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100™ Anniversary

R K
Victor Hess balloon flights - 1912
establishes the cosmic nature of ionizing radiation
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Kohlhorster’s team: balloon flight
13 May 1934

Assistent: Schrenk;
Grad Student: Masuch

did not survive the flight.
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MILLIKAN RETORTS
HOTLY TO COMPTON
[N COSMIC RAY CLASH

Debate of Rival Theorists
Brings Drama to Session
of Nation's Sclentists.

THEIR DATA AT VARIANCE

New Findings of His Ex-Pupil
Lead to Thrust by Millikan
at 'Less Cautious' Work.

In an atmosphere surcharged
with drama, in which the human
element was by no means lacking,
the two protagonists presented
their views with the vehemence and
fervor of those theoretical debates
of bigone days when learned men
clashed over the number of angels
that could dance on the point of a
needle. Dr. Millikan particularly
sprinkled his talk with remarks di-
rectly aimed at his antagonist’s
scientific acumen. There was ob-
vious coolness between the two
men when they met after the debate
was over.
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Pierre Auger

Discovered Extensive Airshowers
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E'DHGEEE INTERNATIONAL SUR LE RAYONNEMENT COSMIQUE
BAGMNERES-DE-BIGORRE, &-12 Juillet 1953 Photo ALIX
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d d Physigue (Colloqua #8) V #3 (1722)

Au Pic du Midi c'€tait Ch. Pevrou, B. Grégorv, A. Lagarrigue, R. Armenteros,
F. Muller puis A. Astier. Ont participé non seulement les frangais mais aussi
des &trangers comme Ronald Rao de Princeotn, Tinlot de Rochester, Destaebler de
Mit et aussi B. Le Fretter, en partie. Vous savez ce qul a été &tudié au Pic.
Le congrés de Bagnéres de Bigorre en 1953, je dirais, a sonné le glas des rayons
cosmiques et c'est Powell lui-méme qui, dans son discours de cléture a dit
"Messieurs, maintenant nous sommes envahls, nous sommes sumbergés, ce sont les
élérateurs" éctivement, la plupart des laboratolres de rayons cosmiques
dont le notre, ici 3 1'Ecole Polvtechnique, puis au Collége de France, se sont o-
r.entés vers les grands accélérateurs de particules et je voudrais vous dire aussi
jde le mot hypéron a été annoncé pour la premiére fois au congrés de Bagnéres. Il
y avait B. Rossi, E. Amaldi., C. Powell. Et on s'est demandé comment appeler ces
nouvelles particules qui s'arrétaient, qui &taient lourdes et qui donnaient un mé-
son. Alors on a proposé divers noms. Et Je dois dire que c'est ma principale con-
tribution @ la physique, j'ai prononcé le mot hypéron : le mot hypéron n'a pas &té
bien accueilli par Rossi. Rossi a dit "oh, hypéron, piperone, ¢a va pas". Et au
contraire Powell &tait 13 et a dit "oh hypéron (prononcer haiperon) mervelous".

(Et on a dopté le mot hypéron. Et il a 2 Bagnéres de Bigorre 1'avenue de 1'hypéron:

ﬁc'est peut étre le seul endroit au monde oll une particule fondamentale a donné un
jhom 3 une avenue.






50 Anniversary

1962 J. Linsley's observation of a 1020 eV event



EVIDENCE FOR A PRIMARY COSMIC-RAY PARTICLE WITH ENERGY 10%™ &V

John Lingley

[ AbGiTa " | I . r « Muassacheseits Institete of Technol v, Lambritps, HNlassid huseti=

Analysis of a cosmic-ray air shower recorded point marked “A," assuming only (1) that showe

at the MIT Voleano Hanch statl February particles are gistributed symmetrically about a

1462 indicates that the toftal pumber of = les ixis (the “core™), and (2) that the Qengivy if Far
n the shower (Serial I 2-48343) was 5 1) 2 monotonleally with increas ine

The total energy of the primary particle which distance from the axis. The observed densities
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The existence of cosmic-ray particles having . !  see—
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"
sirong enough magnetlc fieid 50 that AN o (1 730
.
<{&/Z), where R is the radivs of the reglon (em iy
and & is the intensity of the magnetie field (gauss). ] =51 w, 3D

E is the total energy of the particle (eV) and Z is =

itz charge. Recent evidence favors the choice k -
Z =1 (proton primaries) for the region of highest g

[
5
cosmie-ray energies.” For th

pbitains the condition B5 =3 x 1
- ..'\'.
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- - ¥ = - S
i 10%° . halo included) ar Endwn —
such is supernovae ; a a

