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The Beginning

OBSERVATORY

Ever since Victor
Hess discovered
cosmic rays in 1912,
a primary question
has been "Where do
they come from?".
After more than 80
years of research
this question
remains largely
unanswered. The
origin of the
highest energy
cosmic rays remains
one of the great
unsolved mysteries

of physics.
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Introduccion

® [Zayos Cosmicos: definicion

e L2 Vida Oecreta de los Rayos Cosmicos
e Produccion, Transportacion, Deteccion

e El Observatorio Pierre Auger

* Resultados recientes sobre \a origen de rayos cosmicos
o (aalaxias activas (emission-line or X-ray selected)
* Radiogalaxias extendidas
e Magnetars

* Agregando Campos Magenticos: (ralactica y Extragalactica
o Deflecciones y re-analisis

* [Zesumen y Futuro



“Rayos” Cosmicos (UHELRs)
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e protones o niicleos livianos relativistas

® niicleos mas pesados solo para energias menores

e Energia del particula > 10 EeV (101 eV)

e Energia mas alta detectada: 200 EeV (50 Joules!)
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Rayos Cosmicos: Historia Hess: didrit have
graduate student?

e 112: . C. descubierto por Victor Hess

® 1927: . C. detectado in “cloud chamber”

® 1932: descubrimiento de antimateria por Anderson

® 1927: descubrimiento del muon (cloud chamber)

® 1938: descubrimento de cascadas de parficulas (Au

® 1949: teoria de Fermi por aceleracion de R.C.

® 1902: primera defeccion de un R.C. con energia 100EeV

® 190b: feoria del “GZK" cutoff

* 1901: Haverah Park, 1991 Flys Eve, 1994 Agasa, 1995 Auger
® 2001/%: una solucion general?




Hillas plot

13 4 pulsars

red: 10 eV
green: 1020 eV

UHEC Produccion 2 1]

e Aceleracion en choques en plasmas extendidos 54
e Radiogalaxias (lobes; Biermann) -7+

N \

Galactic Bglo .

mluster
| |

o Choques de acrecion en ciimulos de galaxias S S

* Choques en galaxias colisionando
e Aceleracion en frente de choques (bouncing)
e Aceleracion en campos magneticos fuertes

e (AGIN: chorro/disco;  Pulsares y Magnetars: magnetosfera)

e Aniquilacion de materia oscura? Evaporacion de agujeros negros?
* ONRs and Gramma Zay Bursts (K.E., decay products)
 We see the few lucky “social climber” protons
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Ultra High Energy Cosmic Rays: observed spectrum
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Figure 1.1: The cosmic ray spectrum I(E) as function of kinetic energy E, compiled using
results from the LEAP, proton, Akeno, and HiRes experiments [1]. The energy
region influenced by the Sun is marked yellow and an 1/ E?7 power-law is also
shown.



1e-07
Cosmic Ray: Transporfacion £ I
- 1e-08 §
:E pion production
i 1e-09 ¢ .
e Dos puntos importantes N
* (nyration alrededor de campos magnéticos = Am
e Pero campos magnéticos desconocidos fortt o
o £l efecto Gireisen-Zatsepin-Kuzmin (GZK) 0g10(EreV)
e Inferaccion con fotones del CMB ->  pion-production
o UHECI: 20% ? energia perdida
e UHECK: mean free path: 20 to 200 Mpc? . |
| "\
e tnfonces: = 100 L
e 3¢ “ve” s0lo el universo local (< 200 Mpc?) il
o 10

e Con un angulo de offset (algunos grados para 100E€V?)
e Astronomia posible solo para € > 50 EeV
* Y un retraso en fiempo (10* anos cada Mpc 0 mas?)



ayos Cosmicos: Deteccion

e Cuando un UHECK entra a 1a atmosfera:

e colisiones, descomposicion
e crean “duchas” de particulas secundarias y fotones

12km

p = proton

LL = muon

T = pion

V = neutrino

et =electron

e” = positron
¥ =photon

100 billion particles at sea level
electrons (99%), muons (1%)

e Ground Array stations



ayos Cosmicos: Deteccion

® Puede detectar |a “ducha” de particulas sequndarias via:

o [edes de detectores en \a superficie de \a Tierra
e [Zadiacion Cerenkov o detectores de particulas
e Fluorescencia en la atmosfera
* Los observatorios actuales son hibridos ¢j. Pierre Auger Observatory
e Dirgccion del URECR original: alrededor de | grado (7) (Luna = 0.5 grados)
 Energia del UHELE original : alrededor de 10% (?)



