flection in the galactic magnetic field alone could be;30°
, J
so

-
m
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e,

02300
th
l
e

er

g
d

t
n

y

e
e

y

0

-

@21,31#, and possibly more, depending on the galactic la
tude of incidence and the detailed vertical scale height of
magnetic field. Heavy nuclei primaries thus remain an int
esting possibility. A detailed study of their arrival direction
distributions and energy spectra is intricate as one need
follow the mini-shower induced by photodisintegration in t
CMB, but is now underway.

Independently of the charge of the primary, it appe
more likely that a few sources~instead of a single source!
within .10 Mpc from the Earth are responsible for the o
served ultrahigh-energy cosmic ray flux, and that the amb
magnetic field strength in the local superclusterB
;O(0.1) mG. Work is in progress to quantify the number
sources and their distance scale for various values of
magnetic field strength needed to reproduce the large ang
scale isotropy and small angular scale anisotropy as we
the energy spectrum observed by current or past exp
ments. Ongoing and future ultrahigh-energy cosmic ray
periments@5,6,25#, by increasing the statistics at the highe
energies, will soon provide much tighter bounds on the nu
ber of UHECR sources.
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