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Detection method

* Extensive air shower /
) | / An ultra-high-energy CR (>10"8 eV)
* secondary partlcles : o [rate: ~ 1 km = per week, and drops
. g YRR 2 >1020 gV/!
. Cherenkov radlatlon YA \;\i to 1 km= per century for E>1020 eV1]
\ -'.-I £ ; \“\\. ! |; A '-'.'\ E h (EAS)
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Auger Observatory Total surface area: ~3000 km? {1600 tah ks) 3

* ionized nitrogen’s radiation




Observatory

* Chinese contribution

« Tibet Asr 1989-now co: Japan

- ARGO-YBJ 2006-2013 co: Italy

= LHAASO constructing(Sichuan)
electrons «— Wukong observatory

near or
below 10%5eV

- the High Resolution Fly’s Eye (HiRes)

- a pair of fluorescence telescopes that

operated in Utah until 2006
UHECRS -

s1o¥ev |* Pierre Auger Observatory (Auger)

* a 3,000 km2 array of water Cherenkov
stations with 1.5 km spacing




Spectrum :

- galactic knee: |
5=2.7 ~3%10"%eV
0 | e 2.yr! —
* UHE >10'8eV K Pra, / TmEyT

1 gp-1
T
1

* Larmor radius:

ATIC h?h”

r, = E/ZeB ~ 110 kpe Z~1(uG/B)(E /100 Eel 10°= 3 Proton

RUNJOB
LHC’s highest energy : 14TeV:1.4*1o13e m Tibet AS-y (SIBYLL 2.1) ankle: y
. _ .| = KASCADE (QGSJET 01) ' |-
pingpong: 17 m/s@2.7g 10 O KASCADE (SYBILL 2.1) ~5%10'8eV
W=mv?/2=3.9 J macroscopicD | 4 KASCADE-Grande 2009 tkm2-yr
Particle: E=102°eV =16J  microscopic
A HiRes|
. 109 A HiResli
The highest energy event reported | e AL;;EUM
by Auger thus far is of 142 EeV -
(Abreu et al. 2010). | |
10212 14 16 18 20
log E (eV) ~102%eV
e GZK Cutoff 1km-century

Kotera and Angela V. Olinto 2011 5



GZK cutoff

reisen, 1966, PRL; “atsepin & [<uzmin, 1966, JETPL

. Let’s consider a 10'8eV proton
* In the frame of UHE particles, v c=10'eV
p

a CMB photon becomes a C Energy of proton’s rest energy: 938.3MeV = 10%V

gamma-ray phOtOﬂ. Lorentz factor : y~109,

CMB photon: kzT=1.38*103[J/K]*3[K] =4.2%¥1023)

e pair production
~10"4eV

e threshold~0.8EeV=0.8*10"%eV .
i in the frame of proton:
P+YcmB @ Ppt+e” +e ym, c=105eV

* pion production electron pair: 511keV ~ 105eV
* threshold~200EeV
P-+9cmB —>p-t 0
P+7YcmB = n+7t



GZK cutoff

0.8Eev D+YcuB = p+e +e”

200EeV P +7YcmB — P + w0
P+vYcmg = n+ 7t

107

Berezinsky et al. 2007
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Candidates sources/acceleration mechanism

Charged particles confined by 107 LA Tpc  Tkpc TMpc
1 1 Neut t
magnetic field D Hillas diagram
* Hillas criterion (Hillas,1984) ool
7, = E/ZeB (Larmor radius)
"L = R 10 -
E < Enax ~ 1EeV Z(B/1 nG)(R/1kpc)a)
* example: ool
* Fermi acceleration
* AGN jet
* unipolar inductor 105 L
* Neutron star
 eiees I IGM
shocks
10-10 l 1 l 1 l 1 l 1 |
105 1010 1015 1020 1025



Fermi acceleration

Active Galactic Nuclei

* AGN jet
 ultra-relativistic shock shock front
jets :
undisturbed ISM ‘ undisturbed ISM
A/_/"af"
\k?'b{-jﬁ‘ x
< 4 ]
C 47 - % black hole
.@" J O sh?ck : )
71/4 é / accretion disk
// cocoon J"‘




Unipolar inductor in neutron star .cumingmiisecond pusar

dipole magnetic field
unipolar inductor
quadrupole field

magnetic axis
\ j

X \

" radio beam

rotation axis \
\

— outer )
acceleration

gap
inner
acceleration
gap

open

field Iineg

Pulsar Astronomy by Lorimer and Kramer

F=quB=qE;V=.Q.XT E=_(Q:T)XB

In the polar cap: particles can slide along magnetic lines
c _ . R

R, =5, T = RLCsin?0,sinf, = |-—,

LC

if R=10km,P = 1ms, Q = 2?”,3 = 104G —

Rp =R51'n0p =

R3 QBr? 2w - 101G . (4.6km)?
= ( ) ~ 1020V
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Fraction of cosmic rays from distance > D

Anisotropy

* Early results from the Auger Observatory showed
tentative correlation between the UHECR arrival
directions and nearby BL Lacs objects
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* <100Mpc

Not substantiated by increased events

' I
~

\
--------- E > 100 EeV
—— E>60EeV
— — E>40EeV

200

250

GZK cutoff

UHECRs from ~100Mpc can’t reach us,
they should be produced nearby.

Matter is distributed inhomogeneously

* Recently work, correlation with
AGN (in figure below)
e need more data to confirm

Overdensity

(along line of sight
within 200 Mpc)

o0

0.50

0.20

0.05

et 0
Dot: direction of cosmic rays E>b5 EeV
shaded area: a smoothed density map of AGNs within 200 Mpc

from 2MRS catalog over the Auger Observatory field of view
(Abreu et al. 2010). 1



Composition

<X, ..>: the depth in the atmosphere

max

of air shower

the indicator of composition of
primary particles

<X.2> <IN(E/A);E energy,A atomic
mass

F
<Kpax”> > <X, &>
<X > Of protons fluctuate more

But HiRes argued the trend remains
closer to light primaries.

unclear
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Summary

Observation: extremely difficult

Energy spectrum:
* knee, ankle
* Hint of GZK cutoff

Origin and acceleration mechanism is still unsure
- GRB,
* AGN jet,
* neutron star,

Spatial distribution : anisotropy ?

Composition
* the detailed composition is still to be understood,
but it’s clear that primaries are not dominated by protons



* Thank you for listening!



(pp T p",r)z — '[pn T ljﬂ')z

/ rest mass
exXercise: p+acws —n+rt  atpd?= (M
(Pp+py)* = (Pp+Dy) - (Pp+Dy)
« CMB photo: = p;+2pp Py, + D3,
ks T=1.38%10 3 J/K]*3[K] pi = M2 = ( B
amomimeztorey el (Toptao o n

— M2 4 2p,, - py = —(M,, + M)*.
N (E{f) 4 momentum vector

p by . — EpBy (EP) (—Eﬂ,)
P T 2 c c
Energy and momentum conservation _ —2E,E,
Special relativity <
_ 4F E _
M?2c? LY — (M, + M,)*c
Energy of proton: pC T c2 (Mn + Mz)c
939.64+-139.6)2—938.32 [MeV? : :
Ep = : - | C E — (Myc? + Mzc?)? — (*'Mﬁcg)g

41%2.6x10-1Y [MeV] _
3 % 102%V ] « g 4E, -
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