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Cosmic Rays and Propagation Regimes
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Origin of ultra-high energy cosmic rays

Magnetic fields
At low energy Galactic Magnetic Field (GMF) and InterGalactic

Magnetic Field (IGMF) deflect CR particles
UHECRs are very little deflected

only for E/Z >> 1019 eV deflections become less than a few degrees 
and C R astronomy could become feasible

propagation in G alactic magnetic fields
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* %+Cosmic rays are deflected as :

� ⇤ 3� B
3µG

L
kpc

6 ⇥ 1019eVE/Z

Regular component of MF follows
spiral arms

Regular component
B0 = 2 � 3µG coherent over
scales of kpc

Random component with
Brms = fewµG

Intergalactic magnetic field ?

Only for E/Z >> 1019 eV it is possible to point to the source direction
Carla MACOLINO (LPNHE-CNRS Paris) The Pierre Auger Observatory and Cosmic Ray Physics22nd Rencontres de Blois 46 / 52
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Diffusion Diffusion/Drift

Ballistic?
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Janssen & Farrar, 2012

Harari et al., 1999



Anisotropy and CR Observatories

�3

• Challenge: Control of the counting rate at the level of the 
anisotropy contrast searched for (weather modulations, 
local-angle dependences of the energy estimators, etc.) 

• Of particular interest/difficulty: dipole 
• In most cases, searches in right ascension only (be it in 

several declination bands): not the `real` dipole!

Aglietta et al. (EAS-TOP collaboration), ApJ 692 (2009) L130

Example of 
`good` analysis: 

Compton-
Getting (solar)

Fluctuations 
(anti-sidereal)

Sidereal



Dipole Observations
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IceCube/IceTop

• Northern hemisphere: Tibet AS𝛄, Super-Kamiokande, Milagro, EAS-TOP, MINOS, ARGO-YBJ 
• Southern hemisphere: IceCube/IceTop

Tibet

≈10-3 
anisotropy 

contrast



Dipole Observations
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Amplitude increasing up to 
10 TeV, and then decreasing

Phase steadily migrating and 
then suddenly changes/flips



Diffusion and Anisotropy
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Angular distribution at 
the observation point:

Then, from the knowledge of ñ, the angular distribution as seen by the observer is ob-
tained by integrating the density in the line of sight defined by the local angles µ and '
over one effective random walk length ∏:

©obs(µ,') = c

4º∏

Z∏

0
dr ñ(r,µ,'). (3)

The normalisation constant is chosen to guarantee that the angular distribution © has
the dimension of a flux. In the theory of diffusion, the effective random walk length ∏ is
known to be related to the diffusion coefficient D through ∏= 6D/c.

Using the same parameters

3.2. The Dipolar Approximation
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ñ(0)

≥
1+ ∏

2
1
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ñ(r,µ) ' ñ(r cosµ,0) (4)
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' ñ(0)+ r cosµ
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ñ(0)

≥
1+ ∏

2
1
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Propagation in a 
turbulent magnetic field - 

resonant mode:

Diffusion approximation: 
scattering on isotropic 
diffusion centers each 
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dr ñ(r,µ,'). (3)

The normalisation constant is chosen to guarantee that the angular distribution © has
the dimension of a flux. In the theory of diffusion, the effective random walk length ∏ is
known to be related to the diffusion coefficient D through ∏= 6D/c.

Using the same parameters

3.2. The Dipolar Approximation

θ

)θ(r,

θ

)θ(r,

Figure 1: .
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Density to  
first order:

• For each single source, anisotropy ≈ dipole 
• A dipole is represented by a vector 
• Observed dipole = Sum of all individual dipoles



Diffusion and Dipole
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‣ Relevant benchmark scenario: discrete sources stochastically distributed in space 
and time in the Galaxy [Erlykin & Wolfendale (2006)]
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(see also Erlykin & Wolfendale (2006), Ptuskin et al. (2012), Pohl & Eichler (2012),  
Streshnikova et al. (2013), Kumar & Eichler (2014), Mertsch & Funk (2014))

Amato & Blasi (2011): Green function satisfying the boundary conditions from the geometry of the Galaxy

• Observed dipole dominated by the most `local` source at some energy 
• In average, increase with energy (diffus. coeff.), but compensation mechanism 

due to the summing rule of the dipoles in each realization + changes in mass 
composition 

• Abrupt changes of phase with energy, when the contribution of one source 
dominates the global vector (`local`source)



Impact of Local Environment
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‣ Anisotropic diffusion induced by the local ordered magnetic field [Ahlers, 1605.06446]

Diffusion tensor                                                     dominated by the first term 

‣ Projection of the CR gradient onto the magnetic field direction

• Subtracting CG effect 
corresponding to the 
Sun’s motion 
towards the solar 
apex 

• Equatorial 
components of the 
dipole corrected for 
projection effects

Toy model: impact of 
Vela SNR on the 
average anisotropy 
of all Galactic SNRs:

