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Acceleration — Hillas criterio
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© » asimple criterion: to find which object might be a source of UHE cosmic rays:
— A
=) a particle gets accelerated as long as it is confined in the source:
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. 1. necessary, but by no means sufficient!
0 |- A oroton: E _ 1020 eV 2. watch out for relativistic effects!
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' » refined criterion:
5 compare acceleration timescale with
energy loss timescale and escape timescale
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= requires an object by object study...

Norman et al. 95

... magnetars, gamma-ray bursts and radiogalaxies are promising candidates...



General principles of particle acceleration vyt

» Standard mechanism:
1. Lorentz force: F = ¢(E + ¥ x B)

— particle is accelerated through E field

2. near infinite conductivity: E;, ~ 0 in plasma rest frame

— E field is in general 'motional’, i.e. if plasma moves at velocity v,

E ~ —=2 x B inlaboratory frame

» Applications: stochastic Fermi acceleration e.g. Fermi (49)

... particle gains energy through its scatterings with
magnetized moving disturbances, e.g. turbulence...

... powerlaw dN/dE o E=, with s ~ 17?...

... hon-relativistic regime very slow as

tacc/tL ~ g/ﬁAZ' g~ tscatt/tL Z 1and ﬁA ~ 107 B,LLG nO_l/2

... relativistic regime:. not well known... (Pelletier 99)



Fermi shock acceleration s

Fermi shock acceleration

shock front

dowrﬁream

shock rest frame

upstream

e.g. Bell (78), Blandford & Eichler (87)

... particle gains energy through its repeated interactions
with both sides of the shock wave...

... powerlaw is generic due to competition between energy
gain and escape out of site... index s ~ 2

... hon-relativistic regime: well-known, but slow

tacc/tL ~ g/ﬂshzl g~ tscatt/tL Z 1

... relativistic regime: not well known...

— Y > 1: likely not efficient in ultra-relativistic limit
(Lemoine & Pelletier 10)

— B Yen ~ 11t/ t ~ g, likely efficient in mildly
relativistic limit



Shear acceleration and others e

Fermi shear acceleration e.g. Bosch-Ramon, Rieger & Duffy (07)
... particle gains energy by exploring a velocity gradient,
A e.g. a stratified flow perpendicular to the jet axis...

... powerlaw is generic due to competition between energy
gain and escape out of site... index s ~ 2

... acceleration timescale depends on the (unknown)
parameters of stratification, but at confinement limit, in
non to mildly relativistic regime:

tacc/tL ~ g/Aﬁ 2' g~ tscatt/tL Z 1

... in relativistic regime: appears efficient, but scattering issue?

Other types of acceleration mechanisms:

reconnection ... uncertain...
l ... see however de Gouveia dal Pino & Lazarian (05),
L2 Giannios (10) for coupled reconnection + Fermi,
) 1 to/t ~ 27

ponderomotive, wakefield ...? e.g., Chen (02), Hoshino (08)



Magnetized rotators i

magnetized rotator / unipolar inductor: rotating conductor with magnetic field, leading to
a motional electric field E = -v x B /c, hence to potential drop between center and infinity

in a pulsar/magnetar wind, voltage drop in principle allows for
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( < > > e.g. Gunn & Ostriker 69, Miller et al. 97, Blasi et al. 00, Arons 03
Ry
\ \\ VA ... how to experience voltage drop without suffering losses?

N, T S (Arons 03: surf-riding on B wave)
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... composition: light ions?

in a spinning black hole magnetosphere, voltage drop in
principle allows for (e.g. Berezinsky et al. 90)

- - 19 M By
bmax 107 Z ( 108 Mg ) ( 102 G) eV

... same question: how to experience voltage without
suffering losses...

... composition: mostly protons?



e PR Al vl bt edr T P
: Fermi at mildly relativistic 5 : at external shock (Vietri 95)

: internal shocks n 5

(Waxman 95, 01) +PeVv : : Gallant & Achterberg 99,

: Py : Vietri et al. 03: Fermi 1 in pulsar wind?

: decoupling . external : . o

because : '-,. reverse chock Dermer & Humi 0.1:_Fe:rm| 2in

: PHY = N+ p mternal shock downstream relativistic turbulence
STRTOOTRTOTTINY. .1 SO L sh@cks et :

shear acceleration in the core of the
Jet (Rieger & Duffy 06)

: Fermi 2 through multiple interactions
: with mildly relativistic internal shocks
: (Gialis & Pelletier 03)

§ decoupling
: because
é Emax > E

conf



Acceleration to UHE in gamma-ray bursts fireballs “jh
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— acceleration in internal shocks may lead to a neutrino signal at the Waxman-Bahcall

limit, which is now probed by Ice Cube... detection of PeV neutrinos would imply
acceleration of p to >10'7 eV... absence of detection would not rule out acceleration
to UHE...

