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Isotropization of ultra-high energy cosmic ray arrival directions by
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Abstract. The isotropy in the ultra high energy cosmic ray lose as much as 2 — 4 nucleons per Mpc due to photo-
(UHECR) flux observed by Yakutsk and AGASA experimentsgisintegration in interactions with the cosmic microwave and
is a very strong constraint to production and propagation modnfrared backgrounds. Therefore, UHECR, unless galactic,
els alike. Most of the scenarios proposed in the literatureare very likely light nuclei, probably mainly protons. We
should produce a sizable anisotropy as either extragalactiwill assume the latter in the remaining of this work.
luminous or dark matter is normally associated with the in-  Depending on the large scale configuration of the inter-
voked particle sources. We explore the possibility that thegalactic magnetic field (IGMF), field values as lowB&; s r ~
magnetic fields in fossil cocoons of former radio galaxies —10~° G Kronberg (1994) may be expected. Consequently,
so calledradio ghosts- are able to scatter UHECR in the proton gyroradius aE ~ 102° eV can be of the order df0?
intergalactic medium giving rise to the observed isotropy. Mpc. Therefore, UHECR should point to their sources and,
We show, through numerical simulations, under which con-in general, an anisotropic flux at Earth should be expected.
ditions this process can be operative and the magnitude of the |f UHECR are charged particles originated inside the large
effect. We further demonstrate, that if radio ghosts mix with scale structures in the nearby Universe, then the observed
the ambient medium, they might be able to produce the obisotropization must be due to intervening magnetic fields.
served magnetic fields in clusters of galaxies. In the case ofhis could happen either inside the galactic halo, like in the
mixing, the UHECR isotropization would be even stronger presence of a magnetized galactic wind Ahn et al. (2000),
than in our conservative estimates. by the interaction with highly structured IGMF inside walls
and filaments Medina-Tanco (1998b) or by the scattering off
magnetic irregularities permeating the intergalactic medium.
In the present work we analyze the latter possibility con-
sidering radio ghosts Enf3lin et al. (1999) as scattering cen-

1 Introduction

The upper end of the cosmic ray spectrum, at total energielers of UHECR protons.

above~ 4 x 10'° eV represents a challenge to our under-

standing of CR physics. The nature of the sources of these )

ultra-high energy cosmic rays and their distance scale are stiff 1€ nature of Radio Ghosts

unknown. Only our own galactic disk can be ruled out at i i ) L

present as a major source site, as a compatible anisotropﬁcu\’e galax_les eject Iarge amou.nts of.radlo emitting pIa;ma
has not been observed by any of the experiments sensitive fp SNt radio plasma— into their environment. There it

the UHECR energy range Takeda (1999); Bird et al. (1999);f0rms the typical cocoons of radio galaxies. The radio emis-
Medina Tanco and Watson (1999). sion results from synchrotron emission of a population of rel-

Although photons, neutrinos, or some unknown particleatiViStiC electrons in the radio plasma’s magnetic fields. It is

cannot be disregarded, the muon to electron ratio measur ssible to estlmate the minimal energy d_ensny of the elgc-
- imariedon and magnetic components of the radio plasma required

hitting the upper atmosphere and triggering the cascades. Nér&_oder to produce the observed emissivity. This minimum is

trons with relativistic factory ~ 10'! decay into protons af- given by rough energy equipartition between electron popu-

ter a path of~ 1 Mpc. Heavy nuclei, on the other hand, may Iatlon_ and 'Fhe magnetic fields. The resgltmg minimal pres-
sure is typically of the order of the environmental thermal

Correspondence td3. A. Medina-Tanco pressure, indicating that relatively strong magnetic fields are
(gustavo@iagusp.usp.br) present.
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After a cosmological short time of0” — 10® years the T T T T Sketbrig ofprobord ylandasaT T T 1
radio luminosity of the cocoon decays strongly due to radia- (a) (E>4 g1°”eV;'{/1(E):_E“)= o
tion and expansion energy losses of the electron populatior 8000 o R~ 10rz_2= X
or since the central engine of the radio galaxy stopped its o thqon_é:‘l
activity. Although undetectable by our instruments, the ra- A R~2r_g=y

e—e— sotropic scattering

dio plasma is still present in the IGM inside a fossil radio 6000
cocoon, a so called radio ghost. The subsequent evolution ¢
the radio plasma s unclear, since observationally poorly con: C%Q
strained. It can be expected that the strong magnetic fields ¢ =
the ghosts allow it to resist erosion by subsonic turbulence
The fossil radio cocoon should be kinematically decoupled
from the ballistic motion of the parent galaxy and follow
mostly the flow pattern of the embedding material. From 2000
this one would expect the ghosts to have a cosmological dis
tribution comparable to that of the galaxies. And one would g
further expect that the oldest ghosts are swept into clusters ¢ 0 B4 _
galaxies by the flow of structure formation. 0 30 60 90 120 150 180

But buoyancy of the probably very light radio plasma can scattering angle
produce some relative motion between ghosts and the IGM
gas. This might allow the ghosts in clusters or filaments ofFig. 1. Angular distribution of scattgred UHECR for ghosts of dif-
galaxies to ascend to larger radii, until they get stopped b);erent sizes and turbulent spectral index 5/3, 3 and4. See text
freely infalling matter at the accretion shock. It depends cru-for details.
cially on the topology of this accretion shock surface if the
ghosts are able to escape from gravitationally bound strucysed in what follows.
tures as clusters and filaments of galaxies, or not. It is there-
fore difficult to predict the spatial distribution of ghosts.

