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PHYSICAL REVIEW D, VOLUME 65, 023004

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

Claudia Isola
Centre de Physique Theaque, Ecole Polytechnique, 91128 Palaiseau Cedex, France

Martin Lemoine and Guter 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 dSog¥ 10
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 strey#3.3 G, as proposed by Farrar and Piran,
cannot provide sufficient angular deflection to explain the observational data. A magnetic field of inBensity
=1 uG could reproduce the observed large-scale isotropy and could marginally explain the observed energy
spectrum. However, it would not readily account for the 32093 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 Betds1-0.5 1 G, 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 nunt$er98.70.Sa, 13.85.Tp, 98.54.Cm

[. INTRODUCTION ments of large scale structure, such as our local supercluster,
are compatible with existing upper limits on Faraday rotation
In acceleration scenarios ultrahigh-energy cosmic ray$12—14. The origin of such magnetic fields is yet another
(UHECRS with energies above 19 eV are assumed to be enigma, but there is evidence for the existence of ordered
protons accelerated in powerful astrophysical sourcegnagnetic fields with strength- O(0.1 «G) on supracluster
During their  propagation, for energies above scaleq15].
=50 EeV (1 Ee=10" eV) they lose energy by pion Such strong magnetic fields would have profound conse-
production and pair productiofprotons only on the micro- quences for the propagation of charged ultrahigh-energy cos-
wave background. For sources further away than a few dozemic rays[16—18. In particular in the presence of a magnetic
Mpc this would predict a break in the cosmic ray flux known field of strengthB=0.1 uG, and for a source at distance
as the Greisen-Zatsepin-Kuzm(iGzK) cutoff[1], around 50 =10 Mpc, UHECR protons with energf<100 EeV
EeV. This break has not been observed by experiments sugsitould diffuse, while higher energy cosmic rays would propa-
as Fly's Eyd 2], Haverah Park3], Yakutsk[4], Hires[5] and  gate rectilinearly. The resulting modification of the energy
AGASA [6], which instead show an extension beyond thespectrum would explain naturally the observed spectrum for
expected GZK cutoff and events above 100 EeV. This situaa unique power-law injection of index2.2. In Ref[18], we
tion has in recent years triggered many theoretical explandurther showed that a large number of such sources in the
tions ranging from conventional acceleration in astrophysicalocal supercluster, at distance scatd0 Mpc with an am-
sources to models invoking new physics such as the tophient magnetic fieldB=0.1 G would explain the large
down scenarios in which energetic particles are produced iscale isotropy of arrival directions observed by the Akemo
the decay of massive relics from the early Universe. ThisGiant Air Shower Array(AGASA) [6]. It could also explain
enigma has also fostered the development of large new dé¢he observed small-scale angular clusterifige doublets
tectors of ultrahigh-energy cosmic rays which will increaseand one triplet within 2.5° out of 57 events above 40 EeV
very significantly the statistics at the highest energi@s by magnetic lensing effects through the large scale turbulent
In bottom-up scenarios of UHECR origin, in which pro- magnetic field.
tons are accelerated in powerful astrophysical objects such as At first sight this suggests the possibility of having only
hot spots of radio galaxies and active galactic nU@gione  one object in the Sky as the source of all UHECRs vith
would expect to see the source in the direction of arrival of=5 EeV, including the highest energy events. Two versions
UHECRSs. The lack of observed counterparts to the highestf such single source scenarios have recently been put for-
energy event§9,10] implies the existence of large scale in- ward in the literature: one with an extreme version of a co-
tervening magnetic fields with intensiB~0.1-1 uG [10], herent galactic magnetic wind structure in which all ob-
which would provide sufficient angular deflection, or burst-served UHECRs supposedly can be traced back to M87 in
ing sources and a magnetic field of intensBg10"'* G the Virgo clustef19], and a second one with Centaurus A at
which would impart sufficient time delay to UHE protons to 3.4 Mpc distance with an all-pervading magnetic field of
explain their lack of correlation in time of arrival with opti- intensityB=0.3 G [20]. In the present paper we examine
cal or high energy photori41]. It has been realized recently critically the latter of these scenarios using detailed numeri-
that magnetic fields as strong asl «G in sheets and fila- cal simulations for the energy spectrum and the angular dis-
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tribution of ultrahigh-energy nucleons propagating in mag-
netic fields of rms strength between 0.3 angulG. Since we
want to test specifically the scenario proposed in R&d],
we consider only UHECR nucleons and not heavy nuclei,
and it is understood that all that follows applies to nucleon
primaries only. In Sec. IV we briefly discuss how our con-
clusions would be changed if heavy nuclei were the prima-
ries, and indeed it appears to be an interesting loophole ir right ascension [°]
our argument against Cen-A as the source of all UHECRs.
Typical proton deflection angles in galactic magnetic
fields of severaluG are <10° above & 10*° eV [21,27]
and thus small compared to deflection#0.3 uG fields

