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The optical depth of the Universe 
seen through 

ultrahigh energy cosmic ray spectacles



Propagation in a magnetized universe
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Depending on energy and magnetic field strength, propagation can be 
nearly rectilinear, diffusive, or ‘semi-diffusive’…

Extragalactic magnetic fields are likely distributed as the baryonic gas
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A simplified view of extragalactic magnetic fields for UHECR
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at low energies, particles
bounce on magnetic 
inhomogeneities as in a 
random billiard

at high energies, particles
are weakly deflected at each
interaction
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Optical depth to scattering
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Maps of optical depth

Total deflection angle: 

Maps of optical depth:
source distance for 3 x 1020 eVsource distance for 1020 eVsource distance for 0.8 x1020 eVsource distance for 0.6 x1020 eV

Ng/<Ng> up to 160 Mpc

τ varies from <1 to ~ 1 for typical parameters



Two effects of the optical depth

if sources are gamma-ray bursts,
flux from regions of τ < 1  
smaller by τ than 
flux in regions with τ > 1

do not mistake the last scattering 
center on the line of sight with the source!

signature:
inferred source distance scale  dobs

smaller than expected distance scale ~ lmax(E)

sources of UHECRs and scattering centers
share a similar property: 
large regions of intense magnetic field

PAO

dobs



The PAO has detected a highly significant correlation of the arrival directions of 
cosmic rays with energy E > 5.7 1019 eV with the known AGN within 75Mpc…

NGC5506 (21x11 kpc)

NGC 7315 (40x40 kpc)

→ source distance scale ~ lmax(E) 

~ 200 Mpc at 6x1019 eV

Probability of seeing 20+ events out of 27
above 6x1019 eV from within 75Mpc:

2. PAO is imaging the last scattering surface…

Two possibilities:

→ PAO: inferred source distance scale appears 
     smaller than expected source distance scale

1. PAO energy scale is underestimated by ~ 30%

ESO 139-G12 (40x40 kpc)



fraction of contaminated events:

δα = 0  f ~ 31%

δα = 3°  f ~ 48%

δα = 6°  f ~ 44%

correlation should not exceed 50% 

(unless GRB are sources of UHECR, in 
which case the correlation with the
foreground density is artificially 
enhanced due to non-detection of GRB 
if τ < 1)

If PAO is imaging the last scattering surface...

fraction of background galaxies 
(= source within 200 Mpc) 
situated at less than 3° from an AGN 
used by Auger:
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FIG. 8: Integrated galaxy column density as derived from the PSCz catalog of galaxies up to the maximal distances l = 40Mpc,
l = 80Mpc, l = 120 Mpc and l = 160 Mpc from left to right and top to bottom. The contours give the column density Ng in
units of the mean column density !Ng" = !ng" # 160 Mpc, with !ng" the mean galaxy density. The grey mask indicates the
regions of the sky that are not covered by the PSCz catalogue [91].

First of all, the typical deflection angle becomes itself
direction dependent. In particular, the values used in
Eq. (20) correspond to ! = 3.1 and "# ! !1/2. This
simple scaling law along with Fig. 8 allow to estimate,
as a function of the parameters characterizing the scat-
tering centers, the typical deflection angle in di!erent
parts of the sky. A similar sky map of deflection angles
had been provided previously in Ref. [41], using a con-
strained numerical simulation of the local Universe with
an all-pervading (albeit inhomogeneous) magnetic field
whose initial data was fixed at high redshift. Ref. [46]
has also provided a similar map, using the PSCz galaxy
catalog to construct the matter density field, and scaling
the magnetic field to the matter density through the law
B ! $2/3. The exponent 2/3 assumes isotropic com-
pression of the magnetic field during structure formation
and it seems that numerical simulations indicate a more
sophisticated law, with an exponent closer to 1 (see dis-
cussion in Refs. [44, 51]). Ref. [46] also reconstructs the
galaxy density field on small scales by repopulating ran-
domly the galaxy distribution using the density distribu-
tion from the PSCz on larger scales, so that their map is
influenced by this reconstruction on scales smaller than
" 7!. In our view, one advantage of the present maps
is to parametrize the expected deflection in terms of the

properties of the scattering structures.
Following the discussion of Section III B 2, the flux of

a source does not get demagnified (neither magnified),
up to possible magnetic lensing e!ects, as it crosses a re-
gion of scattering centers, provided the apparent size of
the source image does not exceed that of the scattering
structure. It will however su!er demagnification in the
opposite limit. Note that this does not contradict the fact
that an isotropic distribution of source will yield isotropic
arrival directions on the detector. Indeed, if a particular
region of the sky is associated with a particularly large
angular deflection, the flux of any point source is diluted
by deflection through the crossing of this structure; how-
ever, this deflection also opens a larger solid angle on the
source plane, so that a larger number of sources can con-
tribute, and both e!ects compensate each other. This
fact has been discussed in particular in Ref. [93] with re-
spect to ultra-high energy cosmic ray propagation in the
Galactic magnetic field.

Just as angular deflection, the time delay will depend
on direction, as "t ! ! . Although the magnitude of the
time delay (more precisely, of its variance) controls the
number of bursting sources that can be seen at a given
time, it does not influence the flux received as long as
NGRB # 1. Indeed, a larger "t means a larger NGRB (at

D = 0 - 40 Mpc

D = 0 - 120 Mpc



Conclusion
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the counterparts seen by the PAO are unlikely to be the source of UHECR

the PAO may be mistaking the counterparts with the last scattering centers

in any case, the PAO opens up a new era of data acquisition…

or, if the energy scale is underestimated (30%), the PAO may have 
located the invisible source within a few Mpc

no counterpart will ever be found: photons have passed by Argentina  104 years ago
no high energy gamma-ray, no neutrino, no gravitational wave will be seen from these sources