For this work, to estimate the deflection of UHECR by 4 Numerical Model
ghosts. Therefore, only their magnetic fields are required,
and their existence is nearly guaranteed by the existence of/e use Monte Carlo numerical simulations to track UHECR

radio galaxies, and the extremely low magnetic diffusivity in Propagation through the intergalactic medium and to evaluate
extragalactic plasmas. their arrival distribution at Earth.

We start from the basic assumption that most UHECR are
protons of extragalactic origin whose sources aggregate spa-
3 UHECR flux at Earth tially as either luminous or cold DM.
Charged patrticles, even at the extreme energies consid-
The inclusion of efficient scattering centers in the intergalac-ered, are coupled to the intervening magnetic fields.
tic medium (IGM) in the form of radio ghosts, should be able  We restrict the present analysis to a cellular IGMF and ne-
to to produce a diffuse, isotropic, component of UHECR su-glect the galactic halo. The same procedure as in Medina-
perimposed on the expected direct, anisotropic, componentTanco (1998a) is used in the description of the cell-like spa-
The scattering capability of ghosts is shown in figure 1, tial structure of the IGMF. The cell size is given by the corre-
which show the results of numerical simulations using spherdation length,L.  B;3,,5(r). The intensity of the IGMF,
ical radio ghosts. Different power spectral indexeand ra- in turn, scales with gas density & ¢y r o< ng,s(r) and
dius were considered. Ghosts were illuminated with a beanthe proposed IGMF value at the Virgo clustey ((0~7 G,
protons with a energy spectruaily/dE « E—3,and energy  Arp (1988)) is used as the normalization condition. We
E > 4 x 109 eV. The angular distribution of the scattered usen = 0.5, as a compromise between a frozen-in field
particles is shown in Fig. 1 for ghosts of different sizes and(n = 2/3) and Vallé’s (1997) estimaten(~ 0.35), which
¢ = 5/3, 3 and4. The radii of the ghosts are given in terms may be too flat due to the assumed values for the magnetic
of the average gyroradius of the injected UHECR spectrumfield in superclusters and larger scales. Nevertheless, tests
As a comparison, an isotropic scattering particle distributionhave been conducted for different valuesnofovering the
is also shown in the same figure. It can be seen that ghostgrevious interval, and the scaling is not critical to our con-
are very efficient at scattering UHECR regardless of powerclusions.
spectral index. Forward scattering becomes dominant only The formulation given in Medina Tanco and Ensslin (2001)
at the low end of the ghost size distribution, when the ghost'sis used to define the size and spatial distribution of radio
radius becomes comparable to the average gyroradius of thghosts. This requires the knowledge of the gas density dis-
particles. tribution inside the simulation volume. Actually, as galax-
Therefore, given the current uncertainties, isotropic scaties are easier to survey over large volumes, they are used
tering is, very likely, an acceptable assumption and it will be to transform between galaxy and gas density distributions.
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There are, however, serious an unavoidable bias and sanfp,..
pling problems inherent to galaxy surveys. Therefore, we re4f::
lay on both galaxy surveys and cold DM large scale structurg
simulations to perform independent evaluations.
The sources of UHECR are distributed according to either 07

o

the galaxy or cold DM distributions respectively. %7, % 2% Ui
The 1999 version of the CfA catalog Huchra et al. (1992) L. A Q'# .~ : /O 8 ‘ / ;

is used to characterize the galaxy distribution. el U v fw =
Cold DM simulation data are from Springel et al. (in ||~ &%l = e \)%;«,g"

preparation). They carried out simulations that mimic the Lo- 60

cal Universe. The initial conditions of these simulations have
been constrained by the redshift survey of IRAS galaxies. AsFig. 2. UHECR propagation without radio ghosts. Aitoff projection
a result, the simulations develop the same local large-scalef the arrival probability density. Galactic coordinates are used with
structure (e.g., the Great Attractor and Cetus Wall; clusterghe antigalactic center at the center of the figure. UHECR sources
like Virgo and Coma are also found at the right place). are distributed according to nearby luminous matter (CfA catalog).

