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Propagation of UHE protons through a magnetized large scale structure
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Abstract: The propagation of UHECRs is affected by the intergalactic magnetic fields that were pro-
duced during the course of the large scale structure formation of the universe. We adopt a novel model
where the large scale extragalactic magnetic fields (EGMF) are estimated from local dynamic properties
of the gas flows in hydrodynamic simulations of a concordance ΛCDM universe. With the model mag-
netic fields, we calculate the deflection angle, time delay and energy spectrum of protons with E > 10

19

eV that are injected at cosmological sources and then travel through the large scale structure of the uni-
verse, losing the energy due to interactions with the cosmic background radiation. Implications of this
study on the origin of UHECRs are discussed.

Introduction

The enigma of ultrahigh energy cosmic rays (UHE-
CRs) with energy E >

∼ 5 EeV (1 EeV = 1018 eV)
has received considerable attention, both observa-
tionally and theoretically, over the past decades
[5, 7]. Although the composition studies indicate
that most of them are likely to be protons [1],
the nature and origin of these CRs remains yet
to be understood. At these high energies, UHE-
CRs are not confined within the galactic magnetic
plane and therefore their origin should be extra-
galactic. In particular, the isotropic distribution
of arrival directions suggests that large number
of UHECR sources might be distributed at suffi-
ciently large distances [7, 4]. UHECRs from cos-
mological sources get significantly attenuated dur-
ing their propagation due to interaction with the
cosmic microwave background, resulting in the so-
called Greisen-Zatsepin-Kuzmin (GZK) cutoff in
the energy spectrum [3]. Interestingly, AGASA ex-
periment failed to identify this cutoff [7], whereas
HiRes recorded it [9]. Detection of super-GZK
events with isotropic arrival directions is enig-
matic, because powerful astronomical objects are
very rare in the local universe. New results from

Pierre Auger experiment reported in this confer-
ence may shed light on this puzzle.
Charged UHECRs are expected to be deflected by
large scale extragalactic magnetic fields (EGMF),
so their arrival directions can deviate from source
directions and arrival time is delayed compared to
the light travel time [2, 6]. At present, the main
challenge is to estimate the EGMF, since observ-
ing it is still a difficult task. From this standpoint,
we employ a novel model for the EGMF in which
the strength of the intergalactic magnetic fields is
estimated from local turbulence in a cosmological
hydrodynamic simulation. The trajectories of UHE
protons from active galactic nuclei (AGNs), prop-
agating through the model EGMF, are calculated,
including all relevant energy loss processes. We
then study the angular deflection, time delay and
energy spectrum of UHE protons that arrive in the
regions similar to the Local Group.

Model

Extragalactic Magnetic Fields

A concordance ΛCDM cosmological simulation is
carried out along with passively evolved magnetic
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Figure 1: (a) Volume fraction in the gas density-EGMF strength plane with our model EGMF at z = 0. (b)
Volume fraction, df/d log(B), (solid line) and its cumulative distribution, f(> B), (dotted) as a function
of EGMF strength.

fields in a cubic box of comoving size 100h−1

Mpc, using 5123 grid zones with the following pa-
rameters: ΩBM = 0.043, ΩDM = 0.227, and
ΩΛ = 0.73, h ≡ H0/(100 km/s/Mpc) = 0.7, and
σ8 = 0.8. Only the directional information of
the passive fields is adopted. Assuming that the
intergalactic magnetic fields result from turbulent
motion of the intergalactic gas, the strength of the
EGMF is computed directly by equating the mag-
netic energy to a suitable fraction of the turbulent
energy of the intergalactic gas (see [8] for details).
Fig. 1 shows the volume fraction in the ρgas - B
plane in our model. The EGMF are correlated with
the large scale structure: the strongest around clus-
ters of galaxies and the weakest in voids. In the re-
gions of galaxy clusters with ρgas/〈ρgas〉 >

∼ 103,
〈B〉 ∼ 10−6G. For typical filamentary regions
with ρgas/〈ρgas〉 ∼ 10, 〈B〉 ∼ 10−10G, while in
void region, 〈B〉 ∼ 10−13G.

