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The measurement of GPAY
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The measurement of GPAr
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W%Mwags }

T=time for a cosmic ray to reach Earth from its source in straight line
T=actual time needed by the cosmic ray

Awnisotropy & = T /T 100% anisotropy if T =T, CR directly to Earth
100% Lsotropy if T =00, complete Lsotropization

Any 8 #0 tmplies a motion

Motiown of the Barth/Sun system in

Propagation of the CR from the aw isotropic gas (e.9. the CR one):
source b the tntergalactic space the Compton-Getting effect:
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[Awisotrop Yy from Diffusion }

B(F)=B,,(F)+B,,, ()

reg

Cosmic rays propagate in the Galaxy guided by magnetic fields

They are confined in the Galaxy up to ~10*% ev, since the curvature in a Galactic

15
Es[107eV] (1 eev proton Yy
~ thickwness of Galactic disk)

magwetic field of ~3 ug s
r.lpc]= BluGZ

18
3.09x10 cm

Lpe

Intergalactic space
A 1
ID = —).Dv‘

diffusion coefficient

Halo
A, =diffusion mean free path ~

,';, CE ‘: 106, /cer _r_;_ ' pa
- 4 B )\ L scale of ISM tnhomegenelties
(0.1-0.2 pc)
v
<~ 30Kkpe ~ IR escape
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Intergalactic space

/v= parti,cl,e veLoci’cH

18
lpc = 3.09x10 cm

If diffusion is present, density gradients
N appear, since CRs flow away from the Galactic
plane, and there is anisotropy

\

p= disk density = 1/cm>
H= halo scale height ~ 700 pe
D/H=v, =escape Velocity ~1.5 10% em/s

J

DP~103f em?/s

-

4
Halo 0.1-0.01 /cem
3 3 y cEQ N F168 loos D D LV\/GreaSCS Wl’/th 6,
8¢ 54D WL x1-100 /e =9 i i
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' Level of expected anisotropy
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thf&at }

Motiown of Barth and Solar System in an Lsotropic gas in the rest frame

earth orbiting arownd a
the sSun (Ln solar timee):

expected AL oV oso| | Solar System wmoving
(1) ¢ through the cosmic rays

measureol “ou<” (Lin <i 1
Al 50479 . 9as (,w\, swlerc,aL time)
(1) galactic CR anisotropy

galactic CR anisotropy

Solar System moving with
V~350 Rm/s through the CM®B

rest frame

extmg’aLac’cLo AL (o) ~0.6% ﬂl
At Earth: CR antsotropy |{I) c
= CR intensity
Y=slope ~2.7

Ve ~ 30 Rm/s
O0=Awngle between the detector motion and the CR arrival direction
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[Awisotrop Yy stud Les with EAS arrays }

EAS arrays have
uniform exposure bn right ascension o (due to Earth rotation),
not uniform exposure in declination d : Ad = f(array geographical position,
zenith angle dependence of the shower detection and reconstruction)

Method: analysis in a, through the harmonic analysis of the counting rate within
a defined 8 band [formalism of Rayleighl

amplitude A |A = dcosd I (d=declination of observation)
phase @ (howr angle of the maximum Lwtewsitg)
probabil,i,tg P to detect a spurious amplitude

Experimental challenge:

> expected amplitudes very small (102 -10%)
need Long term observations and large collecting areas
> spurious effects have to be kept as small as possible
need area uwi{ormi‘cz’ and time s’cabiLLtgj, oow’ciwui’cg of operation
> dependence on pressure and temperature
Many cowsis’cewcg checks are needed
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[Awisotrop Yy stud Les with EAS arrays }

Experimental challenge:

> expected amplitudes very small (102 -10%)
need Long term observations and large collecting areas
> spurious effects have to be kept as small as possible
need area uwi{ormi‘cz’ and time s’cabiLLtgj, oow’ciwui’cg of operation
> dependence on pressure and temperature
Many cowsis’cewcg checks are needed

«10*
2874
ExperimewtaL method:
2873 "
] » Ll | o o
v For each EAS : paratllw (W Leri ] g L
’ ’ ’ , - "i' .- .'.. Ll
arrival time and direction, o and 0, € e mall b Al e,
) : I J oo eyl LU
v\ Correct the counting rates for P,T 2871 (S o Ll
L o ¢ o .

