ANISOTROPIES OF ULTRAHIGH ENERGY COSMIC RAYS

DIFFUSING FROM EXTRAGALACTIC SOURCES

D. Harari, S. Mollerach & E. Roulet

PR D (2014)



Main question:

Origin and nature of UHECRs

Observables:

- Spectrum

- Composition indicators like X depth of the shower maximum)

max (

- Anisotropies in the arrival directions
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Arrival directions: affected by propagation
in intervening magnetic fields —
depends on energy and Z
r. = ElZeB

Diffusive or quasirectilinear?



spectrum composition
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Study the arrival direction distribution of CRs propagating in a turbulent
magnetic field in the quasi-rectilinear to diffusive regimes transition
— expected anisotropies from nearby sources in the Local Supercluster

Extragalactic turbulent magnetic fields:
B, ~1-10nG

L.~0.1-1Mpc
Magnetic energy spectrum w(k) oc k™ m=5/3  Kolmogorov
m=3/2 Kraichnan
_ E E /EeV

Larmor radius: 7. = —— = 1'1ZB/nG Mpc

" _ B .
Critical energy r (E ) =L, E. = ZeBl, ~0.9Z ——EeV

nG Mpc

E < E, — resonant diffusion
E > E, — small deflections inL_, 6§ ~L_/r,

Flux J=-DVn diff. coeff. D — (r(t))= 6Dt

Diffusion length: 6 ~1 rad — 15 =3D/c
E<E,— 1« L_(E/E)*™
E>E_— 1, «<L_(E/E)?



Diffusion in expanding universe source

on on ob  D(Et)_, Qs(E,t) 5
— 4+ 3H(t)n —b(E. 1) — — n—= — —Vn = —=0" (o — I'g
gr TPHEn =W E D G m e T T Y T ¢
1E
with energy losses (d—f = —b(E. ). b(E,t) = H(t)E + bint(E)

X: comoving coordinates, H(t): Hubble constant

Solution (Berezinsky & Gazizov)
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Eg(E,z): original energy at redshift z of a particle arriving to z=0 with E

Dipolar anisotropy (diffusion regime)
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In general, flux from the source

O(1) = f(cosh) =Py + Pru-75+....

Dipole amplitude

A= L
P

= 3(cosf)

Quasi-rectilinear propagation:
arrival directions clustered around the source with dispersion

(Ze)2Blry 1 (E)Q

62 T 6l \ B

(0%) = -

(cos0) ~ 1-(02)/2
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Simulation of charged particles propagation in turbulent B

dn zZec « B*( - t) Lorentz eq: energy unchanged
pu— n .CC d -
dt E(t) 4 only direction changed

- First consider static case: no energy losses, no expansion and
constant B

{ . r(t)
e cos 0(r)




Follow many trajectories and compute (r?(t))/6t
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Dipolar amplitude for different E — A = 3 (cos0)

6 E,
A a1l 3 E, ]
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Stochastic simulations

- Propagation in the non-resonant regime (E > E_): small deflection in L.
(quasi rectilinear regime and diffusion forr, > 1)

- Magnetic scattering — angular diffusion of the propagation direction n
Dy = (An;An;) e (ZeB

2eAt 8 B

2
) Pij — D()P?;j
N projector L i

- At each step moves L and change direction by (An); = /20Dy P;;&;

1 =

At + At) = /1 — |Ad|2 a(t) + An

0.1 k .
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Including expansion, B evolution and energy losses: protons case

- r — comoving coordinate
- B(2)=B(0) (1+2)** — E(2)=E(0) (1+z)** e

- L.(z)= L(0)/(1+2) N\ resshi

- Back-track protons from z=0 in time steps -
At =L_(0)/c(1+z)

- Due to energy losses (interactions with CMB
and redshift), E(0) — E (z)

dE
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Attenuation length [Mpc]

100 |

— = —H(E, ), b(E,t) = H(t)E + bine(E)

10

suffers a stochastic change of the propagation direction

(AR); = /2Dy (2)1.(0)/(1 + 2) P& with Do(z) 1 (gcgz)

o ~ 81.(0)
- Back-track many trajectories

iz + Az) = /1 — |AD2 a(z) + Ad
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Dipolar amplitude of the flux from a single source

L .= 1 Mpc.

0.001 b——ruuu

- Very good agreement in the overlapping region
- Results similar when rescaling the energy by a factor 3

10

0.01 L

0.001

rs=25, 50,100, 200, 400 Mpc (from top to bottom)

0.1 ¢

B=3nG

stochastic integration
solution of diffusion eq.




Anisotropy from many sources
N

S (E)A(E)
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on of flux from source i
n./n, depends on the luminosity and distance of the sources
Simplifying assumption: equal intrinsic luminosity — only function of r;

A(E) =

' T T T S ST S AR
01 Egv T 0.3EeV
10f 3 g ;
F . 03 \ ] T = 64 .
T 27 38
o 2, 2 { o & |
C 4 36 C
1 £ ; 1 = T
] 108 &
' B=1n B=3nG
0.1 1 L L L.l 1 1 II L L L L1/ 1 1 II I‘ L Ll L 0.1 1 L L O III | 1 L Ll L ||I ' L ‘I [ [T Y
1 10 100 10 1 1 100 1000
r [Mp stochastic simulations r [Mpc]
diffusion enhancement diffusion eq. solution GZK horizon
ym pile-up

magnetic horizon

rectilinear propagation



Anisotropy from many sources
N

A(E) = Z Z—i(E)&:(E) Vector sum — smaller anisotropy for many sources
=1

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

Uniformly distributed sources

F B=3nG
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Sources distributed like local matter

2MRS
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Average enhancement of ~ 70%



Deflections in Galactic magnetic field modify dipole amplitude

and direction and generate higher order multipoles

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

Dipole amplitude
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Conclusions

- diffusion coefficients D(E) for Kolmogorov and Kraichnan spectrum

- dipolar anisotropy matching the angular diffusion at high energies
(quasi-rectilinear) to the spatial diffusion at low energies

- for E_ =1-3 EeV , L_.= 1 Mpc, p=10-5-10% Mpc3 — A=~0.01 - 0.02 @ 1 EeV
A=~0.03-0.1 @ 10 EeV

- for sources distributed like local matter - enhancement by factor 1.5 - 2
10° ——

- anisotropy larger than predicted by
Compton-Getting effect (A~0.006)
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- interesting to interpret recent
Pierre Auger Observatory results
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