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Main question:

Nature and origin of UHECRs

Observables:

- Spectrum

- Composition indicators like Xmax

- Anisotropies in the arrival directions



  

Transition from
galactic to extragalactic
probably takes place
around 1 EeV

Spectrum

Composition

Large scale anisotropy
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UHECR COMPOSITION

TA: northern hemisphere Utah (USA) Auger: southern hemisphere (Argentina)

1660 water Cerenkov detectors 
3000 km2 and  27 telescopes

507 scintillators covering 680 km2 

and  38 fluorescence telescopes



  

TA: Pure protons fitAuger: Mixed composition fit

UHECR SPECTRUM



  

Anisotropy searches

Distribution of arrival directions expected to give additional clues to 
understand nature and origin of UHECRs

Large scale anisotropies:

Could signal galactic-extragalactic transition
- Galactic: diffusion & escape of galactic CRs below EeV energies might 
generate dipole pattern 
- Extragalactic: diffusion in XG magnetic field and dipolar inhomogeneity 
of the nearby sources distribution. 
Small dipole due to our motion (Compton-Getting effect, below 1%).

Small scale anisotropies:

Largest energies: above GZK CRs come from nearby sources and with 
small deflections for light composition component → trace source 
population
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Arrival directions: affected by propagation
in intervening magnetic fields →
depends on energy and Z
rL = E/ZeB

Diffusive or quasirectilinear?

- spectrum

- arrival directions distribution



  

Large scale anisotropies

Auger: harmonic modulation in RA (probe equatorial component of a dipolar 
modulation) and in azimuth (dipolar modulation along the Earth rotation axis) 

Account for spurious modulations of the flux: 
- correct energy estimation for atmospheric conditions (temperature and pressure) 
and geomagnetic effect on air shower development
- weight wi accounting for detector dead time and (small) tilt of the array

amplitude phase

vertical + inclined events → zenith angle up to 80○

covering 85% of the sky
~ 70000 events above 4 EeV



  

4 σ above 8 EeV

Large scales: Auger  results

Auger, ApJ 2015



  

Dipole components

Dipole direction above 8 EeV 
(l,b) = (247°,-22°)    galactic coord



  

LARGE SCALES: Auger + TA 

Auger
TA



  

Higher order multipoles 
within fluctuations

Auger + TA

E > 10 EeV  (TA energy)  

Auger+TA, ICRC 2015



  

Equatorial dipole: from PeV to 100 EeV

 Phase change at few EeV: galactic to extragalactic transition? 

(ICRC 2015)
(ICRC 2015)

UL 99% CL

GC



  

Small scale anisotropies: 
searches for a localized excess of UHECRs

Auger TA
 r = 1º – 30º,   Δr = 1º
E = 40 – 80 EeV, ΔE = 1 EeV

 r = 15º – 35º,   Δr = 5º
E = 57 EeV

scan
parameters

 r = 12º,   E = 54 EeV
 nobs/nexp = 14/3.23
pre-trial →  4.3 σ
post-trial P = 69%
  

 r = 20º,   E = 57 EeV
 nobs/nexp = 24/6.88
pre-trial →  5.1 σ
post-trial → 3.4 σ
  

scan
minima

Auger, APJ 804 (2015),1 TA, ICRC 2015



  

Autocorrelation of UHECRs 

TAAuger

scanning in angle and energy threshold
fmin = 0.027  →  P = 70%

No significant excess of pairs over 
random expectation

3 energy thresholds:
Compatible with isotropy for E > 10 EeV 
and E > 40 EeV 
Tension with isotropy for E > 57 EeV

excess of pairs over isotropic expectation

Auger, APJ 804 (2015),1



  

Auger: UHECRs crosscorrelation with astrophysical catalogs

Scan in energy threshold above 40 EeV (600 events), angle and objects distance

No significant correlation

Auger, APJ 804 (2015),1



  

Bright AGNs: scanning also in luminosity

Auger, APJ 804 (2015),1



  

Auger: the Cen A region

Excess of events over random scanning in energy threshold and angle

Minimum:
fmin =2 x10-4 for Eth =58 EeV, Ψ = 15o

Post-trial probability: P =1.4%



  

TA: correlation of UHECRs with LSS

TA, ICRC 2015

Expected flux is calculated from
1) 2MASS XSCzcatalog, 109000 galaxies with Kmag< 12.5 within 250 Mpc
2)Gaussian smoothing of the angular with Θ.
3)Energy loss ofProtons with CMB/IRB
Data is compared with the model flux
usingK-S test as a function of Θ.