/ APPL5 SDMC Sﬂfﬁta Ol/(,tS 2870W | ‘.".ﬁ..?.? ..... ; o L -.

v Make oowsist&wcg checks L
(antisidereal time distribution, 2869 " |
Compton-Gettin ct, ete. el

P qe @ eﬁe ¢ ) 28680 é 4 6 8 10 12 14 16 18 20 22 24

A.castellina 3rd School of Cosmic Rays and Astrophysics 11



(@)
_ boe
% . %% -~ | The “Low” energy range
X Los v e uﬂi Ono a
W s +3 I ut Kam ke
.é ” ¢ | ™
Sa M e measurements are maode
10 -“ l underground or with high
: I o Kamiokande altituwoe detectors below 10 Tev
p Hob
. I O Other underground muon observatory ,
: Lov | O Airshower armay experiment and with BAS arrays above
A P T Y " 22 a2 2222l " A A 2 2222
10" : 102 10" 10
180 L
H — | o] Show good consistency up to 100
s | ' Tev
l 0 - N% So I Po
u
Q ° ° t ’ ’,
-+M s ¢ ? Bas ¢ B4, } Ho ;z They are consistent with large
°r -«M| Los:London(south) WO T amcKamiohands scale diffusive propagation in
l'u::m | gmmnm"‘ed) Ba:Baksan AS the ga LR)(g
270 - Mwl Ot:Ottawa( ) No:MtNorlkura
Ya:Yakutsk Po:Poatina(vertical) Ea:EAS-TOP
LoV:London(vertical)| Ho:Hong Kong Po:Peak Musala
So-Socormo(vertical)
100 Sa:Sakaghita(vertical) | Ba§ Baksanfsouth) oo o .,
10" | 107 10" 10"
’ I
Solar wind | Primary cosmic ray energy (eV)
effects <&

A.castellina 3rd School of Cosmic Rays and Astrophysics 12



The high energy range
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The transition region
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8L,

HiRes Composition Measurement

O SIBYWL 2.1, Corsiko 6.010
O QGSJetO1, Corsiko 6.005/6.010

* There is a model-independent break in slope at | : :I:,wmw

about 10'* eV. | © Meck Simulation Points
» [Heavy (galactic) nuclei decrease, give way to
light (extragalactic) composition. -

+ |Galactic/extragalactic transition 1s complete by
about 10'* eV,

« Fits, plus QGSJet predictions, yield model of
proton fraction as a function of energy.

n/em2)

Protons

* All fluorescence measurements of X = are
consistent.

* |Only fluorescence experiments SEE X .

1 1 1 1 1 J
1875 19 1925 195 1975 20 20325

log(Energy/eV)
* Higher statistics needed to extend
analysis up to the GZK Threshold!

4 1 1 1 1 1 .
17 17.25 17.5 17.75 18 1825 17
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Muow content irom. m

Primary mass estimator: the muon density at 1 km pu(1000)
Average relationship pux (1000)[m—?]= (1.26+0.16)(Eo[eV]/1019)0.93+0.13

I - i LogE>19 -
= I 40 [~ Experiment &
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T Fee B e os " — - Iron
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® O Ju —
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*é' i g 20
3 O i @

O " 5

c - c —

g 1 10 H é

= I

g 1N

— 0 i | 1 '_‘j_r | | | |

:No muon detection

) b go0, o)
19 19.5

Log(Eo[eV])
qradual decrease of %Fe between 10775 & 109ev

1 0
Log{Muon density@1000m [r_rf D

Fe frac.: <35% (10Y —10Y° eV)
<F6% (above 10Y-%eV)
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e sample event

2
I T " X-=558/6 | |
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300 09— |
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....... P -1 -0.8 -06 -04 -0.2 -0 0.2 0.4
o log,, E (EeV)
22 1.6 EeV

pM (Y) ~ (m+vr/4000)

prima ry masses

N= steeper for EAS developing
Later. Compare its spread with

E)qsec’catiows from different

LDF reanalyzed with recent models:
Fraction of protons:
(34 + 2)% with Rgs)et9g.

