Cosmic ray sidereal time variation of galactic origin provides valuable
information concerning the origin of cosmic rays and their propagation and

modulation in space. K. NAGASHIMA
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F1G.2. Percentage variation in intensity of the cosmic rays with sidereal time. Curve, pre-
dicted effect due to galactic rotation. Data, Hess and Steinmaurer; open circles, half-hour means;
solid circle, 3-hour means.
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Its existence would imply that an important
part of the cosmic rays originates outside of our
galaxy. If its magnitude is found to be as great
as we have predicted, it will imply that practically
all the cosmic radiation has an extragalactic

origin.
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Compton-Getting Effect

convective effect to produce a
dipole anisotropy
(sidereal diurnal anisotropy)

Compton & Getting, Phys. Rev. 47, 817 (1935)
Gleeson, & Axford, Ap&SS, 2, 43 (1968)
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high energy cosmic rays
sidereal anisotropy ToRAS) oo
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COSMIC rays anisotropy
armval direction distrioution

1 month of data

raw map of events in equatorial coordinates (a,0);

0 70748

1 month of data

reference map from events scrambled over 24hr in
a (or time)

i
0 70508.8

. lceCube - Aartsen et al., Apd 826, 220, 2016 6 years of data
subtract reference map from raw map to determine

the residual relative intensity map
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COSMIC rays anisotropy
armval direction distrioution
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Li, T., &Ma, Y. 1983, ApJ, 272, 317
lceCube - Aartsen et al., Apd 826, 220, 2016

statistical significance
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a known anisotropy

—arth’'s motion around the Sun

Compton & Getting, Phys. Rev. 47, 817 (1935)
Gleeson, & Axford, Ap&SS, 2, 43 (1968)
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measuring cosmic ray anisotropy
orojection blases

Abbasi et al., ApJ, 746, 33, 2012 equatorial coordinates
. ; : a 3 : . : : . :
5 AN;  Nj(a,9d) — (Ni(a,9))
o~ T o (V)i (Ni(e, 0))
[ [ : I { |
-1.5 -1 -0.5 0 0.5 1 1.5
AN/N [x1073]
Solar Motion Compton-Getting Dipole (Maximal) Compton-Getting Dipole: Scrambling=24h, Smoothing=>50"

: e — :
Stremoth 1002 1.6 -1 0.5 0 0.5 FG
AN/(N)Y = 7x103 AN/(N) [ x107"]

sky maps show ONLY modulations projected on equatorial plane




measuring cosmic ray anisotropy
fleld of view DIases

Ahlers, BenZvi, PD, Diaz Vélez, Fiorino, Westerhoff
Apd 823, 10 (2016) - arXiv:1601.07877

3 6 9 12 15 18 21 24
local sidereal time [h]

for experiments in a generic location on Earth
reduced anisotropy amplitude

wrong background estimation to be recovered with
iterative methods
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measuring cosmic ray anisotropy

DOole component & Interpretation
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Di Sciascio & luppa 2014 (arXiv:1407.2144)
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e some experimental methods might not sufficiently compensate for the limited FoV

e cffect of missing vertical component on amplitude & phase variation

10

anisotropy more structured than a simple dipole



measuring cosmic ray anisotropy
dipole component & Interpretation

lceCube - Aartsen et al., Apd 826, 220, 2016
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e cffect of missing vertical component on amplitude & phase variation

e anisotropy more structured than a simple dipole
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measuring cosmic ray anisotropy
standard diffusion from local sources

¢ dipole component on equatorial plane

e Compton-Getting corrected (wrt LSR)

e cross-talk between multipoles from limited FoV

e compare to IBEX LIMF direction

nd dlpO'G ordered by LIMF  schwadron, Adams, Christian, PD,

Frisch, Funsten,Jokipii, McComas, Moebius, Zank
Science 343, 988 (2014)

diffusion is anisotropic and aligned to LIMF

possible contribution from Vela SNR
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reconstructed 8% [107]

Ahlers 2016 - arXiv:1605.06446
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COsSMicC ray anisotropy
ocal interstellar medium

14 pc - Frisch+, 2011, 14 _ - Wollebe 20C 500 pc - (Priscilla Frisch)
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: L , o Redfield & Linsky, 2008
» interstellar magnetic field affected by inhomogeneities Frischs, 2011

» local ISMF relatively uniform over spacial scales of about 40-60 pc (inter-arm)  rrisch+, 2012,14, 15