L] .
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. ; .

where.® An array of scinfillation detectors is
used to [ind the direction (from pulss times) and  —— e

size (from g f shower events
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which satisl{y a triggering reguirement. [n the
present case, the direction of the shower was FIG. 1 Plan of the Yoleano Banch ATTA)

nearly vertical (zenith angle 104 5%). The values 1962, The cizrcles reprasmt 3. 3-m' sciotl
tectors. The pumbers near the circles are the show

of shower density registered at the various points } : . ‘ i
i . i lies (particles/m*) registered in this event, Mo

-4E834, Point A is the estimated location of the

of the array are shown in Fig. 1. It can be ver- - ,
Fipd b “EE el iom of Fioure tE i
ified by close inspection of figure that the shower core, The olrcular ¢onlours about that point
1

core of the shower must have strock near the aid in wverifying the core loeation by inspection.




Some “Simple” Questions

How cosmic particles reach 10%° eV?

Can we use them as probes of high
energy interactions?



Some “Simple” Questions

How cosmic particles reach 10%° eV?

what are the particles? injected &
observed?

how do they get here?

where are the sources?

how do they get accelerated?
what are the sources?

Can we use them as probes of high energy
inferactions?

CM energies > 100 TeV



Propagation

Hadronic

Interactions

Theorists

How cosmic particles reach 10%° eV?

what are the particles? injected &
observed?

how do they get here?

where are the sources?

how do they get accelerated?
what are the sources?

S|2pOW
224N0S

Can we use them as probes of high energy
inferactions?

CM energies > 100 TeV



Ultrahigh Energy Cosmic Rays
OBSERVABLES:

Spectrum
Composition

Sky Distribution
Multi-messengers
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| Cosmic Ray Flux x E2
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Plausible Sources of UHECRSs

1. Extragalactic E > 10'® eV (maybe even @ lower E)



Why Extragalactic?

No significant Anisotropy towards
the Galactic Plane

amh
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#- Hayleigh Analysis

~*- EastWest Analysis Pierre Auger Collab

2 345 10 20 ;
£ [EeV] Abreu et al ‘11




“Known unknown”

Cosmic Magnetic Fields

R, = kpc Z' (E / EeV) (B / uG)"!
R, = Mpc Z' (E / EeV) (B / nG)"

1 EeV =108 eV

Extra-galactic B?

B < nG weak deflection

E > 10%eV

Galactic B deflection
<< 10° Z (40 EeV/E)

anisotropic in sky
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Large Scale Structure Simulations with Magnetic FIEldS
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Galactic Ma%?efic Field:

Rotation

easures

Pshirkov et al, arXiv:1103.0814



Faraday Rotation

Rotation Measure:

R e
- 4Hﬂ n, (NB(1) ™ dl

2wm:c

B, .=107 G

Blasi, Burles, AVO 99



Galactic Magnetic Fields

Better constrained
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Model of Galactic Field:
symmetric spiral disk and
antisymmetric halo —
reproduce best RM data.



Propagation of UHECRS in Galaxy

Gilacinti et al 11

Reg.
GMF
(PS)




Auger Dipole Measurement

Amplitude

P. Abreu et al. ‘11

—#— Rayleigh Analysis
—%— East/West Analysis




Galactic plane Region contributing to CRs at Earth
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Galactic plane Region contributing to CRs at Earth

20
E/Z =108eV/26

Dipole Amplitude

15
E
A 1
E 10 S
- £ 2
. g - Sk l
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0 . | ] EE

For a wide range of Galactic Mﬂgﬂé’fit Field Models
Protons to CNO above 1 EeV have to be Extragalactic
2 while Iron could be Galactic up fo few EeV
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x (kpc) x (kpc)
0.0001 0.001 0.01 0.1 1 0.0001 0.001 0.01 0.1 1
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Anisotropy Limits

rule out Galactic components of
protons to CNO as dominant CR component E>1 EeV
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Dipole amplitude (parcent)

Giacintr et al ‘11 Energy (x 10'® ev)



Plausible Sources of UHECRSs

1. Extragalactic E > 10'® eV (maybe even lower)

2. Transition from Galactic to Extragalactic is ill
constrained. Interplay between composition and
possible transition scenarios
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The SNR paradigm:
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E2dN/dE (eV m-2515r )
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E*% J(E) (™57 s GeV')
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Dip Transition: Galactic to

Extragalactic
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Not just the spectral shape,

.IE - L
but also composition...
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LHC tests of Hadronic Models

Collider models
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BEFORE LHC
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AFTER LHC
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Plausible Sources of UHECRSs

1. Extragalactic E > 10'® eV (maybe even lower)

Extragalactic implies GZK feature!