1.00

declination [°]
o
P
o

100. < E/EeV < 1000.

1.00

declination [°]

extended over megaparsec scales, and therefore we will ne 0.18
glect the galactic contribution to the deflection of UHECR

nucleons. An exception is given by the scenario mentioned 0.01
above which invokes a particular wind like configuration of 360 180 0

the galactic magnetic field extended ovefl. Mpc [19]. right ascension [°]

FIG. 1. The angular image in terrestrial coordinates, averaged
Il. NUMERICAL SIMULATIONS over all 20 magnetic field realizations of 5000 trajectories each, for

Trai . lculated f he L .. events above 40 EeVupper pangl and above 100 Ee\llower
rajectories are calculated from the Lorentz equation in apane}, as seen by a detector covering all Earth, for the case sug-

given_ magnetic field a_nd Pi?” produqtion i§ treated.as Sto{;ested in Ref[20] corresponding td=0.3 G, and the source
chastic energy loss while pair production is included into thecen-a located 3.4 Mpc away. The grey scale represents the integral
equations of motion as a continuous energy loss term. Thifyx per solid angle. The solid line marks the supergalactic plane.
numerical tool has been used and discussed in earlier publhe pixel size is 1°; the image has been convolved to an angular
cations[17,18. resolution of 2.4° corresponding to AGASA.

We assume a homogeneous random turbulent magnetic

: ; 2 n
field with power spectrum(B(k)*)k™ for 2m/L<k consistent with the isotropic distribution deduced by experi-

2 — i - — —
<27T”‘a‘."md§5 K(kl)>_0 othetr\Nlbsel. We U.SBB_h. #lligﬁr mental datd2,6]. This is even more clearly demonstrated by
responading to moimogorov turbulénce, in which ¢ € Fig. 2, which gives the distribution in declination of arrival

largest eddy size, characterizes the coherence length of ﬂ&%ordinates of UHE events. The source Cen-A is located at

magnetic field; we us¢.=1 Mpc, which corresponds to RA=201.3°, 6=—43.0° in equatorial coordinates, and cor-
about one turn-around in a Hubble time. Physically one ex- S ' '

i . Y responds to the peak of flux in Figs. 1,2.
pects |,<L, but numerical resolution limits us td. b P g

Cen-A does not lie in the field of view of experiments that
=0.00d.. We generally usé;~0.03 Mpc, but we checked have provided data so far such as the Fly’s Eye and AGASA.

by increasing the res_olut|on fqr several runs that it has "Grhis and the fact that the angular deflection of particles with
effect on the results discussed in the following. The magnetic

field modes are dialed on a grid in momentum space accord-
ing to this spectrum with random phases and then Fouriel
transformed onto the corresponding grid in location space.

