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COSMIC rays spectrum

» cosMIC rays produced in supernova
remnants below 108-10° GeV

» spectral features from acceleration
mechanisms or propagation effects

» source distribution in Galaxy and
our neighborhood

» magnetic field configurations in
local interstellar medium

» COSMIC ray anisotropy

Gaisser, Staney, Tilav, 2013 - arXiv:1303.3565

direct observations indirect observations

IRLLLL L L DL L L B L BT e
; : : : : t  |=— Proton_total

RN
o
N

—— He_total

—— C_total
O_total

— Fe_total
Z=53 group

—_
o
w

Z=80 group

| 1 111

|

—¥— Pamela Proton
¥ Pamela He
—&— Creamll Proton
—®— Creamll He
_______ ~®- Creamll C _
Creamll O
—o— Creamll Mg

T
| 1 | lllll

|

E%® % dN/dE LGeVm m2 sr' s
o

—_
o

| Illllll

Creamll Si

—8— Creamll Fe

s TR 1)

1 R N 1 S O T W AV l[llllll | IllIIlII | IIIIIII

10° 10* 10> 10° 10" 10® 10° 10" 10"
Primary Energy, E [GeV]

Paolo Desiati

Wednesday, May 1, 2013



cosmic ray arrival direction

relative intensity equatorial coordinates

lceCube-59

Abbasi et al., Apd, 718, L194, 2010
Abbasi et al., Apd, 746, 33, 2012
Aartsen et al., Apd, 765, 55, 2013
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cosMicC ray anisotropy large scale — smal scale

Tibet-ll
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i averaged modulation over a given
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COSMIC ray propagation
Nnterstelar medium

. 200 Erev .
» gyro-radius Ry =~ 7 B = [AU] » 1-100 TeV cosmic ray protons have R
G ~ 70 - 7000 AU in Bism ~ 3 UG
» heliosphere expected to Influence
. cosmic rays below O(100) TeV
» mean free path in ISM Y 100
9 - . .
8 e Yan & Lazarian 2008 » cosmic ray streaming along local 1S
magnetic field
7-
— 6- ' .
= » non-diffusive effects < mean free path
_E 5t
4f - ‘ <
oL 2 ______ — - - | for random realization of B field
10 10 E:(%eV) 10 10 0.940.960.98 1 1.021.041.061.08
Giacinti & Sigl 2011
)
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cosmic ray anisotropy
nellosphernc Influence

» MHD simulations of heliosphere & heliotail g\ g

» magnetic perturbations on the flanks with
significant B amplification
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cosmic ray anisotropy
nellosphernc Influence

» local IS magnetic field draping the Pogorelov+ 2011

, [ . - m
hehosphere ptot: 2.0E-02 22E-01 4.2E-01 6.2E-01 8.2E-01 1.0E+00 1.2E+00 1.4E+00 1.6E+00
1500 .
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——
X 500 - /
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COSMIC ray anisotropy & scattering
nellospneric Influence

Funsten et al. (2009) PD & Lazarian 2013
Schwadron et al. (2009) P .
Heerikhuisen et al. (2010) =

relative

deficit 14"'/ ,y / /
relative {
€XCeSsS
equator N
heliotail SRS _
.. -90°
ecliptic [ e
....................................................................... - o I —
. . magnetic
porth equatorial coordinates equator
\ """"""" Milagro + IceCube TeV Cosmic Ray Data (10° Smoothing)
south
magnetic
equator
LIMF direction compatible with
e Ca Il absorption & H | lines, Frisch (1996)
e radio emission from inner heliosheath, Lallement et al. (2005), Opher et al. (2007) _ E—————— - =
¢ polarization measurements, Frisch (2010) significance
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heliosp

neric perturbations
Nstaoilit]

es at the neliopause

¢ Rayleigh-Taylor instabilities driven and mediated by interstellar neutral atoms
T = 380.5 years
1000 .

: perturbation scale O(10-100) AU
800 .
= 600[ .
< - AR Liewer+ 1996
> 400} == = Zank+ 1996
200} \ .
ot @\ . ]
~1000 ~500 0 500 1000
x (AU)

¢ plasma-fluid instabilities at the flank of HP by charge exchange processes

T: 7.0E+03 1.3E+04 2.5E+04 4.8E+04 9.0E+04 1.7E+05 3.2E+05 6.1E+05 1.2E+06 2.2E+06

x,AU

Zank 1999
Florinski+ 2005
b Borovikov+ 2008
A
Zank 2009
200 Shaikh & Zank 2010
m ~ 200-300 AU
" \ 4
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heliospheric perturbations
Nnstaollities

» resonant scattering of protons on
magnetic perturbations 0B ~ By at
scales of = 300 AU occurs at = 10
TeV