Propagation of UHECRS

Greisen-Zatsepin-Kuzmin (GZK)
pioneered the field in 1966

END TO THE COSMIC-RAY SPECTRUM?Y

Kenneth Greisen
Cornell University, Ithaca, New York
(Received 1 April 1966)

One cannot save the day for su
ergy cosmic rays by calling ‘Qq
The threshold for photodisintegration against
photons of 7x10~* eV is only 5x10"® eV /nu-
cleon, and at 10'° eV /nucleon most of the

photons can excite the giant dipole resonance,
for which the cross section is on the nrdar

Y

of 10—=2% em®, At this epergv the me: G- T. Zatsepin and V. A. Kuz'min
P. N. Iebedev Physics Institute, USSR Academy of Sciences
Submitted 26 May 1966 i
ZhETF Pis'ma %, No. 3, 11k-117, 1 August 1966
kotice should be taken of the disintegration
they pass through metagalactic space. This occurs at an c-particle energy somewhat lower
than the proton energy at which the pion photoproduction process begins. The rather large
cross section of this process should lead to total disappearance of the muiclei from the cosmic

rays at energies above 101% V.



"Cosmologically Meaningful Termination®

GZK Cutoff
Greisen, Zatsepin, Kuzmin
1966



Greisen-Zatsepin-Kuzmin cutoff
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Propagation of UHE protons
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GZK Horizon
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Last Century’s question:
GZK or No GZK?
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: 3 High Resolution Fly's Eye
Cosmic Ray Flux x E e 1997-2006)

Last Century’s question: -
GZK or No GZK? : ..

'--.'-- = ".-F *? :--
- - -
-~ 4
S Consistent w/ GZK cutoff
L1 E+05 sZK cuto
&
S O SSR A
=
o AGASA (1984-2003)
51'5"“4 100 km? area
I% _E 10°
TL:I ___,..*-.:'.-.,_ 10
E R w f'* ’ *‘»
o ay¥e : .
1.E+03 A - + i‘a
E:Ll 'l|:|24-— “ oy
W ceemeemee- Uniform sources |
= .
1.E+02 No GZK cutoff',
1985 1990 1995 2000 2 ] I TY B S S A Y S
,“}19 ,”JEIJ'

Energy [eV]



Last Century’s question:

log(E/eV)
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Ultrahigh Energy Cosmic Rays
Leading Observatories

Telescope Array

Utah, USA

680 km? array
3 fluorescence sites

' Pierre Auger
Observatory

Mendoza, Argentina

#3000 km? array
4 fluorescence sites
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Composition and Transition from Gal to XGal
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Composition and Transition from Gal to XGal
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Plausible Sources of UHECRSs

1. Extragalactic E > 10'® eV (maybe even lower)

2. Transition from Galactic to Extragalactic is ill
constrained.

3. UHE Spectral shape depends on many parameters:
injection spectrum, source evolution, composition.

Many degeneracies.
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Plausible Sources of UHECRSs

1. Extragalactic E > 10'® eV (maybe even lower)

2. Transition from Galactic to Extragalactic is ill
constrained.

3. UHE Spectral shape fit =» degeneracies.
4. Flux implies Luminosity-number density relationship



Observed Flux =
local production rate of UHECR

Continuous Sources:
(E°dN/dE)g=g,, ~ 10°* eV*m™2s™ " sr™!(ns/107> Mpc™*)(L19/10%* ergs™)

galactic abundance n ~ 1072 Mpc™°

Faranoff-Riley II  n ™ 107°—10"% Mpc~3

Transient Sources e 53 ._
(ns/10 " Mpc “yr 7) (Etot,190/3 X 107 ergs)

Constraints on n = constraints on source Luminosity

For Ex.: assuming PROTONS, NO observed MULTIPLETS
- Lower Limit on Source Density

n>10* Mpc> = L, > 10 erg/s or 10*® erg/yr

Blasi & De Marco 2003, Waxman arXiv:1101.1155



Plausible Sources of UHECRSs

1. Extragalactic E > 10'® eV (maybe even lower)

2. Transition from Galactic to Extragalactic is ill
constrained.

3. UHE Spectral shape fit =» degeneracies.

4. Flux implies Luminosity-number density relationship

5. Very few astrophysical sources can reach E__,
GRBs, AGN, Young NSs, ?
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Challenging Accelerators

to reach 1020 eV

LHC magnetic field,
radius ~ 107 km (Sun - Mercug
or 10 GT fields!