  

For Eth = 57 EeV data compatible with LSS for smearing angle 10 – 20 deg 

For Eth = 10 EeV and 40 EeV compatible with isotropy 
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Correlation between the UHECRs from Auger & 
Telescope Array and Neutrinos from IceCube

Auger ○: 231 events above 52 EeV

TA ▵: 87 events above 57 EeV

IC +: 39 high-energy cascades (4-year HESE) 
     x: 16 high-energy tracks



  

with respect to an isotropic fux of ν

Cross-correlation analysis

Excess of UHECR-ν  pairs at angular distances from 1º – 30º in steps of 1º 

TRACKS CASCADES

IC+Auger+TA, JCAP (2016)

Possible hint of correlation with cascades? → check with more data



  

ANISOTROPIES SEARCH SUMMARY:

- UHECRs are remarkably isotropic
- Indications of a dipolar modulation of few % amplitude for E > 8 EeV
- Hints of hot spot ~ 20º size at E > 55 EeV
- No evidence of small scale anisotropies

→ Galactic and/or Extragalactic magnetic fields probably have 
a significant effect on UHECRs trajectories 
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Propagation in turbulent magnetic fields

Extragalactic fields:
Brms  ~ 0.1 - 10 nG
Lc ~ 0.1 - 1 Mpc
Magnetic energy spectrum w(k) ∝ k-m           
 (m=5/3     Kolmogorov)

Larmor radius:

Critical energy   rL(Ec) = Lc 
          E < Ec → resonant diffusion
          E > Ec → small deflections in Lc, (Lc) ~ Lc/rL 

Diffusion length: (lD) ~ 1 rad →  lD  = 3D/c

 Ficks law  J= - D ∇n      

Random walk  →  r2(t)= 6Dt

D: diffusion coefficient
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Diffusion coefficient: follow many trajectories and compute  r2(t)/6t

Plateau 
→ D(E)

Kolmogorov

E

r2/6t

D(E)

Harari, SM, Roulet, PRD 2014
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quasi-rectilinear diffusive

SM & E. Roulet, JCAP 10 (2013) 013

Diffusive propagation of UHECRs: spectrum  &  composition

In mixed composition models with low rigidity cutoff,
diffusion helps to fit observed spectrum and composition
with softer spectral index 
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In general, flux from one source

Dipole amplitude

Quasi-rectilinear propagation: 
cos ≃ 1- 2/2

Diffusion regime:

 

B = 1 nG

source distance        
 rs=25, 50,100, 200, 400 Mpc 

L c= 1 Mpc 

Protons: 1 source

ANISOTROPIES

25 Mpc

400 Mpc

Harari, SM, Roulet, PRD 2014
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Dipole from many proton sources

Vector sum → smaller anisotropy for many sources

- Direction of the closest sources relevant
- Large scale distribution of the sources

uniformly distributed sources

GZK

ρ=10-5 Mpc-3 

ρ=10-4 Mpc-3 

Harari, SM, Roulet, PRD 2014

ρ=10-5 Mpc-3 
2MRS

uniform

distributed like local matter

fraction of the flux contributed by source i
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Dipole amplitude: mixed composition scenario

ρ=10-5 Mpc-3

ρ=10-4 Mpc-3 

ρ=10-4 Mpc-3 homogeneous distribution of sources

homogeneous dist.