Increase to 48% with RGS)etod.
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<Xmax> [0/cm?]

P eeion f g

{(Xmax) = Dp [In(E/Ey) — {(In A)] + ¢p

.
’

D and ¢ (average depth of
a proton) depend on models

Cprea, —10 *E3% eV

D1o= (F115) g e below
p1o= (4014) g e above

. 2.5 Yy hybrid data
850~ —— Auger ICRCO7
800 R
750~ e e @ L
700 et

. D — QGSJETIN-03

) e ==~ QGSJETO1
! e SIBYLL2.1

e wol -+~ EPOS1.6

—“’.1' 1 T | 1 1 1 L e a |

1018 1019
E [eV]

Systematics <15 (11) g em™ atm+detector

;2:2% u.wcer’caiwtg Ln FD ewergg scale

Result oompatibl,c with
Previous ones (but alread Y
Better statisties!)
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= 5t . ..:.v«,v g.*..
‘v 475 i o
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8 N\ A A

3.5 X EG-p
3-25 : - = ] 1 | | l 1 1 .‘l 1 l 1 1 1 [ 1 1 1 1 l 1 1

14 , 6 17 18 19 20
log.o(E/eV)

Needs additional component to link with sm

qalactic: modified DPSAM with €, ,, 100 times >
Bell-Lucek model: acceleration by type Il SN
whose precursor star emits a dense wind before
explosion

[M.Hillas, ). Phys.G21 (2005) RIS and ref.therein, 1

o

¥ qCRrR sum of all components
with same rigidity

3 EGQCR protons (+ some He)

ye Source spectrum R(€)
o0=.=2
Similar to predictions from
DPSAM

¢ Transition at the ankle
Most watwral shape of a
transttion
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modification factor

maodification factor

10° B
A\“
1’\ ™
.....
LA SR
10"
Akenc-AGASA
107 ..
\,rg=2.7 N
107 10" 10" 107 10°
E, eV
1°u F ..l. 3
-
\ . .,
O e
L]
10°
Yakutsk
O 27 o
o .
10" 10" 10" 10% 107
E, eV

Modification factor:

n(E)=J (E) J""(E)

modification factor

modification factor

ey -~y
10°F .
‘\. - n"J
u “-‘A-‘ i,
- “ )\
10 5
HiRes | - HiRes Il
107+ L.
v=2.7 N
10" 10" 10" 10™ 107
E, eV
T L | ™
10" ez .
-"N‘.‘» ']M i
fiptiade 1|
1!
107 b
Auger ‘
4
0°F v =26 \igea
g 7 ]
dbbaddal PR | sl Ad
107 10" 10" 10" 10°
E. eV

[v.Berezinsky, 27st ICRC Conference, Merida (2007) 1

Dip Model |

3 EGCR sources accelerate only protons

3% Pair production dip tn the propagated
spectrum (p+y,,.—> ete’)
The dip is seen by all experiments
Awnkle Ls a natural featurc
incluoled L the dip

% The GCR/EGCR transttion occurs at
the second knee
very nice link to standard gCr

wmodel (transition close to €, ™)

. but
Source spectrum agrees with data if
R(E) xE* with a=2.6-2.7

Nueclel adwmixture>10-15% odestroys
the agreement dip/data o |
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107 —