".
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Hillas Plot: E_ , required
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Hillas Plot:
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Hillas Plot: E_ , required
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Plausible Sources of UHECRSs

1. Extragalactic E > 10'® eV (maybe even lower)

2. Transition from Galactic to Extragalactic is ill
constrained.

3. UHE Spectral shape fit =» degeneracies.
4. Luminosity-number density relationship
5. E, .« hard to reach: GRBs, AGN, NSs, IGM shocks,?



E__ selects

max

Inter Galactic Medium Accretion Shocks
Active Galactic Nuclei
Gamma-ray Bursts

Neutron Stars (Magnetars, B > 10* G)



E__ selects

max

IGM shocks: Norman et al. (1995b); Kang et al. (1996, 1997);
Miniati et al.(2000); Ryu & Kang (2003); Inoue et al. (2005,
2007); Murase et al. (2008a).

but Vannoni et al. (2009) says E_ . < few 10" eV
Active Galactic Nuclei

- Central regions - Boldt & Ghosh 1999, but Mannheim 1993,
Henri et al. 1999; Rieger & Mannheim 2000 - losses are
fatal

- AGN flares - Farrar & Gruzinov 2009
- Hot Spots & Radio Lobes - Rachen & Biermann 1993

Gamma-ray Bursts - Waxman 95, Vietri 95; Gialis & Pelletier
2003; Murase et al 2006, 2008b, Guetta & Piran 2007;
Zitouni et al. 2008; Budnik et al. 2008,

Neutron Stars - Blasi, Epstein, AVO ‘00, Fang, Kotera, AVO ‘12
Magnetars - Arons ‘03,
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Active Galactic Nuclei

AGN

- Central regions - Boldt & Ghosh 1999,
but Mannheim 1993, Henri et al. 1999; Rieger & Mannheim 2000
- losses are fatal

- AGN flares - Farrar & Gruzinov 2009

- Hot Spots & Radio Lobes - Rachen & Biermann 1993

Recent work:
- need for UHECRs in Blazars fo explain HE gamma-ray
observation
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Blazars need UHECRs?
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Gamma-ray Bursts

Progenitor
(massive star)
- External
& - Internal shocks ‘
3 ‘ shocks Fe line
‘A’ Fe line Y
: | AYA
j._i Jet 0
# ¥ L
1 = K
CEIINERE . R
burst Afterglow Fe line

&5

Meszaros ‘01



HE Neutrino Limits - thus far

IceCube Nature ‘12 - constraints on (some)
Gamma-ray Bursts (GRB) Fireball Models

. Waxman & Bahcall
. = |C40 limit
- == |C40 Guetta et al.
. |C40+59 Combined
limit
IC40+59 Guetta
et al.

(GeV cm )

i

E? F,

10° 10°
Neutrino Energy (GeV)




Young (Ultrafast) Pulsars




Plausible Sources of UHECRSs

1. Extragalactic E > 10'® eV (maybe even lower)

2. Transition from Galactic to Extragalactic is ill
constrained.

3. UHE Spectral shape fit =» degeneracies.
4. Luminosity-number density relationship
5. E .« hard to reach: GRBs, AGN, Young NSs, ?

6. Diffusive Shock Acceleration (DSA) fits well Galactic
Cosmic Rays: power-law spectrum ~ E-2



GRBs & AGN models mostly based on

Stochastic Shock Acceleration
Fermi 1949

2nd order

Ist order Fermi NI

Axford et al. 1977; Bell 1978;
Blandford & Ostriker 1978; ...



VOLUME i, NUMBER 1

On the Origin of the Cosmic Radiation

ExNRrico FErMI

i . < T - 3 T i P ] - II -
ludies, Unsversity of Chi age, Chacago, Illinois

’ -
ingsilule for Nuclear

(Received January 3, 1949)

A theory of the origin of cosmic ra diation is proposed accor ding to which cosmic rays are origina ted
in the !Ir'l'l'!'-l-'”._ll' space of the -_'.:{l.l.u].' |_|j-.‘ col lisions dfFainsg :1:._-1-'j11}-; imag-
metic ne . Une ol the features of the T}H'-'jll"_‘p' 16 that it % ields JI.._[‘{IJ:._1|]'-r =il Inverse power law for the
spectral distribution of the cosmic rays. The chiel difficulty is that it (ails to explain in a straight-
cler observed in the primary

and accelerated primarily

forward wa v the heavy nu racliation







Fermi: Magnetized Clouds

Transfer of Macroscopic Kinetic Energy to Microscopic Particles

Uel Relativistic Particles Eo = po
: Non relativistic clouds P, <<I
E
>
e 1D version "
‘-E: s ~ E —I— ..".'j D
(/ : Frame of cloud 0 Vet (Eo + Peipo)
* 4 * S ,. 2
Ey, = ﬁ!’rzi(E[] o .-"jt“.‘-if-*"aj = Fp Yarll + .-"jf.‘-ﬂ}
E_ El_E{] _.ﬁ_.2(1_|_.-'{ )2_1115 3
B E[} lel Hel — G = ]
Why twrn oround? ... . Seewc
Magnetic Mirrors {*}_f P
AP
X
“w!
i f’::-(’:;’