Pierre Auger Observatory (dur)
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Pierre Auger Observatory

detectores Cerenkov

Communication
antenna

enclosura | Gl

Plastic tank with
12 tons of water

UdeC Marzo. 2009



Pierre Auger Observatory

® tybrid detection
e Four “fly's eye” telescopes
e Triangulate each segment of the shower path
e Calibrate arrival direction and energy of URECK
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Each event: only a few stations involved. Large number of stations for collecting area

UdeC Marzo. 2009



Pierre Auger Co\laboration et al. 20017, Science
(after 2 years of parfial operation)

e Los 27 UHECRs con € > 50 EeV (circulos) no son isotropicos
e Correlacion con Gralarias Activas cercanas (estrellas rojas)

UdeC Marzo. 2009



Pierre Auger Collaboration et al. 2007, Dcience
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We found a minimum of P for the param-
eters Y = 3.1°, zjpax = 0.018 (Dpax <75 Mpc),
and £y, = 56 EeV. For these values, 12 events
among 15 correlate with the selected AGN,
whereas only 3.2 were expected by chance 1f
the flux were 1sotropic. This observation mo-



Pierre Auger Collaboration et al. 2007, Science
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George ef al. 200%:

0.01 0.1 1
Swift Flux x Auger Exposure

Figure 1. Map of Auger UHECRSs (open red circles) and BAT AGN within 100 Mpe (filled blue circles) in supergalactic coordinates (de Vaucouleurs et al.
1976). The blue colour depth is scaled by the hard X-ray flux and Auger exposure, relative to Cen A. The 6 AGN in the catalogue within 20 Mpc are marked
with white crosses, with Cen A at (159.7%, —5.29). Yellow contours have equal integrated exposures. Blue boundaries show where the AGN catalgoue is
incompete due to the Galactic plane, |b| < 15°.

AGN within 100Mpe (weighted by their hard X-ray flux) are
correlated with Auger URECRs at 8%



®D <75 Mpc Nagar & Matulich 2008

® Zed s0lid symbols: D < 75 Mpc and radio extent > 180kpc
e |5 this the reason why the other correlations worked?

UdeC Marzo. 2009




D < 15Mpc radiogalaxies x

-180 +180

5 300

The Cen A region

® 3 de 271 UHECIRs dentro de 2.5 grados de una radiogalaria extendida
* (b de 10 radiogalaxias extendidas y cercanas coinciden a UHECRs
e % de 4 no coinciden en areas de menos exposicion

UdeC Marzo. 2009



Radiogalaxias

Chorros de particulas relativistas
lanzados de un disco de acrecion
alrededor del agujero negro.

UHECRs desde el base del chorro
or desde 105 “lobes”

Formation of extragalactic jets
from black hole accretion disk
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Muy extendido en el radio (> 180kpc)
alguno evidencias en favor de F lls

Accretion  /
disk




Morfologias de las diez radiogalarias
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Nuestro Analisis

R

e Al menos dos componentes _ a.1of
e Zadiogalaxias exfendidas cercanas '
e “otros” (talvez isotropico)
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Also should mention two recent astro-phs: Zaw et al., Moskalenko et al.
bolometric luminosities of V-C&V AGNG used in the Auger correlation



“All” Radiogalaxies

®D <75 Mpc,T5 < D < 150 Mpe, 150 < D < 200Mpc
+180 @ [Zed s0lid symbols: D < T5 Mpe, radio extent > 130kpc

-180

® 1355y

I !;C‘j.’.‘-'-_ P 130844
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Nuestro Analisis: grupos y cimulos de galaxias

e No correlacionado con comulos de ga\axias

* Ni Supernovae ni Gamma Ray Bursts (pero refraso del tiempol)