. mixedcomposition g g |
(uniform source distribution) E @2)=2x1 025 oV , LDV\, mo ch
g0t ; 3 Abundance ratios at sowrce are simtlar
g phnewe) ' to the GCR ones: mixed composition
W
G 107 | % Souwrce spectrum R(E) xE*adjusted to
fit data: a=2.3
Agreement with predictions from DSAM
17.5 18 18.5 19 19.5 20 20,5 * 'T'he GV\:‘?.LC = ey\,d o-f chech
log E (eV) .,
™ ™7TT T ™TrTrT ™Y Ty Ty tYGWSLtLDW
o a@-e? e
F En=27107" €V 5 ¥ The dip is filled by contribution of
B tas I elements other thaw protons
‘e
3T % The propagated spectra are not sensitive
2 to a small change in composition
e \ inferred galactic (LBSS He or more Fﬂ)
m component
5
0,1 L - \\ s ’
e 1} (mono} |4 ...but injection spectrum x A ?
4 HiRes 2 (mono) \ ,
T S A T composttion?
17 17,5 18 18,5 19 19,5 20 20,5
log,, E (V) IN.Globus et al., A&A 427 (2007) 11
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6 p Lorentz Knees ~ A
§ 5 He
3
44
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9
; 3
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3 1
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log|E] GeV
7
P (b) .

\
CNO \\

'ON EARTH \\
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log o [E® dF[dE]] m2 s~ 5 GeVE)
wv

logyg | E] GeV
o 0T | *2ndl(nee ”F“r_
c *T7-8X 313
- e +' 39
3 Vv !
2
1 .
— | fl(nee
e WL
0 Log[E/GeV]  wmmie . Ankle H
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cannonball model |

C® of ordinary matter plasma is emitteo
when part of the accretion disk falls
onto the compact object
Yor~10% to agree with observations

Ejet ~1.510% erg (5 CB/Jet)

Fluxes at 1st kwnee: EP ~ 4 10%% eV,
E,~AE,

Flux at 2nd knee: dominated bg
Galactie Fe

Extragalactic protons above 10 ev.
Acceleration stops Whew v ~ v,
(2-6) 10** Z Ggev

The expected X, is intermediate between
olip and mixed composi’ciow moolels
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Transition tn all models : a steep galactic spectrum Lintersecting a flatter
extragalactic one

ALL moolels must explain the measured spectruum and composition and agree
with the standard Model of Galactic Cosmic Rays

I'd I'd I 4

Awnkle Model: DBLp model: Muxed composttion:

- Transition at ankle -Transttlon at second knee - Transttion at ankle

- GCR > 10Y eV, Fe dominated.  -Ankle asiart of the dip - source spectrum as

- additional gCr needed (Ptycus ~ €'e-) predicted by PSAM

- p, can include heavy nuclet - pure proton composition - mixed composition

! | I xscADE = " mimdcomposlin € ————
10| 1 HiRe=] ® 4 10° ?‘“ 1 HiRes | * -  (uniform source ¢ dowoe ¢
? o 1 HiRes Il o ++ I HiResll o oE ~£1 o Hres 2 (mono
- ' 1 [ ++\- -
s :
o I 2
i g & £
o @
= | :o')
w ~ . 1 dg 10°;
{tu ‘l v i
@ ‘\EJ;J
- G
0 o' '
E, GeV i E Gev Aloisio, Bere 09 E (oV
Before the transition awisotropg Ls expected to tncerease (r, ~ galactic disk thickness)
After the transition large scale isotropy
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B ANl Dip-based model
k3 — ®GS)ET
2 o
F RGIJET-A e g Sharp rise 107 - 10*% eV
> 800 . due to sharp transition
from Galactic trow to
extragalactic protons.
700 )
Systematie errors on
Xoppax ~20-25 0 emt™
600
500 8 9 10 11
10 10 10 10
E,, GeV
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NE 900
8§ —_— QGSJET
w -
A RGS)ET- Awnkle model
s 800
The transition Ls much
smoother, the composi’ciow
700 becomees Protow—domiwated
owtg above 109 ev.
600 clear underestimation of
x F'-u" Euc Xma)(
A Auger
500 =g 9 0
10 10 0" 10"
E,. GeV
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model A

800 |-
SIBYLL
QGSJet-l|

QGSJet-01

Stereo Hires

Yakutsk
HiRes-Mia

650(7

*
@® Stereo Fly's eye
(&)
o

Mixed comp.model
Good fit of Fly’s Eye and
YaRutsk.

