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st @ cosmic rays are a direct sam-

i\ Cosmic Ray Shower

ple of matter from outside
the solar system

\ - :
\ (www.gae.ucm.es)

@ they can provide important
Information on the chemical
evolution of the universe or
put constraints on Galactic
and extragalactic magnetic
fields

@ secondary particles: prin-

UHECRS:E > 50 EeV cipally pions,  muons,
1st UHECR: Linsley (1963) electrons, neutrinos, gamma
rays

UHECR flux: a few dozen particles/Kicentury
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1st UHECR: Linsley (1963) T g
UHECR flux: a few dozen particles/Kitentury

@ What are the primary UHECR particles? Is there a (GZK) cutoff
the spectrum? What are the sources of UHECRS?




Galactic sources (of CRs)e.g.,
supernova remnants (acceleration
of particles in diffuse parallel
shocks)

Extra-galactic sources (of UHE-
CRs): most probably jets (inter-

nal shocks) and lobes (external
shocks) in AGN ang-ray bursts
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L GZK cutoff: Greisen (1966) and _ «

A Zatsepin & Kuzmin (1966) %‘“x Commic flay ey Specteun
WHECES particles (protons) withE > 50 i« (i telescopenmmayore!
Je EeV are subject to energy loss <% g
0 by pion photo-production by
: scattering off of the CMB pho- s o
L tons, py — pro(nmr) — sources e
of UHECR protons should be &  cuedesomee 5 E"
located within~ 50 Mpc
GZK horizon: observed flux .t
above ~ 50 EeV from sources ,_
within a~ 200 Mpc e

@ arrival direction of the primary UHECRs does not exactlymoi
to their sources (deflection by magnetic fields especiatp@githe
galactic plane)




The Pierre Auger Observatory: ™= = js
Provence of Mendoza, Argentina, A/

air fluorescence and water- _ A
Cherenkov detection (1600 tanks) /%
in a hybrid instrument with an = {%
aperture of 7000 kiisr, on a 'R
surface array area- 3000 kn?, -
since 2004 (finished 2008)

Www.auger.org

@ 31 Dec 2009:69 UHECR event$¢55-142 EeV), arrival directions
with respect to their correlation with populations of ngadxtra-
galactic objects in the &on-Cetty & \eron (VCV) catalog, galax-

les in the 2ZMRS (NIR), and AGN detected by Swift-BAT (hard X-
rays)

@ blue circles of radius 37Icentered at the positions of the 318 AGN
In the VCV catalog that lie within 75 Mpc; 29 out of 69 events
present correlating arrival directions
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@ autocorrelation of arrival directions: the absence ofrgjroluster-
Ing at small angles+ many contributing sourceand/or large an-
gular separations between arrival directions from the samuece

@ 18% from events (withe > 55 EeV) lie within 18 of Cen A

@ none of the 69 events is within 1®f M87 (which gets 1/3 the
exposure that Cen A gets)



UHECRs

High Resolution — Fly’'s Eye

experiment HiReg in Millard o
County, Utah, USA since 2007;
collaboration between universities
and institutions in the United
States, Japan, Korea, Russia, andz .|
Belgium a

e
-

2 HiRes
® Auger

s power laws
L — power laws + smocth function

lllﬂ:!‘ [l i

Sommers, P. (2012)

T
Energy [eV]

@ HiRes data show GZK cutoff and protons as primary particles

@ Auger data show trans-GZK; possible heavy nuclei; staastior-

relation with AGN

@ UHECR sources: possible AGN jets




Active galactic nucle

OVERVIEW stronger jet Radio Loud Quasars @ galaxies whose nucleus
ecrs | [T yE— d spectrum cannot be ex
AGN . N y plained by standard stellar
Jet formation L oo S .\oa\i‘e‘ i -
ot warow e R Prosd ne Reg d physics, e.g., a de_nse stel
Shocks | Ml s lar cluster of massive stars
UHECR MODE ~ Accretion Disk or a stellar mass BH
CONCLUSION
_ . .
e @ spinning s7upermaSS|ve
BH, M ~ 10" — 10°M,,
——— surrounded by an accre-
Type 1 . .
yp Radio Quiet Quasars tIOn dISk
@ AGN jets: Vjets ~ 0.9 — Cygnus A (FR-II)
0.995c or y = 2— 10 (bulk
Lorentz factor)
Credit: NRAOJ/AUIL
oanha u;an contribution from spin aown —