Ghisellini et al. : galaxies from HIPASS

Figure 1. H1 Parkes All-Sky Survey (HIPASS) galaxies (solid filled sym- :—
bols) and the 27 AUGER UHECRs (black open circles) in galactic coordi- S . , I L
nates. Blue levels corresponds to the AUGER relative exposure. The south

HI catalogue (HICAT — 4315 sources) and the north extension (NHICAT i i ) ) _
_ 1002 sources) are shown by red filled circles and orange stars, respec- Figure 2. HIPASS galaxy HI flux, in galactic coordinates. Blue levels cor-

. . - L : 1
tively. The green lines are 20° % 20° boxes centred on the positions of the responds to the integrated flux (in bins of 2% x 2% and units of Jy km s~ )

radio—galaxies M87 (near the north Galactic pole) and Cen A. of HI emission, multiplied by the relative AUGER exposure. Red circles
are the locations of the 27 AUGER UHECRs above 57 EeV.

® 99% correlation between URECKs and high HI content galaxies
o Ghisellini et al. conclusion: spiral galaxies: magnetars (and/or (19s)

UdeC Marzo. 2009



Comparing the claims thus far

® Pierre Auger Collaboration: UHECRs and Veron AGiNg
e UHELR distribution does not match AGN distribution
e Can any Veron AGN  produce UHECRs ? Probably not
e (eorge et al. : UHECRs and hard X-ray selected AGiNs
e Can any hard X-ray detected AGIN produce UHECIs!
e Ghisellini et al.. UHECRs and nearby spiral galaxies (HIPASD)

o (%5 and Magnetars could are potential UHELCR sources
o Awkward cutoffs for highest statistical correlations
o UHELR distribution does not match HIPASD distribution
o UHECRs will almost always be subset of HIPASS..

* Our claim: extended radiogalries and UHECRs

* 110 | match between nearby extended (FRIIish) radiogalaries and UHECRs
* Exfended radiogalaries long suspected as URECK sources
* Only a subset of UHECRs explained by radiogalaries (but... partz)

Are we all tracing something else on the dupergalactic Plane?



Figure 1. The RM distribution of 374 pulsars with |b|] < 8°, projected onto the Galactic plane.
The linear sizes of the symbols are proportional to the square root of the RM values. The crosses
represent positive RMs, and the open circles represent negative RMs. The approximate locations
of four spiral arms are indicated. The large-scale structure of magnetic fields derived from pulsar
RMs are indicated by thick arrows. See Han et al. (2006) for details. RMs of extragalactic
radio sources of |b| < 8° (data from Clegg et al. 1992, Gaensler et al. 2001, Brown et al. 2003,
Brown et al. 2007) are also displayed in the outskirt ring. Positive RMs are shown by filled circles
and negative RMs by open circles. The RM limits of £1000 rad m ? are set at the outer and
inner edges of the ring. As one can see from this plot, we have not many measurements for the
magnetic fields for the farther half of the Galactic disk. The RMs of extragalactic radio sources
become scarcer and scarcer in the region of |I| < 45°. The fluctuations in the RM distribution
with Galactic longitude are consistent with magnetic field directions derived from pulsar data
in the tangential regions in the 4th guadrant.

Han et al. 20071



(ra\actic Magnetic Field: basic spiral arm model
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¢ 2=10pc 1= -10pc

B, = -3u. s?nﬂcﬂsﬂcf:}s o/r, #G m1342 ;LG kp4:3
B, = =3 sinf cos @ sin /1,
B, = pg(1 — 3 cos’0)/r, 0.3 uG Afthe Sun

UdeC Marzo. 2009



Gralactic Magnetic Field: model deflections

Y~ Ri;: ~ (.52° 7 (

PL
1020 eV

)

Takami & Dato 200% for b2 EeV UHECRs (also Kachelreiss et al. 2007,
Prouza & Omida 2003, Tinyakov & Tkachev, and several others....)

d
1 kpc

)(

B
;LG)