The rms strengthB is given byB2= [5dk k*(B2(k)). 0.020
Typically, 5000 trajectories are computed for each mag-
netic field realization obtained in this way for 10—20 realiza- £
tions in total. Each trajectory is followed for a maximal time
of 10 Gyr and as long as the distance from the observer is
smaller than double the source distance. We have als¢
checked that the results do not significantly depend on thes:
cut-offs. Furthermore, the distance limit is reasonable physi-
cally as it mimics a magnetic field concentrated in the large
scale structure, with much smaller values in the voids, as

generally expected. ooool®, . . 1, . | oy
In Fig. 1, we show the angular distribution of UHE events -50 o 50
as seen on Earth in equatorial coordinates, for two ranges o declination [*]

energies E=40 EeV, and Ex100 EeVv, and for B FIG. 2. The distribution of arrival declination on Earth, aver-
=0.3 G, with Cen-A as the source. These images are @Vaged over many realizations, f&=40 EeV (dotted ling and E
eraged over different spatial realizations of the magnetic=100 EeV/(solid line), for the scenario corresponding to Figs. 1.
field. The distributions for specific realisations are more an-The dash-dotted line represents an isotropic distribution. The pixel
isotropic than the average due to cosmic variance. The anggize is 1° and the image has again been convolved with an angular
lar distribution predicted by this one source model is thus notesolution of 2.4°.
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FIG. 3. The realization averaged energy spectra corresponding . ) L
to Figs. 1,2. The solid line represents the spectrum that would have FIG. 4. The d'Str'pUt'.on of arrival declination on Earth, aver-
been detected by AGASA, and has been obtained from{(BgThe aged over many r_eallzatlons, =100 EeV(dotteq I'ne andE
dashed line indicates the spectrum uniformly averaged over th?foo EeV(solid line). All other parameters are as in Fig. 2, expect
whole sky. The dotted line is the spectrum predicted by an AGASA® 1 4G

type experiment in the Southern hemisphere. The one sigma errca' .
bars indicate the AGASA data. The various spectra have been no letail in Sec. Ill, results from the fact that they argued that

malized to optimally fit the AGASA flux. Significant uncertainties diffusion held up to the highest energies, whereas in fact the
due to cosmic variance and parameters such as the largest eddy sgifusion approximation breaks fdE=100 EeV, implying
L only occur for energies betweea70 EeV and a few hundred Much larger anisotropies at these energies. The impact of
EeV where they are still smaller than a facte®.5. angular anisotropy on the energy spectrum for a source lo-
cated in the blind area of northern hemisphere detectors had
E=100 EeV is relatively small has an important conse-lS0 been overlooked in Re20].
quence for the energy spectrum predicted by this model: The For the scenario wittB=0.3 G we have also estab-
Northern hemisphere experiments should never have ddished a rough estimate of the minimal number of sources
tected the highest energy events, for which the angular delecessary to explain existing observations in the following
flection is too weak to bring the particle in the field of view. Way: we overlayed distributions from single sources in ran-
This is made clear in Fig. 3, where we compare the spectrurﬁom directiongfor simplicity chosen to be at equal _dlstances
predicted for AGASA with the actually observed spectrum,as Cen-A and computed the average and fluctuations of the
assuming an injection spectrumE 2 up to 16* ev. The declination distributions of UHECR arrival directions. The
prediction is obtained by folding the simulated distribution in Minimal number of sources is determined by requiring that
energyE and arrival directionQ), D(E,(), with the nor- the distribution is consistent with isotropy within the fluctua-

malized AGASA exposure function AGASA] (which to a  tions and turns out to be 5-10. This number is a crude esti-
good approximation only depends on declinati®n mate and one should allow for different distances for the