Fermi: Magnetized Clouds

Relativistic Particles E, ~ pg

1D version ) |
Frame of cloud Ey = Ya(Eo + Beipo)

by = 'ﬁ!"ci’-(Ea T .-"f—.'}cipa) = kg T”EE(I +.-HEE}Q

AL bty — E . X /
= ——— = P21 +Ba)?-1=¢€ ~ Be

E L

In 2 D can gain or lose energy E,=v*E, (1-Bcosb,) (1+Bcosh,’)
AE _
— =

-1+ (1- BcosH, +Pcosb,’-f>cosO,cosh,”)/1-
(cosb1) = —f/3 (cosBa) =0
F e AL ,333 second order in f3,




First Order Fermi:
shock acceleration

AE -1+ (1+4B/3+4B%/9) /1-B?

success for Galactic Cosmic Ray
qcceleration in Supernova Remngafs
Sedov-Taylor phasg



Galactic Cosmic Ray Aodioa e

115+
11.0}

10.5

100! T -
10
Morlino & Caprioli 2011
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Power Law Spectrum

independent of energy (& =~ 4/3 _.-"333,; or el )

After n cycles (encounters)

P__. probability of escape in each f}fa’e
Number of pdrtmlcs that reach E >E_

. a 7P
NG En) = No Y01~ Pud™ <a(3)

PorpuUa 4 o

) l'll w
cpcr/4 ¢

~1 +0M?2) |dN/dE~E (2 + O(1/M"2))

uy/ug — 1




Power Law Spectrum

independent of energy (& =~ 4/3 _.-"333,; or el )

After n cycles (encounters)

P__. probability of escape in each f}fa’e
Number of pdrtmlcs that reach E >E_

. a 7P
NG En) = No Y01~ Pud™ <a(3)

PorpuUa 4-?’.4{-9
: 7 R R Success!!
cpcr/4 ¢
14

~1 +0M?2) |dN/dE~E (2 + O(1/M"2))

uy/ug — 1




Cosmic Ray Flux x E2

10"2 - 1

27 ~ T-2.1 TG-0.6 L :
;R gz B+ E "% D:ﬂusmn]
w | o : : N
o *"‘hﬁt \ln_]uulmn ]

. Wiﬁl} -
ATIC ""l-.
108 ¥ Proton o _ E 3 =
» RUNJOB . "

* libet AS-y (SIBYLL 2.1)

KASCADE (QGSJET 01)
o KASCADE (SYBILL 2.1)

KASCADE -Grande 2009

“],E- -

E2 dN/dE (eVm2s1sr)

ankle

. A HiRes |
> A HiRes Il
® Auger 2010

102 .
12 14

kotera, AO 2011



Stochastic Shock Acceleration

Lab frame

Non-linear effects:
ey backreaction of particles
ey on magnetic field

downstream




The SNR paradigm:

udion

Acceleration + Di

& 10000 i o
i SN Rate: 1/30 yr
L "
. !

"
_I -l

5 1000 4 % 1000
E\r :'i-.
E, 6 =1/3 E
= y+4& =2.67 H=4 kpc Z
0 N
C"‘i-_IJ T|:||: I el Lt aaail Laeid :?-I

10* 0® 108 107 10°
E(GeV) Blas1 & Amato
4 T i s

5 = 1/3 SN Rate: 1/30 yr~ § = 0.6 SN Rate: 1/30 yr~ | :
I:' i [ 1 E 1 1 1
10° 10° 107 10° 10* 10° 10° 107 10®
E(GeV) E(GeV)




Plausible Sources of UHECRSs

1. Extragalactic E > 10'® eV (maybe even lower)

2. Transition from Galactic to Extragalactic is ill
constrained.

3. UHE Spectral shape fit =» degeneracies.
4. Luminosity-number density relationship
5. E .« hard to reach: GRBs, AGN, Young NSs, ?