Jet formation

@ Blandford-Payne mechanis(d982): MHD flow — the jet can be
launched and collimated by centrifugal and magnetic forcdse
disk particles are driven upwards by theadient of the pressurir
the disk to fill the corona around the disk and are furtherlacated
by thegradient of the magnetic pressure

Blandford-Znajek
mechanism

relativistic jet
Blandford—Payne
mechanism

coronal
wind

accretion disk




Jet formation

@ Blandford-Znajek mechanisif1977). electromagnetically extrac-
tion of energy and angular momentum of a BH (“BH dynamo”
mechanism)— the energy flux of the jets is provided lopnver-
sion of the BH rotational energy into Poynting fluxhich is then
dissipated at large distances from the BH by current inktigisi

Blandford—-Znajek
mechanism

relativistic jet
Blandford—Payne
mechanism

coronal
wind

accretion disk




Jet emission

QUASAR STRUCTURE
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@ helical magnetic fields

@ synchrotron and inverse Compton radiation

Marscher2000

@ structure and emission of a radio-loud AGN



@ collision of a charged particle with a moving magnetic cloud

@ acceleration of energetic particles by Fermi processesdiffusive
shock acceleration or second order Fermi acceleration{GN fets



- Difussive shock acceler ation

OVERVIEW

INTRODUCT
UHECRs
AGN

Jet formation
Jet emission
Shocks

UHECR MO
CONCLUSIO

Giacalone 2003

@ acceleration of energetic particles by Fermi processesdiffusive
shock acceleration or second order Fermi accelerationf=iN fets

@ Blandford (2000): acceleration region can be sustain byneag
energy extraction from spinning black holes




reflection

Ostrowski 2003

@ acceleration of energetic particles by Fermi processesdiffusive
shock acceleration or second order Fermi accelerationlGN fets

@ Blandford (2000): acceleration region can be sustain bynetg
energy extraction from spinning black holes



UHECR MODEL

SPIN-DOWN MODEL FOR
ULTRA-HIGH-ENERGY COSMIC RAYS

Dutan & Caramete, in preparation
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@ common idea:UHECRs E > 50 EeV) are produced in AGN;
Problem: bolometric luminosities of most of the AGN are #ign
icantly lower than that required to satisfy the minimum cddod
for UHECR acceleration in a continuous jet

@ scope:to study the possibility of UHECR production in radio jets
from low-luminosity AGN (LLAGN), with a jet powerP < 10%
ergs?

@ we rewrite the equations which describe the synchrotroft sel
absorbed emission of a non-thermal particle distributiorob-
tain theobserved radio flux densiiff,s) from flat-spectrum core
sources

@ jet power provides the UHECR luminosity and so, its relatmthe
observed radio flux density

@ estimate the particle maximum energy for both spatial and sy
chrotron loss limits



@ we assume that the UHECRs are accelerated by shocks in AGN je

@ the jet uses the BH spin-down power and then extends into a co
ical shape with a constant opening angl® As a consequence of
the free adiabatic expansion of the jet plasma. [similamysoy:
Markoff et al. (2001)]

@ we assume that the UHECRs am®ton-dominatedHiRes — pro-
tons, Auger — maybe light nuclei)

@ in the observer frame, the magnetic
field along the jet varies &~y 'z *
and the electron number density in the

jet scales as- y;z 2, wherey; = bulk

Lorentz factor of the jet

@ we set the slope of the particle den- P ;"Bp
sity distribution (- E~PdE) to p = 2 g
(spectral indext = 0.5) andB ~ B]|*

mg




@ frame comovingwith the matter in the jet and the (resthme of
the observgnn which the relativistic jet moves wity)