different sources, and study the dependence of this number
) on the magnetic field properties; such analysis is clearly be-
J(E)EJ dQD(E,5)AGASA(9). 1) yond the scope of the present paper, but will be performed in
a subsequent study.
For reference, we also show in Fig. 3 the spectrum that We now investigate whether stronger magnetic fields, by
would be observed by an idealized detector covering th@roviding larger angular deflection, might provide a better
whole sky uniformly, and by a mirror AGASA experiment match to the observational data. In particular, we focus on
located in the Southern hemisphere. The solid angle intethe case wher®=1 uG, and Cen-A is again the unique
grated spectrunfidQD (E, ) observed by a uniform detector source of UHECRs. One should stress that there is no obser-
is still different from the injection spectrun=E 2) at low  vational evidence for such strong extragalactic magnetic
energies, while the two match at high energies. This resultfelds [23], although one cannot rule it out either on obser-
from an increased local residence time due to diffusion avational groundgsee below As we show below, the single
low energies, and rectilinear propagatidrence unaffected source model is therefore rather contrived as it requires a
energy spectrujnat high energie$17]. The pile-up around very strong magnetic field, but this latter remains a possibil-
E=40 EeV due to pion production of higher energy par-ity, and cannot be discarded altogether.
ticles, also contributes to the change of slope at low energies. The resulting arrival distribution in declination is shown
The scenario just discussed, which is already ruled out byor several ranges of energies in Fig. 4, and the resulting
the energy spectrum and large-scale isotropy recorded bgnergy spectra, calculated as before, are shown in Fig. 5.
Northern hemisphere detectors, has been proposed by Farflacreasing the magnetic field strength increases the maximal
and Piran[20] on analytical grounds to explain all observa- energy at which diffusion takes place, hence it decreases the
tional data. The discrepancy, as will be discussed in greatenisotropy at each energy up to that maximal energy, and
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100.0 LR T T T TTTTE would be seen by detectors in the Northern and Southern
= = hemispheres above a given enerdgr simplicity, we use
= = ] exposure functions for AGASA and an analogous one for the
@ Southern hemisphere, as beforé/e find 5§l =—0.19 forE
W 100E = =100 EeV, andsl=—0.78 forE=300 EeV. These num-
g = - bers can also very roughly been estimated from Fig. 4. There
> B N are several planned full sky observatories which will easily
2L B ] be able to detect anisotropies of this size. The Pierre Auger
w 1OE = project[25] will consist of one hybrid array of water tanks
_@ = - and fluorescence detectors in each hemisphere of which the
" r - southern one is currently under construction in Argentina.
B | - For a total acceptance of 7000 ksn[26] per array and the
0'110 ! Iioo ' - '1'(')00 flux predictions shown in Fig. 5 one would need and=2

E[EeV] years to detect the anisotro@y at the 3r level above 100
EeV and above 300 EeV, respectively. This would corre-

FIG. 5. Normalization averaged energy spectra with the samgpond to detect=220 and=8 events in totali.e. the north-
conventions as in Fig. 3, but f@=1 xG, all other parameters ern and southern array combingdespectively. There are
being equal. furthermore plans for space based air shower detectors such

as OWL[27] and EUSQ[28]. Although the design of these
thus reduces the differences between the spectra seen by difrojects is not worked out yet in detail, they are likely to
ferent detectors(AGASA, uniform, and Southern hemi- have even higher acceptances than the Pierre Auger Obser-
sphere analogue of AGASA vatories.

The large-scale anisotropy in this case is much smaller We note in this context that we have assumed in all our
and could not have been detected by northern hemisphegimulations that the source emits only protons. If the source
experiments such as the Fly’'s Eye and AGASA. The preds sufficiently compact, protons could convert into neutrons
dicted energy spectrum for AGASA does not provide a verywithin the source. As pointed out in R¢R9], for sources as
good fit to the observed spectrum, see Fig. 5, but the differclose as Cen-A, neutrons at the highest energies could sur-
ence is not sufficient to rule out this scenario on this groundvive decay and produce a spike in the direction of the source.
However, we note that it is unlikely that the highest energyThis can only increase anisotropy. Preliminary simulations
Fly’s Eye event would have been detected in this model. Thigerformed with our code indicate that the total flux in the
event of energyE=320+93 EeV makes an angle of 136° =2° pixel centered on the source is significarily. by a
with the line of sight to Cen-A10]. By folding the energy factor =2) increased only above300 EeV.
probability distribution for the Fly’s Eye event with the = We stress thaB=1 G corresponds to the upper limit
simulated distribution of deflection angles and energies onéferred on the strength of the magnetic field in the local
finds that 95% of events with a recorded energy correspondsupercluster from Faraday rotation observations of distant
ing to the Fly’'s Eye event are deflected less thah30°. quasarg12—14. Strictly speaking, the rotation measure is a