CR Sources and Observers

Assuming that UHECRs originate from AGNs, we
identify galaxy clusters with kT > 1.0 keV in the
cosmological simulation as sources, since AGNs
are likely to form in high density environment.
There are 18 such clusters in the simulated volume
of (100h−1Mpc)3, corresponding to the source
density of ns = 1.8×10−5h3Mpc−3 and the mean
separation of ls = 38h−1Mpc. The field strength
in source locations ranges 0.1 < Bs(µG) < 10
with 〈Bs〉 ∼ 1µG. UHE protons with a power-

law energy spectrum of E−γ for 10 EeV ≤ E ≤
103EeV are distributed among the sources and
then launched in random directions. We follow
the trajectory of individual protons by numerically
integrating the equation of motion in the model
EGMF, considering continuous energy loss due to
pair production and photo-pion production [3].
An observer is placed at each 1,060 groups of
galaxies with 0.05keV < kT < 0.5keV in order to
select locations similar to the Local Group. These
groups are not distributed uniformly, but located
mostly along filaments, following the matter dis-
tribution of the large scale structure. Around ob-
server locations, 10−4 < Bobs(µG) < 0.1 with
〈Bobs〉 ∼ 1nG. Once a particle visits an observer
within a sphere of Robs = 1.5h−1 Mpc, the arrival
direction, time delay and energy of the particle are
registered as an ‘observed’ event. We let the par-
ticle continue its journey, visiting several groups
during its full flight, until its energy is reduced to
10 EeV. With 104 protons injected at sources, about
105 events are recorded.

Results

Deflection Angle and Time Delay

Note that the gyroradius of proton is rg =
10kpc (E/1019eV)(B/µG)−1. With our model
EGMF, the trajectories of ∼10 EeV protons could
be severely deflected when they leave the source
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Figure 2: (a) Distribution of events in the plane of observed particle energy and deflection angle. (b)
Distribution of events in the plane of observed particle energy and time delay. Protons are injected with a
power-law spectrum of γ = 2.7 at sources.

regions with 〈Bs〉 ∼ 1µG and when they fly by the
cluster/group regions with B >

∼ 10−8G, since clus-
ters/groups have a typical radius of 〈R〉 ∼ 1Mpc.
According to Fig. 1 the volume filling factor with
B > 10−8G is f(> 10−8G) ≈ 0.02. We found
about 100 clusters/groups with B > 10−8G in the
simulated box.
In Fig. 2(a) we present the distribution of the de-
flection angle between the arrival direction of UHE
protons and the source direction, θ, as a function
of the observed energy. The deflection angle de-
creases with the energy, showing a transition from
diffuse transport regime to rectilinear propagation
region at E ∼ 100 EeV. For E > 53 EeV, 90 % of
‘observed’ events arrive with θ ≤ 40◦ from source
directions, 47 % with θ ≤ 5◦, and 25 % with
θ ≤ 2◦. Some super-GZK protons can avoid flying
through strong field regions around clusters and do
not get significantly deflected by weak fields in fil-
amentary structures. This result is somewhat dif-
ferent from what previous studies found [2, 6].
Since the deflected path length is longer than the
rectilinear distance, the particle travel time is de-
layed compared to the light travel time. In Fig.
2(b), we show the distribution of td, the delay of
the particle travel time compared to the light travel
time, as a function of the observed energy. The
rectilinear travel time for the mean separation of
sources, trec ≡ ls/c ≈ 108.25 years. On average
the time delays are longer for lower energy parti-
cles, with 〈td〉 ∼ 109yrs ∼ 6trec around 10 EeV
and 〈td〉 ∼ 105.2yrs ∼ 10−3trec above 100 EeV.

Energy Spectrum

In Fig. 3, we show the predicted energy spectra
of UHE proton events for the injection spectrum
of Ninj(E) ∝ E−γ with γ = 2.0, 2.4 and 2.7.
To illustrate the effect of the EGMF, we make a
comparison between the cases with and without the
model EGMF. We note that J(E)E3 in the plot is
given in an arbitrary units, since the amplitude of
the injected spectrum at sources is arbitrary. In all
the cases the presence of GZK cutoff above 50 EeV
is obvious, so the AGASA data cannot be consis-
tent with our results. However, there is still a sig-
nificant number of particles above 100 EeV that
come mainly from nearby sources within a ∼ 150
Mpc sphere. Below 50 EeV, the spectrum gets flat-
ter due to the pileup of the particles that had higher
initial energies but have lost their energy via photo-
pion production. This flattening is more promi-
nent in the case with the EGMF, since particles
loose more energy along the deflected propaga-
tion paths, compared to the rectilinear paths in the
case without the EGMF. The injection spectrum
with γ = 2.7 seems to produce the best fit for the
HiRes-2 data, although the case with γ = 2.4 can
be considered as being consistent with the HiRes
observations.