Differencies within 20 g
e

17,5 18 185 19
log E (eV)

195
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T T T T T 4
= s VR HP(tle)' 4
3
5 - A
-
S |/ = + IR ¢
k5 3
0.5 42 V
LCLD - N\ AGASH
i \ \\\ il
\
4 HiReg - -¥- -5 1
\
0 1 1 1 1 l 1 1 1 1 1 1 l
17 18 18 20
Log(Energy[eV])
(A) Mixed comp.model  Fe very large up to 3 1077 ev; >50% up to 10 eV
Sigwnificant fraction of Fe above 102 ev
(B) Dip based model ~45% Fe and 55% p at 3 1077 eV; ~10% Fe at 10*€ eV
( ——— with harder spectrum x&2 below 102 eV,
— — — —  With spectrum xE2¢ below 10*€ eV)

A.castellina 3rd School of Cosmic Rays and Astrophysics

30



Outline of the Lecture

ntroduction
Origin, acceleration and propagation of cosmic rays
Models of the knee

Extensive Alr Showers
Bnergy spectrum and composition: measurements and results

The measurement of the p-Alr cross section
Awnisotropy studies with BAS arrays

The Galactic to Extragalactic transition
Future proj ects
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KASCADE, 4 10* m?

Kascade-grande

> Study of the elemental
oomposi.tiow wp to 10*€ev

> Search for Fe cut-off (Fe knee)
> Study of the 2und knee

a

‘ KASCADE-
......................... Grande

a
@

Flux |(E0}'EU 25 [(mz srs Gev1.5)~1]

.............. . Er263E,,
I WKASCADE N,-N, , -decorvolution
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Tibet ASy

G

- Akero

O) Hegra

¥ Haverah Park
102 Fly's Eye
X_EA5-Iop

o Mt-Norikura

111l
10° 1a® 10’ 1a° 10®

Primary Energy E, [ GeV ]
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lceTop: R0 pairs of frozew water tanks, 2 POMs/tank
- 26 completed in 2007
E deposition at surface

lceCube: 20 strings of eo digital optical modules (POM)
cables each 17m, 1 (ceTop pair/lceCube string
- 22 completed in 2007
Cerenkov light from u bundles

Colncldence rate ~0.2 Hz
At compLe’cLow —» 300 TeV -1 EeV

>»O0Z>>
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L preliminary

UL RRLLL

Preliminary Energy Spectrum

[a—
ol
=)

LR IIII

Cerenkov photons L the 2.45 m2
tank Lece :
S(100) estimated by LDF fit

[a—
o
2

dI/d1g(E) / (m ™ s sr)

LI IIIIIII

. . -8 1t — B8<40°
with MC : S(100) — E 1% i A5l
E 30°<6<40°
- T — expectation
10° H‘ |
. L L | L l L L L L l L L L L l L L L L l L L L L l 1 1 L 1 L
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loglo(E/PeV)

Cowmposition study - MC z 10 .
2 |- ~Proton | .t
only muons reach tceCube 3 10p— ~Iron ;
’, ’ o 2
Average charge/in-ice DOM g 4
[ of
g 10" b
’ ’ g B
Slope of the restdual times £ 107 1]
distribution 0° :
ar
10" o}

-3 ) 1 ] 1
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Tunka-25

51" 48' 35
103" 04' 02"

675m a.s.l.
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Tunka-133
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phcal detector

~5 10° ev/g > 231015 eV
~3200 e\//5 >1017 eV

S

Tunka 123

E= 105 - 101 eV

133 optical detectors with PMT in 19 clusters, 7

detectors each.Detector sepa ratlon €5 m

5-6 water tanks (10 w2, 90 eme h)
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TALE

g

; ASMaMdasasissesannas
’ g 450 - B Tower x1 -l
Telescope Array Low Energy extenston 8 ST 10165 1p1%ay |
- 2 sets of fluorescence detectors viewing =-31° ‘ NERE Larger mirrors |
- 1 fluorescence detector (Tower) vViewing 31-7#1° Loty High Elevation |
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Auger