Thus the present observational evidence is not sufficierfunction of B\L, whereL denotes as before the coherence
to rule out with a high degree of confidence the possibilityscale of the field, provided that<R, whereR represents the
that Cen-A is the source of all ultrahigh-energy cosmic rayssize of the medium pervaded by the magnetic figtd the
if the intervening magnetic fiel=1 wG. Notably, one local superclusteR=10-50 Mpc). In principle, the coher-
cannot rule out the possibility of having a magnetic configu-ence lengthL could be smaller than 1 Mpc, used in the
ration different from Kolmogorov turbulence, in which case previous section, anB correspondingly larger. However, as
the modification of the energy spectrum would be differentwill be discussed in the next section, the diffusion coefficient
than what is shown in the present simulations. For instance) (E) scales inversely proportional with, so that by de-
it has been proposed that the magnetic field is not all pervactreasingL, one would increas® (E) correspondingly, and
ing, but strongly enhanced in regions close to radio-galaxiethe diffusion approximation would break down at a smaller
that were active in the pa$10,24, in which case the con- energy, thereby increasing the anisotropy at higher energies.
figuration seen by UHECRs would be a collection of scatter\We thus find that one cannot decredsand increaseé to
ing centers rather than Kolmogorov turbulence. improve the fit to the data. Moreover, notwithstanding this

However, if future or ongoing experiments in the North- fact, if diffusion were to be more efficient at the highest
ern hemisphere, e.g. the High Resolution Fly’'s Eyeéand  energies observed, the effective distance traveled would be
AGASA [6] keep recording cosmic rays abowe200 EeV  consequently increased, and the GZK cutoff would be more
with large deflection angles from the line of sight to Cen-A, pronounced, which would further aggravate the disagreement
even the scenario witB=1 xG would be ruled out. Simi- with the observed spectrum.
larly, if no significant anisotropy is seen between these ex- We thus conclude thaB=1 uG seems to be the only
periments and the southern Pierre Auger afidy] at the  value ofB that would be marginally consistent with Cen-A as
highest energies, the model would be discarded. As an exhe source of observed UHECRs. We further note that if
ample, we calculate from Edl) the fractional difference equipartition of energy holds, the magnetic field intensity is
Sl=(Iy—1g/(Int1g) of integral fluxesly and Ig that tied to the thermal energy density of the ambient gas:
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B=0.5 uG T2 h,,, ()

where T,=T/10" K is the temperature of the local super-
cluster in units of 16 K, and ;= «/10, with « the collapse
factor (i.e., the local overdensity of baryons and electjons
and h, the Hubble constant in units of 70 km/s/Mpc. The
gas cools by bremsstrahlung emission in the keV range % 108
which in principle can be observed. A marginal detection of «
x-ray emission correlated with the plane of the local super-
cluster has actually been reported and corresponds to a co g4} —
lapse factomo=1, with a weak dependence on the assumed ”

temperaturd =10® K [30]; the signal is however weak and - :i-lmv_lﬁf . = =
these parameters could be in error. Numerical simulations o ;42 TR © /A ,%(j‘ D4 R
large-scale structure formation indicate thafy=1 and T 100 1000 10000
=10’ K are probably upper limits for sheets such as the E [EeV]

local supercluster, and seem to better describe the filamen-

tary structure§13]. Deep searches for soft x-ray emission FIG. 6. Distribution of time delays versus recorded enerds;
correlated with the plane of the local supercluster using théor B=1 uG, and Cen-A as the source.