Conclusion

We study the propagation of UHE protons that
originate from cosmological sources located at
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Figure 3: Predicted energy spectra of UHE pro-
tons that are injected with a power-law spectrum
of Ninj(E) ∝ E−γ at sources and propagated
through a universe with the adopted model EGMF
(top panel) and in a universe without magnetic
fields (bottom panel). The results for the injection
spectral indices of γ = 2.0 (solid lines), 2.4 (dot-
ted) and 2.7 (dot-dashed) are shown. Filled circles
are the observational data from HiRes-2 [9]. and
open circles are from HiRes-1, while stars are from
AGASA [7].

galaxy clusters, travel through the EGMF corre-
lated with the large scale structure of the uni-
verse, and arrive in the regions similar to the Lo-
cal Group. A novel model for the EGMF based on
turbulence dynamo is adopted. Since the volume
filling factor, f(> 10−7G) is less than 5 × 10−3,
at least 25 % of super-GZK events could avoid vis-
iting strong field regions and arrive at Earth within
2◦ of their sources, although the deflection angle
is overall distributed over a wide range. Below
the GZK energy, the propagation is in the diffusion
limit and both the deflection angle and time delay
are substantial. This indicates that in the present
scenario, UHE proton astronomy may be possible
only for E > 50 EeV. The predicted energy spec-
trum of UHE protons exhibits the GZK cutoff, and
fits the HiRes observations, if the injection spec-
trum has γ = 2.4 − 2.7.

Acknowledgments

HK and SD was supported by KOSEF through As-
trophysical Research Center for the Structure and
Evolution of the Cosmos(ARCSEC). DR was sup-
ported by the Korea Research Foundation Grant
funded by the Korean Government (MOEHRD)
(KRF-2004-015-C00213).

References

[1] R. U. Abbasi et al. (The High Resolution Fly’s
Eye Collaboration). A study of the compo-
sition of ultrahigh-energy cosmic rays using
the High-Resolution Fly’s Eye. ApJ, 622:910–
926, 2005.

[2] E. Armengaud, G. Sigl, and F. Miniati. Ul-
trahigh energy nuclei propagation in a struc-
tured, magnetized universe. Phys. Rev. D,
72:043009(16), 2005.

[3] V. S. Berezinsky, A. Gazizov, and S. I.
Grigor’eva. On astrophysical solution to ul-
trahigh energy cosmic ray. Phys. Rev. D,
74:043004(35), 2006.

[4] W. S. Burgett and M. R. O’Malley. Hints
of energy dependences in AGASA extremely
high energy cosmic ray arrival directions.
Phys. Rev. D, 67:092002(7), 2003.

[5] J. W. Cronin. Cosmic rays: the most ener-
getic particles in the universe. Rev. Mod. Phys.,
71:S165–S172, 1999.

[6] K. Dolag, D. Grasso, D. Springel, and
J. Tkachev. Constrained simulations of the
magnetic field in the local Universe and
the propagation of ultrahigh energy cosmic
rays. Journal of Cosmology and Astroparticle
Physics, 1:009, 2005.

[7] A. Nagano and A. A Watson. Observation
and implications of the ultrahigh-energy Cos-
mic rays . Rev. Mod. Phys., 72:689–732, 2000.

[8] D. Ryu, H. Kang, J. Cho, and S. Das. Turbu-
lence and Magnetic Field in the Large Scale
Structure of the Universe. in preparation,
2007.

[9] A. Zech. A Measurement of the UHECR Spec-
trum with the HiRes FADC Detector . eprint
arXiv:astro-ph/0409140, 2004.

IC
R

C
 2007 P

roceedings - P
re-C

onference E
dition