— radiative signatures of proton acceleration to ultra-high energies? (Asano et al. 09, 10,
Razzaque et al. 10)

— acceleration at the external shock appears difficult... in the reverse shock?

— strongest 'difficulty' for GRB model is production rate:

flux of UHECR above 10%° eV requires an energy input rate: ~ 10%* erg/Mpc3/yr

) —1
with a GRB rate nngrp this requires: Eunrcr/arp & 10°° erg ( nGnp )

1Gpe “yr—!

i-e-’ EUHECR/GRB/ E’Y/GRB Y 10 = u--?

— chemical composition of UHECR: expected to be light, but heavy enrichment is also

possible, if nuclei survive spallation and photodisintegration in the flow (Murase et al. 08,
Wang et al. 08)



Faranoff-Riley Il radio-galaxy Cygnus A

acceleration in the central AGN:
unipolar inductor, shocks in blazar zone...

AGN

\ hot spots
acceleration in hot spots:
mildly relativistic shocks...

relativistic

/ jets
Aarmnm~AlAavatriAm iim oA iAadrc. chhAaAls clhAaAa
daCceieration in tne Jeuls. SIHTULRKS, Slicedl
/ (... only FRII carry relativistic jets)

lobes

acceleration in the lobes:
no strong shock... stochastic Fermi acceleration




Notes:

— acceleration in the central zone is strongly inhibited by radiative losses...
E o S 1019 eV (e.g. Protheroe & Szabo 92, Norman et al. 95)

— only ~ 1% of AGN are radio-loud (jets / lobes)

— enormous luminosities are required to provide proper conditions for
acceleration of protons to ~ 10%° eV in jets, hot spots I

= FRII sources in steady state (e.g. Rachen & Biermann 93, ...)
or flaring FRI sources (e.g. Dermer et al. 08)

— cumulative contribution of all radio-galaxies, e.g. Ptuskin 10

— no apparent correlation wtih FRII sources

— chemical composition: mostly protons (at least up to E heavier

nuclei beyond? e.g. Aloisio et al. 09, Allard et al. 08)

max,p’



Acceleration —a luminosity bound s

.-AE,: :
- _ . (Lovelace 76, Norman et al. 95, Waxman 95, 05, Phaii> s
» A generic case: acceleration in an outflow  |yutikov & Ouyed 05, Lemoine & Waxman 09)
o acceleration timescale (comoving frame): t,.. = AtL
A>1, A~ 1at most:
- for non-relativistic Fermil, A~ g/B,> withg 2> 1 wind
o time available for acceleration (comoving frame): fqyn ~ —=— u
Gle R
. —1
o maximal energy: tacc < tdyn = FEops < A ZeBR/B < o)

o ‘magnetic luminosity’ of the source: Lp = 27TR2@2 FQ/BC

o lower bound on total luminosity: Li,; > 0.65 x 10*° @2F2A2632_2E§0 erg/s
10% ergs/s is robust: forp — 0, A3 > 1/8 > 1
for®T — 0, Loz > 1.2 x 10%° ABLZ_QESO erg/s
ri.c

» Lower limit on luminosity of the source: Loy > 10*® Z 2 erg/s

low luminosity AGN: L, , < 10 ergs/s _
high luminosity AGN: L,_, ~ 10%-10% ergs/s =-only most powerful AGN jets, GRBs

gamma-ray bursts: L, ~ 1052 ergs/s or magnetars for protons



Acceleration —in FR-I radio-galaxies? oy

A (Romero et al. 96, Farrar & Piran 00, Gorbunov et al. 08,

» Centaurus

Dermer et al. 08, Hardcastle et al. 09, O'Sullivan et al. 09) lg _

o in steady state: z E i E
jet kinetic luminosity: Li.; ~ 2 x 10 erg/s 2 E o
20 E 3

=-too small to account for 10%° eV protons ... i} 15 —
.. 10 E o

Erax ~ Z X 10 eV in jet/lobe (Lemoine & Waxman 09) 5 E V=
10 § E

B :

... hote: proton acceleration in the last GRBs of Cen A z E - =
could account for part of the anisotropy (Lemoine & Waxman 09) A :

... and that Cen A lies in the direction of strongest

matter concentration for Auger (Ghisellini et al. 08,
Kashti & Waxman 08, Kotera & Lemoine 08)

padal g wn s Bywaaly

o more generally, leptonic models of the SEDs of

blazars associated with FR-I radio-galaxies: z likely FR-II'

Lp ~ 102 —10Merg/s  (celotti & Ghisellini 08)
in Cen A: Ly ~ 2 x10* erg/s (Lenain et al. 08)

| [AREI|
46 48

Log Power [erg s7!]

o flares / proton blazars (e.g. Farrar & Gruzinov 08, Rachen 08, Dermer et al. 08):

higher luminosity = acceleration of p to 10%° eV?