XMM-Newton or Chandra observatories could improve In this expressionk,g is the UHECR energy in units of 100

these limits, and appear mandatory. . e ) .
Finally one should point out that the arrival direction dis- _Ee\/, B_ is the magnetic field strength in units G, Ly

tributions predicted foB=0.3 G tend to produce spikes is in units of Mpc andE.= 1‘453.‘.6LMP° (in units of 100
with small angular width which could correspond to the E€Y) corre_slponds to the condition =L/2, where r,
event clusters seen by various experiments, notably AGASA 0-11E20B_¢ Mpc is the Larmor radius. Note the differ-
[6]. This effect is due to caustics effects in magnetic lensing"ce Of the above result with the formula given in Ref,

as shown numerically in a previous wofks], and studied 1or Which D(E)<E™* for Ex<E., and D(E)=E for Ezg
analytically in Ref.[31]. However, since clustering would - Ec- The dependence dd(E) for 0.1E.<E<E. in Eq.
need more extensive numerical simulations to be properly3) above agrees very well with the phenomenological Bohm
quantified through the calculation of the angular two-pointdiffusion coefficientDg=rc. -

correlation function36], and since the large scale angular The diffusive regime as well as the transition to nearly
distributions already suffices to rule out the single sourcd€ctilinear propagation can also be seen in the dependence of
model forB=<1 uG, we do not pursue this analysis in the ime delay 7 (defined as the difference between the total

present case. propagation time and the straight flight distamize) on en-
ergy E shown in Fig. 6 foB_g=1 and Cen-A as the source:
IIl. COMPARISON WITH ANALYTICAL ESTIMATES In the diffusive regime the average time delayE)

=d?/4D(E), whered is the source distance, whereas for

Let us now compare these results with analytical eStiE2023, in the regime of almost rectilinear propagation,

mates in an approach similar f@0]. There is often confu- _ —2.42 2

sion in the literature about different regimes of diffusion r:\nd;(:jz/)3 41.axpiﬁTﬁ;Ezsgﬁznnggiiﬁg d[%]f; (E\A)/ ie(;(;/ 4(17‘2;‘;
corresponding expressions for the diffusion coefficient. It isfrom .Fig 6 ir'1 the diffusive regime are consistent with Eq
dangerous to take analytical expressions too literally as ther&) withiﬁ the width of the distribution '
exists no analytical derivation of diffusion coefficients in the Note that according to Eq3) a Iaréest eddy sizé .

limit in which the turbulent component of the magnet'cf'eldsconsiderably smaller than 1 would lead to less diffusion,

becomes comparable or stronger thatpatative uniform .tending to make anisotropies even larger. We remark that

component, the so-called strong turbulence regime. In this - X
respect, one should note that the formula for the diffusio IndeedL g is likely to be smallef23] and thus the choice

coefficient given in Ref[16], now used without caution in mpe=1 Mpc is already a conservative choice in favor of
the single-source model.

the community, does not correspond to an analytical deriva- ; o

. . , . Using these results, one can understand the situation en-

tion. It is a phenomenological formula, that is furthermore : ; . e .
countered in the previous section. In the diffusive regime one

shoyvn to be in error in Re{32], where analythal apProXI- - ¢ ds that the ratio of the diffusive propagation tifvehich is
mations and accurate measurements of diffusion coefficients

obtained through Monte Carlo simulations are presente qual to the time delay in this approximatjcto the source

o - -2R2

Notably, this latter study shows that for Kolmogorov turbu- d|stance_ﬁ reads T(E)/d—lSEZO B—GL“épche”A’ for Eq h

lence the diffusion coefficient can be approximated as =3 D.' usion ceases to be a goo approximation when
7(E)/d is no longer>1. For instance, the conservative

D(E)=0.02E7B "L yy0c® Mpc?/Myr,  Ec<Ey, choice 7(E)/d>1 requiresE<3B_gLy,Y2 This corre-
1 ) sponds to a maximal energy for diffusion ef100 EeV
=0.0F;0B_5 Mpc/Myr, 0.1E.<E;o<E, whenB=0.3 xG, and=300 EeV wherB=1 uG. These

numbers are in agreement with the results of the previous
section. Note that the ratio of the diffusive propagation time
3 to the source distance also corresponds to the ratio of the

~0.004E55B-¢ Ly’ Mpc?/Myr, Eo<0.1E.
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source distance to the mean free path for scattering on theus bursts of particles largely overlap so as to produce a
magnetic inhomogeneities D/c to within a factor four. featureless energy spectrum at all times. Furthermore, since