0°<06<1°
1°<0<2°
2°<0<3°
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4° < 0 < 5°
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Extragalactic B field: model deflections

o0 fa\1/2 1 . 1/2 L2
o G ()8
Ry 104V eV 10 Mpc 1 Mpc 102G

Coma

00 02 04 06 08 10 [Degrees]
Fig. 13.— Full sky maps of expected deflection angles for protons with the arrival energy E = 1 x 102 eV.
Dolag et al. 200% : using Opringel’s LSO simulations fo model
intergalactic © fields



Extragalactic ® field: model deflections

00 02 04 06 08 10 [Degrees]

Fig. 14.— Full sky maps of expected deflection angles for protons with the arrival energy E = 4x 10" eV. The

Summary: expected deflections are mainly due to
infervening clusters and fotal deflection is within | degree
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URELR p,v plus model

Shoot positrons from the earth (1,0), at each step
field used to calculate (linearized) deflection, iterate..
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We caleulated the original direction of all Auger & Agasa URECRs
for various Gralactic magnetic fields (blue cross = orig. direction)

UdeC Marzo. 2009
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® Extragalactic deflection to be added in all cases

UdeC Marzo. 2009



® Zed: Soft Gamma Ray Repeaters (dGiks; high energy transient bursts)
e Blue: Anamalous X-ray Pulsars (AXPs; persistent pulsations,
rapid spin down, sometimes SGil&-like bursts)

UdeC Marzo. 2009



Need to include Monte-Carlo for each UHECI : at each step calculate
mode| ® field, add uncertainty + furbulent field -> deflection - > iterate

UdeC Marzo. 2009



100

o0

Mixed BOO and ASA: radiogalaxies + (ralactic SGiks + extragal?

4 GCalactic SGRs

A Galactic AXPs

o Nearby Extended RGs

o Other Nearby RGs

0O —
Distant extended RGs @ Intermediate—distance extended
o Other distant RGs o Other intermediate—distance RGs
100 1 1 1 1 1 1 | 1 1 1 1 1 1 | 1 1 1 1 1 1 1 1 1
—200 —100 0 100
ere B = 50% Turbulent: 50pc scale length, max field 1omicroGs, diff probabilities for spiral arms, disk, halo
BoO=red  ADO =green  BOA=Dlue  ABA=yellow
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e Monte Carlo: i e S, S e 5 oo >
o (alactic B field models/data + uncertainties
e Turbulent field (upto 10 microa ?)
e Radiogalaxies + Gralactic magnetars?
e Thus constrain ® field models...
o Multiple event matches: frajectories and delays
e Investigate “empty sky” (after deflections) UHECRs

e UHELR spectrum from radiogalaxies (distance + GiZK)



Ev>1 GeV Flux (optimistic particle model) |
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Figure 8.2: A selection of dark matter candidates in the plane cross section versus mass; blue
and black corresponds to thermal and non-thermal as main production channel.



Zesimen

* [Zadiogalaxias cercanas y extendidas son fuentes de UHECRs
 Fuerte evidencia estadisticalmente
* agregando campos magneticos:
e puedemos explicar > 50% de UHECRs con radiogalaxias
e Magnetars (esp. (ralacticos) tambien candidatos
e Hard X-ray emitting AGiNs: candidatos potenciales
* Necesitamos explicaciones mas exoticos actualmente?
e Campos Magneticos importantes tambien en estas energias
e Con mejor estadistica (PAO ahora en “full” operacion)
e Map campos magneticos: (ralacticos y Intergalacticos
e (aalactic evolution, star formation ...
e Entender los aceleradores de altisima energias
e CLalientamente de (&M por URECRs



Particles: help!

e Fermions Mesons

matter constituents

FERMIONS <pin = 12, 3/2, 512, ...
Leptons spin=12 [ epin =1/2. |
Mass iEleﬁtric . Electric

GeVic? | charge

Flavor

J potest . (0-0.13)x10-9

 olectron 0.000511 0.005  -1/3
| Pesiting® |(0.009-0.13)x10- ' Lo

) muon 0.106 § i 0.1 -1/3

heaviest, | (0.04-0.14)x10-9 ] 173 2/3

) 1.777 4.2 -1/3