‣ Larmor radius much smaller than typical scattering length in local ordered B



Beyond the Dipole Observations

�9

‣ Features observed by Milagro, ARGO, IceCube, HAWC

‣ Indications for harder spectra 
in some regions of excess 

‣ Differences between Northern 
experiments and IceCube: 

energy dependence, trigger bias 
against heavy nuclei for IceCube

≈10-4 
anisotropy 

contrast



Beyond the Dipole Observations
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IceCube, update of ApJ 740 16 (2011)



From Gradient Density to Angular Distribution
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Effect of the magnetic turbulence geometry within the last 
sphere of diffusion [Giacinti & Sigl, 2012, also Ahlers 2014]

‣ Connect the observed 
direction n to the flux at 
the entrance point of the 

last diffusion sphere

e

)e(r,

"
‣ Liouville: the isotropic flux outside the scattering mean 

free path remains isotropic 
‣ Higher-order multipoles generated from the initial dipole, 

conserving the anisotropic fraction of the flux 
‣ Energy-dependent structures at different angular scales

10 TeV 50 TeV



Probing the Magnetic Field Turbulence?
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Test particle trajectories integrated in a compressible 
sub-Alfvénic isothermal MHD turbulence in low gas-to-magnetic 

pressure value Ữ [Lopez-Barquero et al., 2015]

"
•Ữ=0.2, MA=0.773 
•Controlled parameter in this MHD 

model of the turbulence: external 
mean magnetic field 

‣ Reasonable reproduction of the 
power spectrum



Small Scales and Heliospheric Electric Field
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[Drury, 2013]

Alternative: Magnetic funnelling [Drury & Aharonian 2006, Salvati 2010], Anisotropic 
turbulence [Malkov et al., 2010], Local source in the heliotail [Lazarian & Desiati, 
2010], Dark matter [Harding 2013], etc.

• e.m. field purely magnetic in the plasma rest frame, but appearing with an 
induced electric component in a moving frame

• With heliospheric length scale of ≈100 AU, velocity scale of ≈104-105 m/s 
and magnetic field of ≈nT, induced potential shift of ≈100 MV-1 GV

‣ For same incoming directions/
energy bands, TeV energies 
shifted at the ≈10-4 level

‣ Small-scale TeV anisotropies as 
the signatures of the heliospheric 
electric field structure

• Above TeV energies, little deflections while penetrating the heliosphere



PeV-EeV Anisotropies
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• Energy range where the Larmor radius exceeds the largest 
turbulence scales → Effect of the regular field amplified 

• The full diffusion tensor matters, the non-diagonal elements inducing 
drift motions (Ptuskin et al., 1993) 

• Direction of the dipole: not necessarily aligned with the dominant 
source(s): 

• Amplification/Distortions of the density gradients:

★Solutions for stationary states only

42

a) b)
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Figura 2.10: Curvas de nivel de densidad para rayos cósmicos de diferentes enerǵıas, corre-
spondientes a: a) E/Z = 1014 eV, b) E/Z = Er, y c) E/Z = 1.5 × 1018 eV/26. Cada dos
curvas de nivel, la densidad cambia en un orden de magnitud. Las flechas representan la
dirección de los vectores de anisotroṕıa, mientras que los sombreados indican la amplitud
de las anisotroṕıas. El modelo corresponde a una fuente constante contenida en un disco de
radio 3 kpc en el plano galáctico, y la estructura de campo magnético descripta en el texto.

todas las componentes galácticas y la extragaláctica. Como la corriente macroscópica es
perpendicular al campo magnético regular, está contenida en el plano r−z; en consecuencia,
el vector de anisotroṕıa también está contenido en este plano, con sus componentes dadas
por

δr =
3

c N

(

−D⊥
∂N

∂r
+ bφDA

∂N

∂z

)

(2.39)

y
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)

. (2.40)

Las figs.2.10 y 2.11 muestran, para diferentes modelos de campo magnético y distintas
distribuciones de fuentes, las curvas de nivel asociadas a la densidad de rayos cósmicos,
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Candia et al. (2002)



PeV-EeV Observations
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direction/amplitude of the dipole in right ascension:
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^amplitude modulation (no phase modulation)
of the solar harmonics. Proper account was
taken of the consequent increase in the
statistical error of the results.

As for the results themselves, no consistent
or highly significant second harmonics were
found in either solar or sidereal time. The
results for the first harmonics are given in
the following table. "Phase" means time of
the maximum; "probability" means the
probability of an amplitude that large or
larger arising from random deviations, of
magnitude determined by the residual vari-
ance of the data. Amplitude and probability
are given in percent, phase in hours of local
time.

The solar effects are obviously real. Their
variation in amplitude and phase with in-
creasing separation of the counters indicates
clearly that they are a residual temperature
effect of the atmosphere on the EAS.

The sidereal first harmonics are remarka-
bly consistent in phase, and the probability
is rather small that they could be due to
chance, especially the results for showers of
10*<JV<10«.