The difference betwen our results and R&X0] can be  no low energy cutoff in the energy spectrum has been seen
explained as a misuse of the diffusion coefficient given indown to energies=5 EeV, Cen-A must have been active for
Ref.[16] by the authors of Ref20], and to some extent, by & time corresponding to the largest time delay possible
the fact that that diffusion coefficient itself has the wrong=7(5 EeV)+Ar(5 EeV). For B=1 uG, we find that
scaling withE, B, andL. More precisely in Ref[20] the ~ C€n-Amust have been producing UHECRSs intermittently for
authors use the diffusion coefficierd(E)=0.05 Mp&/  the past=10 Gyr. Whether this is realistic or not can hardly
Myr E%?’Bié/gLMch’S [16] [note that the present prefactor is be constram_ed on theoret_lcal grounc_is_. The aboye constraints
the correct one; their Eq1) has a numerical errpion the on the duration of the periods of activity and quiescenge

. . and At readt.,<=10" yr, and similarly forAt, which are
whole energy range, whereas according to R&8€], this . o
T ; reasonable orders of magnitude for the evolution time scale
scaling is only valid wherr <L/27, or as aboveE,;<E_

. . ) of Cen-A[34]. The age of Centaurus A can be estimated
=1.43 glype: This makes an important difference, be-

o from the time necessary for its jets to extend to their present
cause, had the authors of R§20] used the other limiting size =250 kpc, i.e. between-10° yr and a few Gyr, de-

regime they quote, name=0.1E,B "5 Mpc’/Myr, valid  pending on the deceleration during extension, so that for our
for Exp=1.48 gL v, they would have found that the ratio purposes this age is essentially unknown. Note that Centau-
of the diffusive distance traveled to source distance readfys A is a radio-galaxy with sub-relativistic jets, and without
d/4D=2.6E;0'B_gdcena, Which shows thatB>1 uG is  hot spots; the lobes are not particularly active, with a total
necessary to achieve diffusion up to the highest energiesolometric luminosity~ 10 ergs/s[34].

E,o=3. Instead, they used the former approximation, giving The constraints of Ref20] on the energy requirement
d/4D =5.3E,0"*B 3L yipe - #*dcena, Which due to theincor-  must thus be reconsidered. In the stationary regime, the flux
rect weak scaling would let believe that diffusion can be at Earth read€?j(E)=E2?q(E)/(4)2D(E)d, whereq(E)
achieved easily witlB=0.3 G on the whole range of en- is the injection spectrum at the source. One easily calculates
ergies. that, assumingy(E)=<E 2, in order to produce the energy

One should mention that the transition between diffusiveweighted flux measured by cosmic ray experiments
and rectilinear regimes of propagation is not sudden; it=10°*°% eV?m 2?s !sr 1, one requires a UHECR emission
stretches over half an order to an order of magnitude. As ongpower Py ecr=10°B_dcena €rgs/s at the source. Note
approaches this transition, the anisotropy increases steeply Qat this represents the average power; the actual power dur-
match the small angle deflection in the rectilinear regimeing the phase of activity is higher and rea®guecr(tem
0g=140°E55'B_ gL ypc-dgina [11]. Therefore it is incorrect  + AT)/tey,. The abovePyuecr is thus a strict lower limit,
to assume that the diffusive estimate for the anisotropy rewhich is nevertheless more optimistic than thé0*® ergs/s
mains valid up to the transition energy. obtained in Ref[20].

Finally, Ref.[20] (unlike Ref.[29]) also base their calcu- As an aside, we note that the above constraint on the age
lations for the flux of particles detected at Earth on a time-of Centaurus A can be generalized to any such source of
dependent solution of the diffusion equation, but one shouldlJHECRs, namely that the time delay at the lowest energies
rather use a stationary solution corresponding to a continuse smaller than the age of the source, and thus also the age of
ously emitting source. Indeed if Cen-A were a burstingthe Universe. The propagation time at 5 EeV reads, using Eq.
source, or more generally a source emitting only once on @): r=2.8 GyrB_gd2,,.. Imposing r<14 Gyr gives a
timescalete,< Tyin, Where 7, is the smallest time delay general constraint between the distanc® the source and

imparted to all UHECRs, or equivalently, the time delay atthe strength of the intervening magnetic field:
the highest energies observed, an experiment like AGASA

would record events only in a limited range of enerdi&3. ( B 2

<0.6. (4)