6. Diffusive Shock Acceleration (DSA) fits well Galactic
Cosmic Rays: power-law spectrum ~ E-2

7. Extension to Relativistic Shocks in AGN & GRBs



Lower bound on Luminosity

Norman et al. 1995, Waxman 1995, Lyutikov & Ouyed 2005, Waxman 2005,
Lemoine Waxman 2009, see Waxman arXiv:1101.1155

o 1. BR
N ~ —

cR/v

=  BR

FI1G. T: Potential l||:-||.- |.:_-:'I:|r.'|:.-||I|'l| by an unsteady outflow of I|||1_|.'_I||'1i."l « |:-|:|.-I|:.-|..

2 \ 2 9 <
5 E 2 E K e )
G el S c = I[TLJ"JF— TR erg/s

3/4

oY A e
[ > 102 ( = ) : )
1020V 10ms

Very high luminosity, Relativistic flows, transient time-scales

—1/4

No known (steady) sources of 10%¢ erg/s within 100 Mpc!
assuming protons



Plausible Sources of UHECRSs

1. Extragalactic E > 10'® eV (maybe even lower)

2. Transition from Galactic to Extragalactic is ill
constrained. composition is important.

3. Very few astrophysical sources can reach E_

GRBs, AGN, Young NSs, ?

4. Most acceleration models based on 157 order Fermi
Acceleration : spectrum E-2

5. UHECR sources have large Luminosity
6. Challenges for Relativistic Shocks

7. Alternative scenarios: unipolar inductors; wake field
acceleration; relativistic shear jet acceleration, ...



oY) Example:
#W - Birth of ultrafast spinning

Pulsars



Young Neutron Stars & Magnetars

M~1M_,,. R~10km compact stars Opesf Lines

Born Fast spinning <P> ~ 300 ms /

— slows down due to magnetic breaking Closed Line
(and gravitational radiation early one) \

Born B ~ 101213 G

dN/d log B

Faucher-Giguére
‘l & Kaspi 06
F

most “normal” pulsars ok
1
|

11.55 12.1 12.65 13.2 log(B/[G])

rotaton
axis - '
light co-rotating magnetosphera

Cylircer BOa
g -5:;.'|r::
e .I..I..I
<Pl P

dNdP —

~ 2% of normal

pulsar pop.

neutron star surface

last opan
field lina
MEUEron
figld lings star

Blasi, Epstein & AVO ‘00, Arons ‘03



Ex: Birth of ultrafast spinning
Pulsars

Newborn Pulsar with: By = 10"B;; G Z,, =726 Q. = /3000 rad s’

At the light cylinder: R, = 107Q5; cm neg = 1.7 x 10%B,;Q5,/Z em™
Magnetic wind can accelerate particles up to E_ = B./87ng,
E B e ,B]ch?lr: ~ 8 x ]U:;jz B Q: V 20 9
max l" — 2671399 3% CV. E{'r == 4 X ]_Dd ZEﬁBl}rQEE ev

Spectrum too hard. _
Maximum Energy? v’

"The predicted UHECR flux at the Earth 1s

£eQ

- GeV™! cm™2 &1 Spectrum is too hard ~ E-
T RiB s E Lo

ey = 10~

Blasi, Epstein, AVO 00
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Escape from Supernova Remnan’r

1. 57 [ J-.
ol
I]M“{II'III_I[?;] [ 04 3'3\5

\ '8 4 )
.
\RM

proton
3.0

N

softens the spectrum

between protons and iron

+ pulsar distribution &
\propagation

o lu’ﬁh
10 F‘_

secundar}r A
| —
ctons H 4.5

J i i
Ha A - ! [\
_______ - ) maximum 109%/s
L | J— e O 5 /
128 2 % 20 - ° i |
Eﬂ-{zi ﬁ | "'l
1

~ - - - injacted jron
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20 21
log E [eV] Fang, Kotera, AVO *12



Fit to UHECR speci)rum & composition

Galactic Contribution: 10 PeV to EeV

n=0.3, le=20 pc, H =2
B e ¥ s kpe =

18| & Koscode—all 3% Fe

107°F e 22% CNO Fang, Kotera, AVO “12
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% 107
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Fit to Auger Energy Scale
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Fit to UHECRs implies a