@ electron and proton number densitieflgp = Ne/Np (Ngp, Measured
In a comoving frame)

Model description

@ comoving density of the jet:
nM = NyMy + NeMe = NpM, (1+ fep%> = npmy fo
@ mass flow rate into the jets (in observer frame):

: d
M = 2 (PIV5) = My (S)z—0 = yjB;cripmy fo2m gko
GR factor
@ proton number density:
M,
yiBjcmy fo21rgko

ne — fep



@ we suppose thatiecollimation shocKSanders 1983) is produced
at the jet height- zg — power-law energy distributioaf the parti-
cles:

N(E)dE =CE"PdE or N(y)dy=C'y Pdy

C — C/(rneCZ) p—1

Model description

@ for a conical jetthe normalization of the™ number density:
2\ 2
C' =G} (—) (cm™3)

@ self-absorbed synchrotron emission of the jsjgectra from com-
pact radio sources can be explained by self-absorbed sytnochr
emission of the jets produced by electrons with a power-lagrgy

distribution



Model description

@ to calculate thélux density of the synchrotron emissifnom radio
sources with a flat-spectrum core, we rewrite the absoruoai-
ficient, optical depth, synchrotron emissivity and soungection
(Rybicki & Lightman 1979)

@ to obtain the emission spectrum, one needs to solve theieqguat
the radiative transfer:

dR, =S [1—exp(—T1y)]dQ

S, = source function (ratio between emission and absorptieff.gc
Ty = optical depth

dQ = 2rrdz/D?

r = jetradius

distance to the source



synchrotron spectrum from a power-l
distribution of electron

Model description

log(flux density)

log(frequency)

@ intrinsic flux densityfor 1, = 1, flat-spectrum core sources:

2p+13  2p+3

F/ = Ka(Chlo)Pory"™ BS™ Dy 2(tand)

@ observed flux densitfor a continuous jet consisting of uniformly-
spaced blobs:

Fobs= D °F’




@ UHECR luminosity:
Lcr = ECRVJ-ZMJ' 02

Model description

+4 _ 2p+13 _ 2p+3

2p+13 pt=
h(Yi\ 5 [tanB) 3 ro 5 By 5
ber = KsBD (E) (o.os) <z_rg> Bmax

_2p+3

pi4 2(p5+4) M 10 1
Fobs Ds TPM. ergs

o quantities in black color depend on the jet parameters,pxce
for Ks which depends op, and quantities in purple depend on

the BH and on the launching area
o for a continuous blob emissioh:= [(p+3)(p+4)]/10
o We setp = 2 from shock acceleration calculations

@ UHECR flux: Fegr = Lcr/ (4TD2)



@ maximum particle energy of UHECR:

Model description

o spatial limit(Falcke & Biermann 1995, Gallant & Achterberg
1999).

B r M\ 12
sp__ 0 H 0
Fo = 510 (B“) (ng) (mgm@) )

o synchrotron loss limi{Biermann & Strittmatter 1987):

12 . 1)2 1/2
loss __ 8 Vs ﬁ E
Erax = 42x10° (3><1014Hz> (5) (zo>

B —1/2 M 1/2
H ®

Vv, = cutoff in the non-thermal emission spectra of AGN




Source 'y ¢ 8 Ds M FeCHz  ENx  E[9sS Lcr Fcr

() (0) (Mpc) (x1C°My) (mJy) (ZeV) (ZeV) (erg s1) (erg/s/cm)
M87 6 10 19 16 3 2875.1 0.86 0.25 203x10*® 7.03x10°1°
CenA 2 65 5 3.5 0.055 6984 0.11 0.21 316x10%? 228x107°

@ estimations for the UHECR maximum particle energy, lumiypsind flux
In the case of M87 and Cen A, whose jet parameters can be etdtinom
observational data

@ energy along the jet estimated by Whysong and Antonucci3p00 10*°
erg st and~ 10" erg s'* for M87 and Cen A, respectively