T = 380.5 years

y (AU)

1 » perturbations on the flanks of the
©  heliosphere re-distribute 10 TeV
] cosmic rays

— 1000 —300 0 500 1000

» local IS magnetic field and magnetic
T: 7.0E+03 1.3E+04 2.5E+04 4.8E+04 9.0E+04 1.7E+05 3.2E+05 6.1E+05 1.2E+06 zze pertu rba't|ons along the he“Ota”
responsible for TeV anisotropy

x,AU
300

» some small scale features from
gradients generated by scattering

200

100
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cOosSMmIC ray anisotropy
orobing heliospheric influence
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anisotropy re-directed due to pitch angle scattering on magnetic perturbations on

the heliospheric boundary
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scattering on heliospheric boundary
toy mode

PD & Lazarian 2013

0.998 0999 1.000 1001 1.002

Milagro + IceCube TeV Cosmic Ray Data (10° Smoothing)

significance
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scattering on heliospheric boundary
toy mode

PD & Lazarian 2013

s,

7 sl

0.998 0999 1.000 1001 1.002

Milagro + IceCube TeV Cosmic Ray Data (10° Smoothing)

[ » detailed modeling of heliotail very important J

significance
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scattering on heliospheric boundary
toy mode

e @ energy scale of 10 TeV - proton resonant scattering with perturbations at largest
scale - scrambling of cosmic ray arrival directions

I |ceCube 22 AbbaS| et al ApJ 718 L194 2010

...............................

------------------------------- “lceCube-59 Abbasi et al., ApJ, 746, 33, 2012
- dipole

- component ”

. EAS-TOP Adlietta et al.. AnJ. 692 L130. 2009

amplitude[%]

1 | Illllll | llllllll 1 1 lllllll | 11 1 1111

102 10° 10° 10° 10°
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scattering on heliospheric boundary
toy mode

e @ energy scale of 10 TeV - proton resonant scattering with perturbations at largest
scale - scrambling of cosmic ray arrival directions

e < 10 TeV - resonant scattering with smaller scale perturbations - and adiabatic pitch
angle variations from p2,/B

- non-resonant scattering with smaller scales - amplitude decreases, intensity
gradient become smoother

e > 100 TeV - rL > heliosphere - heliospheric influence dissipates :'::i':':':':?':?i’:'::::::::::::::::::2:2322 23?5@22:32! 223 ?lZ ‘529;‘0?210

- dipole
Component EAS-TOP Adlietta et al Aond. 692 L130. 2009

(» CR mass composition - smearing of transition scalej E

£

©
(» re-directed anisotropy not a dipole J |

10? 10° 10* 10° 10°
Primary energy[GeV]
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conclusions

¢ high energy cosmic ray anisotropy to probe into their origin and propagation
¢ astrophysical scenarios need understanding of local phenomena

e <100 TeV cosmic rays to be affected by heliosphere D & Lazarian 2013

-

e scattering with perturbation on heliopause

Lazarian & PD 2010 - PD & Lazarian 2012

e re-acceleration mechanism in the heliotall

» heliospheric modeling to be extended along heliotail with fine resolution: instabilities,
turbulence & global structure. Particle trajectory integration studies will follow —
predictive model

15
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scattering on heliospheric boundary

toy model

PD & Lazarian, Apd, 762, 44, 2013

5 RH+dRH 2nr o0 dz
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200 E uG
~ — 1 A
g~ = (1T6V) (B) v

from the Galaxy to our local interstellar medium
Milky Way

Frisch

Frisch
.rm‘eo.l-ardou:ls .dﬂuaeg%

<500pCc> (14EVv) | | [ 8cal Interstellar Cloud

pr motion of
Local Interstellar Cloud

Benjamin (2008)

Heliosphere
+—Bow Shock B

< S0,000 pC > (80 Ee\/) > " —Heliosheath

< 10-50 pc >
(30 PeV - 140 PeV)

\Heliopausé / .
B3Tev-140TeV) < 200 AU - 1 0% AU > c Heliosphere
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low energy cosmic ray anisotropy
in arrival direction

Nagashima et al., J. Geophys. Res., Vol 103, No. A8, Pag. 17,429 (1998)

loss-cone region
l heliospheric-tail
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20  Particle acceleration in reconnection regions - Paolo Desiati
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cosmicC ray anisotropy

4 TeV

Tibet ASy
Amenomori et al. (2006)

o (hr) Nagashima et al. (1998)
Hall et al. (1999)

Declination

10 TeV

Super Kamiokande
Guillian et al. (2007)

4 TeV

ARGO-YBJ _
Zhang et al. (2009)

20 TeV

lceCube - 00"
Abbasi et al. (2010)

O (deg)
60°

5 TeV
Milagro
Abdo et al. (2009)

21 equatorial coordinates
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cosmic ray anisotropy large scale
energy dependency

1=

- dipole
- component

[ gaussian fit -

| |

IceCube-59 Abbasi et al., Apd, 746,33, 2012
'EAS-TOP Aglietta et al., ApJ, 692, L130, 2009
ARGO-YBJ Zhang 318t|CRC k6dz-Poland,2009 |

ARGO-YBJ 32" |CRC Beiina China.2011
Aartsen et al., arXiv:1210.