AMIGA infill
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M

Field of
Q view
Telescope \_ \ ¥
At Low elevation field of view,
the X, of low energy BAS is
seen only at large distance

3 additional fluorescence
detectors with elevated field of view;
30°-60° above horizow

Energy range widens doww to 107 ev

Hybrid mode HEAT/AMIGA: ~200 evewts/y ~10™€ ev
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03]
[|Proton | A = 30n7
023 ’ AMIGA
0.2
Simulation:
0.15
W count rates at 10*% ev, 20°
0. 5000 events/year expecteol
175
oos for E>10775 ev
Y%
_ a0’
E as0f HEAT
B -
S 300
& 250% Sitmulation:
g 200} ] Longitudinal profile of a shower
¥ sof /1 - ‘
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slant depth [g/cm?]
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FSSEEROIPY o e Snsiiouaion

The transition regiow is of the utmost tmportance to understand the
global picture of origin, acceleration and propagation of GCR.
+EGCRs

Different models can be distinguished using their prediction on
composition, spectral shape and anisotropy

The present HiRes X, ,. results seem to confirm the proton-dominant
composition expected n the frame of the dip model. Auger data are
(n agreement within errors.

ALl 2 models need adjustmewt to match the Galactic spectruum, but
some ways out can be found

Futwre Projects, ﬁrst Kascade-Ggrande and TALE, and tn the future
the Auger low energy enhancements, will give us a powerful tool to
clarify the problem
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THE END ?

....of course NOT 1!



Right ascension and declination

Vega north celestial pole

dec — +38°44' .
RA = 18"35.2™ ‘-

. equinox

- ]“,
south celestial pole

A sidereal day (time the Earth
takes to rotate once wrt to the
stars) lasts 23h 56°

Declination o

S, =sind, cos ¥ + cosd, sindsing

d=latitude

Right ascension r.a.

C, = -singsind, + tan¥cosod,

e e
f C,  Siderealtime

r.a. Is measured in units of sidereal time
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The Fourter awaLgsis:

A serie of experimental x(t) =2+ 2 ( a, cos Znkt +b, sin 2tht)
data x (t) measured tn the 2 4. T T
time tnterval T a, . [ 27t . [ 27kt
xX(t)=-—"+rsm| —+@, | +..+rsIn| ——+@, | +..]
2 T T
Awnd “COY LdﬁVb‘tLGﬂL dt: ak - z xi coS 2kln bk — z 'xi sinz]‘#Jr
l<ieN leieN

a, , ,
7, = /af + bf tang, = b—‘ Awplitude and phase of the k-th harmonic

The Rayleigh formula

If a first harmonic amplitudine r#0 is detected, the Probabilitg of it betng the
result of a fluctuation in an isotropie distribution Ls (for N data points)

-r’N ) _'N
4

with a significance

P(>r)= exp(
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J0F >

Jd5F

17
-20 | —vl I 0 (‘\ L 1 I 1 1
12 -10 8 -6 -4 2 ] 2 -5 0 5 10 15 20 25
x (Mpc) x (Mpc)
200 T 3000 T
1001 - 7
] 2000
£ NG &
g o0 3 & \
- = )
] 1000 - \
-100 | { ] \\
E = 1019 gv — 20 o7
200 0 @ ) ) 0 E=10 , eV 1
-400 -300 -200 -100 0 -800 -600 -400 -200
x (Mpc) x (Mpc)

[Thc Eq magwetie field ]

EGQMF poorly constained
Current upper limits: < few ng

individual trajeotories depenod only
owr, ~11Mpc € /Z®,

9

>

Ballistic regime:
deflections small,
distance from source d~ct

Diffusive regime:
Isotropized particles undergo
diffusive propagation, d~y Bt

Magnetic horizon = maximum distance CR travel away from their source tn a MF

Roen(E) = \J4D(E)min(t,?,)

At “low” energies (1077-10*% eV) possible suppression of the flux !

A.Castellina

3rd School of Cosmic Rays and Astrophysics

46