... however: PAO does not see correlation with nearby blazars (Harari 07)...
... energy losses in blazar zone? ... highest energy Auger event lies 30° away

from the nearest blazar or FRII ...



Testing the chemical composition on the sky s

p Test: if anisotropic signal >E is due to heavy nuclei, then one should detect a stronger
anisotropy signal associated with protons of same magnetic rigidity at >E/Z eV...
argument independent of intervening magnetic fields... (Lemoine & Waxman 09)

108 A A R
- | r PAO ICRC-07 : all-sky average flux : ]
> Xamp e: _ | . ‘ “‘“.‘. ............. .
b 10%E RS Y L ad +"~. =
source(s) contributing 10% of all-sky S S . NHH
flux above 60EeV with iron nuclei, in T [ | Protonanisotropic | )
. . o =1 component D e ]
some direction of the sky § [ looggemrimoodefT -
g —,»’) ]: -~y iron anisotropic ¥
B 10 0o/l '\component E
E..«=3ZEeV, index s=2.0 E Ty :
GCR composition ratio g, : g, = 1: 0.06 (e o o cvvmmi Ao cmacn
P 1 10 100
Energy [EeV]
» Signal to noise ratio of anisotropy pattern: Yz(> Epr) = AN(> Ein)
V Niso
» Compute signal to noise ratio of anisotropy for protons at >E, /Z:
Op(Etnr/Z) s—(sopet1)/2
> >E1;h /) = ZZ >Eth Z obs 071
p( 1“/ ) ( 1”) QZ<Ethr/Z) loss
v \ v J \ )
>1 ~ ZO'2 >1 Qprop.,p(Ethr/Z) qz (Ethr)

> 1
Qp(Ethr/Z) Qprop.,Z (Ethr) o

.. anisotropy expected to be (much) strongeratk, /Z...




Testing the chemical composition on the sky T
p Test: if anisotropic signal >E is due to heavy nuclei, then one should detect a stronger
anisotropy signal associated with protons of same magnetic rigidity at >E/Z eV...

argument independent of intervening magnetic fields... (Lemoine & Waxman 09)

» Example: source distribution around Cen A, injecting iron at UHE, making an angular

image of size 00 = 10°, contributing 10% of Auger all-sky flux above 60EeVi= o Ea

E ' | = Model
- 100% isotropic

Histogram of #events

vs angular separation to CenA
E >55 EeV
Auger (09): 12 events within 18° of Cen A

2.7 expected if isotropic arrival directions

» Proton contribution: compute signal expected
at 55/26 = 2.2 EeV from protons accelerated in
sources....

| note the increased
4 number of events

p:Fe=1:0.06 0 , -LLLLLLLK ?

neglecting energy losses, s=2.0,

3.5 E
E>2.2EeV o 3.0F -
o 55 anisotropy signal
: : C 5k . at 2 EeV at
anisotropy signal at >2.2 Eev > 2.0 .
, 5 1.5 " many sigma level...
in terms of deodeI / dNiSOtFOPiC 1.0 pecctevssssvivesssssvsevenis s-wu%-"—;
T T T TP . .0 50 100 150
. . -1 -7
if p instead of Fe at E > 55 EeV and 00 o< (E/Z)* | .- separalion, U [deg]



Summary + conclusions ... e

» Acceleration to ultra-high energies:

— Ly 2 10% Z2 ... erg/s to accelerate up to 10%%eV
— leading contenders for 102°%eV protons :

magnetars, gamma-ray bursts and most powerful AGN

» Issue of chemical composition:

— most pressing issue: pinning down the chemical composition at GZK energies
— search for anisotropies as a function of energy

IF light composition at UHE + distribution of arrival directions according to LSS:

)

§ — most likely sources are bursting objects camouflaged in ordinary galaxies:

Z gamma-ray bursts, magnetars...

= — do not expect counterparts from these directions due to time delay 2 10% yrs
between arrival of cosmic rays and photons/neutrinos/...
— but diffuse backgrounds ?

=8 IF heavy composition at UHE: pessimistic scenario...

S — expect substantial to large angular deflection: no source identification...?

g — larger pool of source candidates... not much help from theory...

3 — production of secondary neutrinos/photons suppressed down to below detection?




