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The Quest
Suppose UHECRs with 4e19eVarrival energy have
cosmological origin, can we point back to the source?

Magnetic Field measured only in galaxy clusters
(Rotation Measure / diffuse radio emission).

• Ignoring MF of our Galaxy
• Assume CRs are protons
• Common MF origin

• ICM seeded at early times (beforez ≈ 3 − 5)
• MF evolution driven by structure formation
• Match clusters
⇒ explore extrapolation to low density.

• Cosmological Simulation with full ideal MHD
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The Local Universe Simulation
Compton - Y (∝ pressure), r < 110Mpc,|B| <
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ICs created from IRAS Galaxies⇒ realistic scenario.
Mathis et al 2002 (DM-Only)
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The Local Universe Simulation

66o × 66o

Realistic cosmological environment important !
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The Local Universe Simulation
Comparison of real and simulated structure:

Cluster TObs[kev] Tsim[kev] yObs[10
−5] ysim[10−5]

Coma 8.21+.16

−0.16 6.5 9.6+1.1

−1.1 9.2
Virgo 2.55+0.07

−0.06 3.8 4.8
Centaurus 3.54+0.08

−0.08
4.1 6.7

Hydra 3.1+0.11

−0.11
3.4 9.3

Perseus 6.33+0.21

−0.18
6.2 9.5

A3627 5.62+0.12

−0.11
4.0 6.6

Simulated clusters match real ones surprisingly well !
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The Local Universe Simulation

Magnetic fields powered by compression and
anisotropic collaps (see also Bruni et al. 2003), sheer
flows (see also Birk et al. 1999) and merger events
(see also Roettiger et al. 1999).
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The Local Universe Simulation

Saturation

Shear + Turbulence
+ Major Merger

Shear

B0 ≈ (0.2 − 1) × 10−12 × (1 + z)2 Gauss
⇒ match observed cluster RMs well!

(0.2 = best RMs, 1.0 = very high MF) 17/8/2004 – p.3



Simulation vs. Observations

2
+ 8 rad/m

Comparison of radial RM profile.
Using the high MF run would move lines up by factor≈3 !17/8/2004 – p.4



Simulation vs. Observations

Lx − σRM − Correlation :

∫
n2

e

√
T dx ⇐⇒

∫
ne B‖ dx
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Simulation vs. Observations

2
+ 8 rad/m

Adding noise is important !
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Radio Haloes

Expected correlation using turbulent acceleration
P ∝ M
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Radio Haloes

Expected correlation using hadronic model
(Dolag & Ensslin 2000) 17/8/2004 – p.5



Sky Deflection Maps

Centaurus

Milky Way
Full sky deflection signal (FSDS) for4 × 1019eV Cosmic Rays
(CRs), using a sphere of 35Mpc radius.
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Sky Deflection Maps

no losses

with losses
FSDS for1× 1020eV CRs with and without losses by photo-pion
production in collisions with CMB, r < 100Mpc. 17/8/2004 – p.6



Sky Deflection Maps

Perseus

Hydra

Coma

A3627

Virgo

Pavo

Centaurus

FSDS for4 × 1019eV CRs without losses, using a sphere of
110Mpc radius.
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Extrapolated Deflections

Extrapolated, assuming self similarity
A(δth, d) = x−βA0(δth × xα). 17/8/2004 – p.7



Conclusions
• From energetic arguments we find at least some sky

windows with nG MF (independent of MF model).

• B0 ≈ (0.2 − 1) × 10−12 × (1 + z)2 Gauss injected atz > 3

results in reasonable cluster magnetic fields.

• Simulation predicts scalings and relations which can (has
to) be observational tested.

! Almost independent of details of seed creation mechanism.

! B0 is a robust upper limit.

! Homogenous initial seed results to upper limit in

deflections by low density regions.

⇒ Deflections are small enough to allow pointing of sources

of UHECRs with energies4 × 1019eV over most of the sky.
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Magnetic power spectrum

Coma

Slope of the (3D) magnetic field power spectra (k2B(k)2) !
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Magnetic power spectrum
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Example A400, Slope observed to be high !
⇒ Signature of Merger or Turbulence ?
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Filaments

Region shown is (50 Mpc)3 centered between Centaurus and Pavo

Filaments and bridges between clusters, but be careful:

• Never straight lines !

• Always junctions of sheets !

• Sometimes projections of sheets !
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Filaments

Size of clusters

Region of alignment

Going along a filament 17/8/2004 – p.10



Filaments
"best" B run "high" B run

Slice perpendicular to a filament 17/8/2004 – p.10



Filaments

Size of clusters

Region of alignment

Going through a void 17/8/2004 – p.10



Diffusion within a Cluster

Trajectories of cosmic Rays diffusing through the cluster core.

Rordorf et al. 2004 17/8/2004 – p.11



Diffusion within a Cluster

Diffusion time for Cosmic Rays with different energies to reach a distance of 0.5 and 3 Mpc from

the cluster center cluster.

Rordorf et al. 2004 17/8/2004 – p.11
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Radio Emission
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Sharp Edges (cold fronts !)

Cooling

Some Baryonic Matter

Lots of Dark Matter

Turbulence

Thermal Conduction

Lots of Dark Energy ?

EUV excess ?
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Galaxy clusters as physics laboratory:

Thermal Emission

WHIM
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