Tibet ASy Amenoror et al, Apy,i626(129

5278

, 2005

|
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cosmic ray anisotropy
angular scale structure
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cosmic ray anisotropy small scale
lceCube x2/ndf = 14743.4 / 14187

Pr(x2Indf) = 0.05%

relative intensity raw map

. lceCube-59 .
360 0
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spectral feature associated to anisotropy

Abdo AA. et al., Phys. Rev. Lett., 101, 221101 (2008)
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origin of spectral hardening “

Lazarian & PD, Apd, 722, 188, 2010

» magnetic polarity reversals due to the 22-year
solar cycles produces large scale sectors

» converging of turbulent magnetic field lines
can trigger reconnection and make it fast

N

“\\“ atl
P

on s/,
3

(Strongly
mixed polarity)

» magnetic mirror @ single reconnection as site
of acceleration (test particle)

L,
& =
Sweet (1959) & Parker (1957) A
I/Suteet Parker modeN

Lazarian & Vishniac, ApJ, 517, 700 (1999) <1A G

4 Turbulent model

PP 27
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stochastic magnetic reconnection

Lazarian & PD, Apd, 722, 188, 2010

» magnetic polarity reversals due to the 22-year
solar cycles produces large scale sectors

500

Z, AU

» converging of turbulent magnetic field lines
can trigger reconnection and make it fast

-500

» magnetic mirror @ single reconnection as site
of acceleration (test particle)

» 18t order Fermi acceleration

N(E)dE ~ E5/%dE

28
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N(E)dE ~ E5/%dE

Paolo Desiati
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stochastic magnetic reconnection

Kowal et al., Apd 735, 102 (2011)

Normalized Kinetic Energy [m,]
Normalized Kinetic Energy [m,]
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stochastic magnetic reconnection

» 2"d order Fermi acceleration is dominant in purely turbulent plasmas

with no converging magnetic flow
Kowal et al., PRL 2012

» if converging flow occurs 18t order Fermi acceleration is the most
important

B L
Emajw % 0-5 - zone T V % 0-5 - 6T V
( ) (100 AU) c c

» cosSmic rays re-accelerated as long as trapped in large scale
reconnection regions

31
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spectral feature associated to anisotropy

Abdo AA. et al., Phys. Rev. Lett., 101, 221101 (2008)
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cosmic ray anisotropy
astrophysical origin ?

Dorman+ 1985

e stochastic effect of recent nearby CR sources Eﬁ;ﬂﬂg A 1997 5001, 5006
Sveshnikova+ 2013
Blasi & Amato 2011, 2012

» influences spectrum and global arrival direction Pohl & Eichler 2012
. . . . Salvati & Sacco 2008
» diffusive scenarios to explain observed features Drury & Aharonian 2008
Salvati 2010
: : Battaner+ 2009
e propagation effects in turbulent ISMF Valkovs 2010

e breakdown of diffusion regime via scattering with ISMF turbulence  Giacinti & Sigl 2011

» diffusion cannot explain the observed non-dipolar topology & small angular scales

» limitations on single power-law assumption and spacial dependency of diffusion coeft.

33
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lceCube Observatory

Digital Optical Module - DOM

with 10” PMT &
local DAQ electronics
Penetrator HV Divider
\ LED
Flasher
Board
DOM
Mainboard
[ ) : Mu-metal
grid
Delay s ] /
Board Vil y
]
\\ /

PMT

!

Glass Pressure Housing

RTV
gel

IceCube Lab

50m

1450 m

2450 m
2820 m

air shower detection @ 2835 m altitude (680 g/cm?)

muon detection @ 1450-2450 m depth

IceTop

= 81 Stations, each with

2 IceTop Cherenkov detector tanks
2 optical sensors per tank
324 optical sensors

IceCube Array

86 strings including 8 DeepCore strings
60 optical sensors on each string
5160 optical sensors

December, 2010: Project completed, 86 strings

DeepCore
8 strings-spacing optimized for lower energies
P 480 optical sensors

Eiffel Tower
2 324 m
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detection principle

\ ~
f}/ | é 5
L ok é; - e
| ‘ cascade
Vu CC-int Ve V1 CC-int & vi NC-int

Cherenkov

ight

muon track
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