Galactic Contribution 106 -10!8 eV
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108 op 22% CNO
E He+C+5i 40% H v I mtora AVCY ¢1°
- F Ofe 15% P Fang, Kotera, AVO ‘12
uy . @ Auger Al
L _..TA [ T 1T L L T TT T T T T T T T T T T Lo
- 17 C ]
107 F '
T'l:' _q_ —————————— {——{—i}-i———
Kz 1 A :
‘o 10'6 L 3 r.f’rll_iii.';F'
r'«lu ___;;Il -
E | s ol I Es 1
“Tl . E; -_ - _Fuﬁli % {‘
I L = = '*ﬂﬂ"f !
= . -
= o W S I * 1 I8fl.
% v mﬂj?t i.!-
T 1 "_n':' I{ T
% 10ML : ‘D'E‘E% |
g e
1{]":' 4571 1) 14 \ I g
1[]14 -ll::]'lﬁ -]D'lﬁ- .]D'I? 1[:IIE ..|D15 -ll:l.?ﬂ b ]E 1'? 7 e E_,.]
E [eVv] log E [eV]

Fit to TA/HiRes Energy Scale, BUT Heavy Composition!




Galactic Cosmic Rays

mind the gap

& Koscade—all
p
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Example:

Birth of ultrafast spinning
Pulsars

Heavy Composition above 10 EeV

No spectral recovery above 100 EeV

Galactic component above 10 PeV

(due to more common slow spinning newborn pylsars)
Different composition for different energy scales
Anisotropies should track Large Scale Structure
Rate of ultrafast births similar to GRBs



1 example w/
Young Pulsars

all :_‘:n;_:-r'rll;'_u:lr'ni-r'll'_;

He

CHO

Bel12

1287520

+ & +T + D<Zs26

Pl s S LD

18.0 18.5 19.0 19.9 18.0
gk [sv) Fang, Kotera, AVO "12

18.5 19.0
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Auger Distribution
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Plausible Sources of UHECRSs

. Extragalactic E > 10'® eV (maybe even lower)
. Transition from Galactic to Extragalactic is ill

constrained. composition is important.

. Very few astrophysical sources can reach E_

GRBs, AGN, Young NSs, ?

. Most acceleration models based on 15t order Fermi

Acceleration : spectrum E-2

. UHECR sources have large Luminosity
. Challenges for Relativistic Shocks
. Alternative scenarios: unipolar inductors;

wake field acceleration: Tajima & Dawson ‘79; Chen et al.'02

relativistic shear jet acceleration: Rieger et al. 2007,
Rieger & Duffy 2005, Lyutikov & Ouyed 2007



Ultrahigh Energy Cosmic Rays

OBSERVABLES:

Spectrum
Composition

Sky Distribution
Mul ti-messengers



Source Model:
;injecﬁun spectrum:E-

*injected composition
redshift distribution

InTerGal _ |
Magnetic IHJ ]

=

Interaction Cross Sections, z evolution
Background Fields: CMB, UV/Opt/IR
Primary, Secondary nuclei, nucleons,
e+e-, qamma-rays, neutrinos,...




Ultrahigh Energy Cosmic Rays

OBSERVABLES:

Spectrum
Composition

Sky Distribution
Mul ti-messengers
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Telescope Array

above 100 EeV
Auger/TA doublet

Poairxii"
Troitsky " May 29 12




Population Separation: need 1,000 events

above 60 EeV

| Corr=laticn

10% events
above 60 EeV
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Auger Dipole Measurement

Amplitude

e T S ——

P. Abreu et al.

—#- Rayleigh Analysis
—%— East/West Analysis

Phase

—®— EastWest analysis

CﬂhEl“Eﬂ‘l‘ PhﬂSE 5h|F+ = Rayleigh analysis



How many UHECRs > 60 EeV

Before we see a source?
1,000 is a good 0.0.m. estimate

Dipole from direction of Cen A in Auger > 60
EeV:

g _bosteriori) right ascensignhhasmeaiddenakyseser <11
agd = % | / J(i) u dQ2

Cl.’d= 0.25

50 discovery requires 1,000 events
(over the whole sky coverage)



How many UHECRs > 60 EeV?

Auger w/ 3,000 km?

(annual exposure of 6,000 km? sr yr)

~20 events > 55 EeV/ yr

Telescope Array w/ 700 km?

(annual exposure of ~ 1,400 km? sr yr)

~4.6 events > 55 EeV/ yr

~ 30 events/year - 30 years to reach 1000.



How many UHECRs > 60 EeV?

Auger w/ 3,000 km?

(annual exposure of 6,000 km? s
~20 events > 55 EeV/ yr
Telescope Array w/ 700 km? g\
(annual exposure of ~ 1,400 km' Sk a
~4.6 events > 55 EeV/ yr
~ 30 events/year - 30 years to reach 1000
Earth - land ~1.5 10® km? = 5 10* Auger

106 events/yr

- full surface ~5.1 108 km?=1.7 10°> Auger
3.4 10° events/yr




How many UHECRs > 60 EeV?