In other words the distanah, of the diffusion front from the 1 4G
source at time is given bydp(E) =6D(E)t, and depends on

energy. At the present time at which AGASA is operating, Even if there are several sources contributing to the cos-
the front of low energy particles would not have yet reachednic ray flux, this limit should hold unless the sources con-
the Earth, while that of higher energy particles would alreadyspire to add their individual piecewise contribution in such a
have passed. From Fig. 6 one sees that at any given timgay as to form a featureless energy spectrum. When there
AGASA would record only part of the total energy spectrum, are many sources the above constraint disappears, as the cen-
since particles witlE=10 EeV arrive at timer~10° yr,  tral limit theorem would guarantee that a featureless spec-
while particles with E=100 EeV arrive at times7  trum would be produced; this is notably one of the peculiari-

~10° yr. ties of they-ray burst model of UHECR origif35].
This implies that if Cen-A is the source of all UHECRSs, it

has to be a continuously emitting source, or, what amounts to
the same, an intermittent source that emits on timestalgs
with quiescent periods of durationt<min[A7(E)]. Here Our detailed numerical simulations show that the model
A 7(E) denotes the spread of time delays at enéggnd the  considered in Refl.20], in which Centaurus A is the source
condition ensures that the various contributions of the variof all observed UHECRS, is inconsistent with the data, at

10 Mpc

IV. CONCLUSIONS
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least for the magnetic field streng0.3 «G put forward [21,31, and possibly more, depending on the galactic lati-
by these authors. We find that for a magnetic field strengtfiude of incidence and the detailed vertical scale height of the
B=1 uG, the predicted energy spectrum is in marginalmagnetic field. Heavy nuclei primaries thus remain an inter-
agreement with that observed by AGASA. However the largeesting possibility. A detailed study of their arrival directions
deflection angle of the highest energy evéhie Fly’s Eye distributions and energy spectra is intricate as one needs to
eveny with respect to the line of sight to Cen-A must be follow the mini-shower induced by photodisintegration in the
explained as a=2¢ fluctuation. We also argued that this CMB, but is now underway.
magnetic field intensity saturates the observational upper Independently of the charge of the primary, it appears
bounds from Faraday rotations and on x-ray emission frominore likely that a few sourceinstead of a single sourge
the ambient gas. This model can be tested by improvingithin ~10 Mpc from the Earth are responsible for the ob-
these upper limits with current experiments. We also showederved ultrahigh-energy cosmic ray flux, and that the ambient
that in order to explain all UHECRs down #=5 EeV, magnetic field strength in the local superclust&
Cen-A must have been producing UHECRs for the past.((0.1) uG.Work is in progress to quantify the number of
=10 Gyr. All these facts are rather strong requirements oRources and their distance scale for various values of the
the source and on the intervening magnetic fields. ~ magnetic field strength needed to reproduce the large angular
However this requirement on the magnetic field intensityscale isotropy and small angular scale anisotropy as well as
could be lowered by an order of magn|tude if the UHECRthe energy Spectrum observed by current or past experi_
primaries are iron nuclei instead of protons. Heavy nuclei argnents. Ongoing and future ultrahigh-energy cosmic ray ex-
further deflected by significant amounts after traversal of thgyerimentg5,6,25, by increasing the statistics at the highest

galactic magnetic field, which would improve the isotropy onenergies, will soon provide much tighter bounds on the num-
large angular scales. However photodisintegration of heavyer of UHECR sources.

nuclei on the cosmic microwave backgrouf@MB) is suf-

ficiently severe that no UHECR of energy greater than 200

EeV co_uld have t_raveleo_l Ion_ger than 10 Mﬁ:i_l‘Y]. Here as ACKNOWLEDGMENTS
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