We have investigated the reality of the
spurious harmonics arising from seasonal
modulation of solar atmospheric effects. Dur-
ing 1958 and 1959, the average annual modul-
ation of the sea-level diurnal temperature
cycle was 64%, creating large spurious tem-
perature cycles in both sidereal and antisi-
dereal time. These waves were mostly but
not entirely accounted for by an amplitude
modulation; some phase modulation had to
be introduced to account for them entirely.
Moreover, the apparent temperature coef-
ficient of EAS underwent substantial annual
variation (perhaps associated with humidity,
or with the varying relation of sea-level to

upper air temperatures). If the EAS rates
suffer phase modulation as well as ampli-
tude modulation of a solar variation, the
antisidereal wave bears an unknown phase
relation to the spurious sidereal wave, and
corrections such as we have applied are
inaccurate. Error in the correction is also
introduced by inaccuracy in the phase of the
solar wave. We estimate that on these ac-
counts, a residual spurious amplitude of a
few tenths of a percent could arise in sidereal
time. Therefore we regard our results in
the above table as not constituting strong
evidence of a real asymmetry in the primary
cosmic rays.

One must still account for a remarkable
consistency in phase among measurements of
primary asymmetry by many different ex-

Experimental Phases
o

22

18

16

10

Radial Distance = Ratio of Amplitude
to Random Walk.

Open Circles = Background Measurements
at arbitrary Radio!

Distance,

Fig. 11.

• Phases fairly consistent about the RA of the GC 
• Possible/expected increase of amplitudes do not compensate 

the decrease in statistics 
‣ Much larger exposure needed to probe the amplitudes

Greisen et al. (1962)



EeV and >EeV CRs
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➡Hard, meal-rich injection, low 
cutoff (Rcut<1018.7 V)!

• Mainly due to narrow Xmax 
distributions (little mixing of 
different masses at the same 
energy)

• NB: Relies on extrapolations 
of the mass at UHE

Di Matteo (Auger collab.), 2015



EeV and >EeV Large-Scale Anisotropies
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Auger collab., ApJS 2012

★Caveat: Temporal-dependent solutions for discrete sources?

➡ EeV protons not from the Galaxy

• Back-tracking anti-particles with random directions from the Earth to 
outside the Galaxy [Thielheim & Langhoff 1968, J. Phys A 694]  
• Each test particle probes the total luminosity along the path of 
propagation from each direction as seen from the Earth 
• For stationary sources emitting equally in all directions, the time spent 
in the source region s proportional to the flux detected in that direction



EeV and >EeV Observations

➡ At EeV energies, two different 
components with (almost) 
opposite phases?

!18
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‣ Need for composition-based 
measurements of anisotropies…
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FIG. 4: Fitted fraction and quality for the scenario of a complex mixture of protons, helium nuclei, nitrogen nuclei, and iron
nuclei. The upper panels show the species fractions and the lower panel shows the p-values.

(Auger collab., 2013)



Full-Sky Map > 10 EeV (Auger/Telescope Array) Large-Scale
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• Interesting dipole effect (≈3σ) 
to monitor !19

Auger/TA collab., ApJ 2014, ICRC 2015



Constraints on Extragalactic Scenarios?

!20

• Benchmark-scenario: Dipole at the entrance of the Galaxy 
• Back-tracking technique to connect the observed n (random) to 

the flux outside from the Galaxy 
‣ Dipole not `destroyed` by the GMF (JF12 model here) 
‣ Detection of higher orders: probe of the extragalactic CR 

gradient outside from the Galaxy



UHE Anisotropies (?)

!21

J. Miró - Drowned Sun



Southern hemisphere (Auger, 2015)

Significance map for ừ=12° and E>54 EeV

• Scan on energy threshold E and circular 
window radius ừ to compute the obs/exp 
number of events

• 4.3 σ for E>54 EeV and ừ=12°

• Post-trial p-value: 69%

• Cross-correlation with catalogs of extragalactic matter:

Map for E>52 EeV and 2MRS objects < 90 Mpc

➡ No significant indication of anisotropy

!22



Northern hemisphere (Telescope Array, 2016)
‣ `Hot spot` status above 57 EeV 

Map for E>57 EeV, smoothed at 20 deg.

!23

• 109 events, 24 within the 20° window (6.88 exp.) 
• Post-trial significance: P=3.7 10-4 (3.4σ) 
• Same significance as in 2014 (2 more years of data 

analysed here)

• Energy spectrum ON/OFF:

‣ Correlation with LSS?

Expectations from LSS 
for protons >57EeV 

smeared through GMF:

‣ Tension with isotropy?



Multi-Messenger Approach: IceCube/Auger/TA

‣ Cross-correlations between UHECRs and IceCube neutrinos

JCAP 01 (2016) 037

!24

• Smallest p-value: IceCube high-
energy cascades, angular scale of 
22°, post-trial p-value: 5 10-4 
(considering isotropic UHECRs) 

• To be continued…



Summary

!25

‣ Quest of UHECR origin more difficult than expected

‣ Anisotropies up to ≈PeV energies well established

• Not only dipoles! 
• Important developments for local CR propagation

• No small-scale clustering observation, only dipoles seem at reach! 
• Need for composition-based searches 
• Need for (much) larger exposure keeping similar resolutions…