UHECR protons are injected at the sources with a specpata points correspond to cosmic rays observed by AGASA, Hav-

p . erah Park, Yakutsk and Volcano Ranch with> 4 x 10'° eV.
trumdN/dE x E~* and propagated through the intergalac- ’ . ) .
. . . . Clearly, the observations are more isotropic than what should be
tic magnetic field up to the detector on Earth. Adiabatic en-
. . . . expected from the model.

ergy losses due to redshift, pair production and photo-pion
production due to interactions with the cosmic microwave
background radiation (CMBR) are also included. i )

The flux at Earth can be divided into two components: (a) Virgo and Ursa Major cluste.rs.- _ _
adirect radiation field, constituted by particles that fly from  The actually observed distribution of UHECR is clearly
source to detector without encountering ghosts and (tif:a  much more isotropic than what one would expect under the
fuse radiation field, comprising particles which underwent at implicit assumptions in Fig. 2.
least one encounter with a radio ghost. Our study shows that clustered distributions of ghosts pro-

duce no noticeable effects in the observed UHECR flux at
Earth.

The result is different when the scatterers are distributed
in a larger volume than the sources. This is the case in fig-

Fig. 2 shows the Aitoff projection of the two-dimensional ar- bos ) o
ure 3, wheren,;, « n; andby, = 0.5. In this scenario it

rival probability density (galactic coordinates with the anti- X .
galactic center at the center of the figure), for sources disiS @ssumed that e.g. radio ghosts buoy out of cosmological
tributed according to nearby luminous matter (CfA catalog) Structures, creating thick halos around walls and filaments,
inside 100 Mpc and no radio ghosts. The same procedurepermeatm_g voids to some ex_tent. This diminishes consider-
as in Medina-Tanco (1998a) is used in the description of the?P!Y the direct component (Fig. 3a) and accounts for a con-
intergalactic magnetic field (IGMF): a cell-like spatial struc- Sidérable increase in the diffuse component (Fig. 3b) which
ture, with cell size given by the correlation length, o becomes, by far, dominant. The comp03|te flux (Fig. 30) still
BI_GQMF(T)- The intensity of the IGMF, in turn, scales with show; a smooth, Iarge scale gradlgnt towards the region of
luminous matter densityy,; as Braar Pg;fz(r) Vallee the Virgo cl_uster but is much more isotropic than the previ-
(1997) and the observed IGMF value at the Virgo cluster®US SC€naro.
(~ 1077 G) is used as the normalization condition. The As was mentioned previously, there are uncertainties as-
mask covers the plane of the galaxy, where the actual dissociated with unavoidable biases and sampling incomplete-
tribution of galaxies is not well known due to obscuration by ness associated with galaxy surveys, as is the case with the
dust. The curved, thick line is the celestial equator. NorthernCfA catalog used up to here. This problem can be specially
hemisphere is the sky patch to the right, enclosed by that linecritical in this analysis, since the results depend on an ab-
Superimposed on the figure are the available events wittsolute normalization of the density as a function of depth
E > 4 x 102 eV observed by AGASA (47 events Takeda into the local universe. To check the extension of the dis-
(1999)), Haverah Park (27 Reid and Watson (1980)), YakutsKortions occurring in our previous analysis, we repeated our
(24 Afanasiev (1995)) and Volcano Ranch(6 Linsley (1980)).calculations using the distribution of cold DM, calculated by
The arrival probability contours trace roughly the local large scale structure hydrodynamic simulations (Springel, in
large scale structure. Distinguishable observational signaPreparation). They carried out simulations that mimic the Lo-
tures should be expected towards the region of the Southerfi@l Universe, developing the observed local large-scale struc-
branch of the supergalactic plane (to be observed in the nedkre.
future by the Auger experiment) at- 45°, the lines of sight Our simulations show that, regarding isotropization of the
to the more distant Pisces-Perseus wall and Perseus clustedtHECR flux, the same kind of effect is present in these new
and, very prominently, towards a large area surrounding thescenarioas long dg;, < 0.5.

5 Different Scenarios
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Fig. 3. Composite flux for ghost with a wider distribution than

. 0.5
galaxiesngn o< n gy .

6 Discussion

The isotropy in the UHECR flux observed particularly by

Yakutsk and AGASA, is a very strong constraint to produc-

of the radio ghost parameter space, such isotropization is not
possible. This stands not from an inability of ghosts to scatter
UHECR, but mainly from the fact that, under general condi-
tions, ghosts should tend to cluster more strongly than the
sources of the particles.

If, however, radio ghosts are able to buoy out into the sur-
roundings of the dense large scale structures and into voids,
while surviving the process, UHECR isotropy could be ob-
tained in those cases in which the mean free path for inter-
actions with ghosts is reduced below some few Mpc all over
the propagation region( by, < 0.5).
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In the present work we explore the possibility that radio
ghosts, blobs of magnetized radio plasma remnant from past
periods of activity in radio galaxies, being able to scatter
UHECR in the intergalactic medium. Such a process could,
in principle, degrade the direct incoming flux from the sources
and build up a diffuse UHECR component large enough to be
responsible for the observed degree of isotropy.

Our results show that, over the most conservative region