2MRS dist.

few % dipole amplitude at 10 EeV can easily arise 

E
max

 = Z 6 EeV (sharp cutoff), = 2

(fp,fHe,fC,fSi,fFe)=(0.19,0.19,0.4,.19,0.03)

Harari, SM, Roulet, PRD 2015
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ARE HOT SPOTS EXPECTED?
ANGULAR DISTRIBUTION OF CRs FROM A SINGLE SOURCE 

neglecting energy losses:
dist only fc of R = cr/3D
with r distance to source

: concentration parameter
i: isotropic fraction (from
long time diffusing particles)

i,  <cos >, <cos2 >  

(angle to the direction of the source)

Harari, SM, Roulet, PRD 2016
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Including energy losses during propagation:
protons

Brms = 1 nG
Lc = 1 Mpc

spectrum E-2

E= 3 Ec = 2.7 EeV E= 6 Ec = 5.4 EeV

lines: neglecting losses
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Expected “hot spot” from the closest source: protons
depends on the fraction of the flux from the first source and its angular spread

dipole

spread

hot spot

angle between hot spot and dipole

Θ
κ 

=
 a

rc
co

s(
〈c

os
θ〉

)

Hot spot with significance larger than 5 σ
expected at 10 EeV and much larger above 
GZK cutoff for present experiments
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Expected “hot spot” from the closest source: nuclei
E

max
 = Z 6 EeV, = 2, (fp,fHe,fC,fSi,fFe)=(0.19,0.19,0.4,.19,0.03)

angle between hot spot and dipole

dipole

spread

hot spot

Θ
κ 

=
 a

rc
co

s(
〈c

os
θ〉

)

Heavier nuclei → larger spread of spot
→ smaller S/N ratio expected
→ better agreement with observations

For ρ=10-4 Mpc-3  hot spot at 15-20 deg and 
3-5 sigma significance at highest energies
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Conclusions

Mixed composition UHECRs scenarios in the presence of turbulent
extragalactic magnetic fields give rise to an arrival direction distribution
compatible with observations above the ankle

-  few % dipole above 8 EeV
-  low significance hot spots at intermediate angular scales
-  no small scale anisotropy signals

Future

AugerPrime: upgrade add scintillators on top of every WC detector 
to measure CR composition on an event by event basis 
- anisotropy studies in 'light' and 'heavy' composition samples 



35

BACK UP
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Auger: composition fractions
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Auger - TA composition comparison
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Deflections in Galactic magnetic field modify dipole amplitude 
and direction and generate higher order multipoles

D. Harari, SM & E. Roulet, JCAP 1011 (2010) 033

l=1

l=2

l=3
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Mixed composition scenario

E
max

 = Z 6 EeV, = 2

(fp,fHe,fC,fSi,fFe)=(0.19,0.19,0.4,.19,0.03)

A ≤ 4 5 ≤ A ≤16

A ≥ 17



41

- Follow many trajectories

                    n(r)

at z=0          cos (r) = ň.ř 

                     A(r)

Spatial trajectories: integrate stochastic differential equation 
- Magnetic scattering → angular diffusion of the propagation direction ň

- At each step change direction by

projector ⊥ ň 

n̂i( t+δ t)= n̂i(t)−2c D0δ t n̂i(t)+√2c D 0δ t P ij (n̂)ξ j

x i(t+δ t)=x i(t)+ n̂i(t )c δ t

Dij
v
≡
⟨δ n̂iδ n̂ j⟩

2c δ t
≡D 0 Pij Pij=δij− n̂i n̂ j

3 Wiener processes with 〈ξ
i
〉 = 0

and 〈ξ
i 
ξ
j
〉 = δ

ij

D0=
1

6 D(E)

Achterberg et al 1999

dipole → Δi= 3 <cos (r)>

NUCLEI: Mixed composition scenario – Anisotropies above ~ 4 EeV
spectrum E-2

sharp cutoff at E
max

=Z6 EeV
follow Г(z) and A(z) for injected particles taking 
into account photodisintegration, pair production 
and energy redshift 
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ρ=10-5 Mpc-3 ρ=10-4 Mpc-3 
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