Auger w/ 3,000 km?
(annual exposure of 6,000 km? s
~20 events > 55 EeV/ yr
Telescope Array w/ 700 km2
(annual exposure of ~ 1
~4.6 events > 55 [g

ars +o reach 1000

~ 30 eyenig QQ
Ear’r% 108 km? = 5 10* Auger

10° events/yr

- full surface ~5.1 108 km?= 1.7 10°> Auger
3.4 10° events/yr




Ultrahigh Energy Cosmic Rays
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Composition
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Cosmological v

Solar v

Supernova burst (15874)

2

__-Reactor anti-v

—

Terrestrial anti-v

Atmospheric v

v from AGN

GZK v

100 106 10° 102 10" 10"
eV kel MeV GeV TeV PeV EaV

Neutrino energy




Cosmogenic (GZK) Neutrinos & Photons
and UHECR composition
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Beginning of PeV Neutrino “Astronomy”?
Two events passed the selection criteria

2 events / 672.7 days - background (atm. u + conventional atm. v) expectation 0.14 events
preliminary p-value: 0.0094 (2.360)

Run119316-Event36556705 Run118545-Event63733662
Jan 9™ 2012 August o* 2011

Number of Optical Sensors 312 Number of Optical Sensors 354

CC/NC interactions in the detector

E. Resconi’s talks




Event Brightness (NPE) Distributions 2010-2012
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"GZK v Yoshida m=4 Zmax = 4 =2
e (p K v Kotera FR2, Emax 316 EeV

sl | = GEKv Ahlers m=4.6 Zmax=2y=2.5

————  E%=14x10" GeV em™ sr! 571 (1CS9 limit)

~+ Background (atm. u + conventional atm. v)
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* Observed 2 high NPE events

near the NPE threshold

No indication
o that they are instrumental
artifacts

- that they are cosmic-ray muon

induced

Possibility of the origin

includes

o COSMOgenic v

- on-site v production from the
cosmic-ray accelerators

» atmospheric prompt v

» atmospheric conventional v

()
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The UHE Gamma Ray Astronomical Window

Photon

attenuation
length 10 Mpc

for E> 2 EeV

13 14 18 L] 7 i1} w 2 20 b 23 L 25

10101010 0™"M0™0"10"M0™M 0™ 010%™ 01 0™0
E (V)
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GZK/Cosmogenic Photons

IR'OPT/UV Kneiske 2008
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Auger Photon Limits ICRCII
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How many UHECRs > 60 EeV?

Auger w/ 3,000 km?
(annual exposure of 6,000 km? s
~20 events > 55 EeV/ yr
Telescope Array w/ 700 km2
(annual exposure of ~ 1
~4.6 events > 55 [g

ars +o reach 1000

~ 30 eyenig QQ
Ear’r% 108 km? = 5 10* Auger

10° events/yr

- full surface ~5.1 108 km?= 1.7 10°> Auger
3.4 10° events/yr
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Exposure History
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Extreme Universe Space Obsegvatory
on the (| |
Japanese Expegiment M I | *
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Collaboration of
13 countries,
77 institutions
> 250 scientists
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How many UHECRs > 60 EeV?
Auger w/ 3,000 km? (A.E. = 6,000 km? sr yr)
~20 events > 55 EeV/ yr
~ 1 events > 100 EeV/ yr

Telescope Array w/ 700 km? (A.E.™ 1,400 km? sr yr)
~5 events > 55 EeV/ yr

JEM-EUSO annual exposure: A.E.= 60,000 km? sr yr
at 100 EeV and 80% at 55 EeV
~160 events > 55 EeV/ yr

~ 10 events > 100 EeV/ yr

REACH the magic 1,000 events in = 6.25 years
over the full sky



Full Sky Coverage

with nearly uniform exposure
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JEM-EUSO

Full sky coverage

Relative ex ﬁusur'e [Isc':utm n'in: — i}

Declination [°]
( +30

Auger (o = 35.5°S) / 7,000 km*-sr
TA (p=39.1°N) / 1,800 km-sr

0
-1 08-06-04 02 0 02 04 06 08 1

sin(Declination)
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ZeV neutrinos
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Tools for HE

Ground array
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Particle Astrophysics @ HEs

TeV PeV EeV ZeV
A ARA
ARIANNA
Pamela/ Fermi/ CALET =
JEM
CR 12 13 EUSO

Y 12 15 18 21

Leading Projects
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Nﬁ S'ig*hi'ﬁcamL Increase In
Statistics\at the highest energies.
Internqtional Efforts
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