@ the sources have alow power jet, though they are powerfulginto provide
the environment for particles to be accelerated to UHEs df ZeV (here,
the jet power is supplied by the BH spin-down power)




@ apply the model to a complete sample2a® steep-spectrum radio
sourcegfCaramete 2013) at redsh#ftc 0.025 (~ 100 Mpc), with a
total radio flux density larger than 0.5 Jy

@ jet parameters are assumed to be the same as for-M8w lumi-
nosity and flux of UHECRs are only scaled by thel mass, the
radio flux density, and the distantaeethe AGN

@ Cen A, M87, and NGC 3862 are the strongest radio sources of tr
sample

@ all sources havEax ~ 1070 eV

@ Cen A, NGC 3862, NGC 3801, CGCG 114-025, UGC 2783 have
Fcr > FM87



UHECR sources

C=488+1.74,k =0.86+0.45

N
N\

10—

integral counts N(>f)

10
f=FerlFoy'

a fit a power-law model = C f¥) to the mean values of the data in
each bin folN(> 0.405)

@ a power-law model witlk > 1 — weak sources can dominate over
the strong sources> LLAGN (powered by the BH spin down) can

make a large contribution to the integrated UHECR flux in teal

universe



@ Aitof projection in galactic coordinate of 300 scattereéms (red
dots) coming from a selected population of AGN sources {lac
dots) using the Monte Carlo simulation — same method as in
Caramete et al. (2012, submitted)

@ model in scattering angles 68f 2, per solid angle, which spreads
events evenly into logarithmic rings9 /0= const

@ particle acceleration withpatial limit
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@ above the thick line is the area from the sky not seen by theeAug
(declinations above than 24.8 degrees)

@ thin line surrounds the area from the sky not seen by the HiRe
experiment (declinations less then -32 degrees)
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@ Aitof projection in galactic coordinate of 300 scattereéms (red
dots) coming from a selected population of AGN sources {lac
dots) using the Monte Carlo simulation — same method as in
Caramete et al. (2012, submitted)

@ particle acceleration witeynchrotron loss limit



Fit Auger

@ Preliminary Energy spectrum of the Pierre Auger Observatory in
blue (The Pierre Auger Coll., Phys. Rev. Lett., vol. 101, 60R))

and the corresponding energy spectrum coming from the Carar
ete’s list of sources represented by a star symbol
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common ideabolometric luminosities of most of the AGN are sig-
nificantly lower than that required to satisfy the minimunmdiion
for UHECR acceleration in a continuous jet

@ scope:to study the possibility of UHECRSs production in radio jets
from low-luminosity AGN (LLAGN), with a jet powerP < 10%
ergs?

@ we rewrite the equations which describe the synchrotroft sel
absorbed emission of a non-thermal particle distributenlitain
theobserved radio flux-densi{¥,) from flat-spectrum core sources

@ jet power provides the UHECR luminosity and so, its relatmthe
observed radio flux-density

@ we obtain the expressions for theminosity and flux of the UHE-
CRsas a function of thé&, and jet parameters




@ we apply the model to M87 and Cen A, two possible sources
UHECRSs whose jet parameters can be inferred from obsenatio

@ we use a complete sample of 29 steep-spectrum radio sources
Caramete (2013) with B, > 0.5 Jy at 5 GHz to make predictions
for the maximum particle energy and flux of the UHECRs

@ although the jet power i 10% erg s 1, the jet particles can be
accelerated to energies100 EeV

@ make predictions for UHECR eventssky plot
@ fit the model predictions to th&uger data

@ extend the AGN source sample to obtain better statisticallt®
main problemblack hole masses are unknowimmproved catalog
of BH masses (Caramete & Biermann 2010, A&A 521)



@ More information on radio data and BH mass from other nearb
AGN are required to develop an improved statistical modatiwh
may answer the question of whether the of the UHECRSs is pro-
duced by many weak radio galaxies or a few strong radio gadaxi
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