Giacalone & Jokipii, 1994, 99

» magnetic turbulence affects propagation and diffusion properties Yan, Lazarian, 2002.04.08
» non-diffusive processes from non-homogeneous magnetic fields Harding+, 2016
» effects of magnetic sinks (astro-spheres) on CR arrival directions Scherer+, 2016
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transport across field lines

3 . 7
: : ] D : IR L;=o;o1 a0 |
- if particles tied to magnetic field lines, D. 20 N [rwevproon ] T
limited by FLRW diffusion x Vparticie s '
ZIL, o |
- parallel scattering reduces perpendicular N
diffusion below FLRW level Y e N T
Py SR T <
- drift due to large scale structure too small G54 es o 05 1 s
x/L,
TL
UD ™~ Uparticle I . .
nrole large scale geometry significantly
enhances particle cross-field line
- scattering by small (~r.) fluctuations, diffusion

responsible of D, also produces D.
(PD, Zweibel Apd 701, 51, 2014

PD, Zweibel, Sebald, in prep. )
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: : rr & AU
COSMIC ray anisotropy L™ 7 BG)
nellosphere
Pogorelov+ 2011
R -
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1000 ;
heliotail
-500 //
41000 9,/ wI 1 4
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THE HEUOSPHERE .
draplng around b -1506‘ -1000 1 -500 . ‘0 - 10'0030 :)1000 -1(;0&500
heliosphere
» heliosphere as O(100-1000) AU magnetic perturbation of local ISMF PD & Lazarian, 2013

» influence on = 10 TeV protons (RL s 600 AU)

» cosmic rays >100’s TeV influenced by interstellar magnetic field (change of anisotropy)
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anisotropy and local galactic environment
ow 1o high energy connection

» IBEX observations of keV Energetic Neutral Atoms
» determination of interstellar flow direction

» determination of interstellar magnetic field direction

» large scale heliosphere to induce perturbations in
arrival direction of TeV cosmic rays ordered by LIMF

Schwadron, Adams, Christian, PD, Frisch, Funsten,

Zhang Ming
talk today

Zhang, Zuo & Pogorelov ApJ 790, 5 (2014)

16
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cosmicC ray anisotropy
oroning hellosphnernc magnetic structure

0.000 1.250 2.500 3.750 5.000

N Borovikov, Heerikhuisen, Pogorelov
N R _ downstream
R . | instabilities on the
i — | flanks of heliotall
PD & Lazarian 2013
) ‘ strong scattering Lopez-Barquero, Xu, PD, Lazarian, et al.

directions of recorded particles (1 TV) tﬂiirections of recorded particles (10 TV)

positions of injected particles

120 180 240 300 360 420 480 . . " X & X “
Cosmic Ray Count Cosmic Ray Count Cosmic Ray Count

forward propagation

' injection sphere 6000 AU - target sphere 200 AU
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cOosMIC rays anisotropy
arge and small angular scale

e fit 3D dipole + quadrupole and subtract from data

1/2
1+« N Nog
S )
o Non + Nogt ? ( ) Non + Noft Q= 1/20
Li, T., &Ma, Y. 1983, ApJ, 272, 317
12 -0 75 -5 25 0 2.5 5 75 10 12
lceCube - Aartsen et al., Apd 826, 220, 2016 Significance [o]

I 0 . . |
15 -12 -09 -06 -03 0 0 06 09 1.2

| | | |
: - . - - - 2 3 4 5
Relative Intensity @» Relative Intensity 1@




small scale anisotropy
ocallzation artiracts

| | | |
5 4 -3 2 0 1 2 3 4
Relative Intensity [x 10 %]

Excess

isotropic background

_ .-~ Excess (reduced)

Background estimate:
biased by strong signal _ -~ Deficit (spurious)
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COSMIC rays anisotropy
arge and small angular scale

MISSINg
vertical
20 > component
angular power (M =0) Y,
spectrum
9
10 1> 1> * + i $ * i lceCube - Aartsen et al., Apd 826, 220, 2016
| i
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cosmicC ray anisotropy

orobing magnetic field turbulence

» propagation effect from turbulent realization
of interstellar magnetic field within scattering
mean free path

Giacinti & Sigl, 2012
10 PeV 50 PeV Biermann+, 2012

0 +360 0O +360

e S E—— o S — ——
094096088 1 1.021.041.06 1.08 0.8 0.9 1 1.1 1.2

Yan & Lazarian, 2008

_halo l ' . I‘
---WIM| mean free path in ISM /

______

21 10 10 10 10° 10°

» angular structure of anisotropy
spontaneously generated from a global
dipole anisotropy as a consequence of
Liouville Theorem in the presence of a
local turbulent magnetic field (sum of

multipoles is conserved)

Ahlers, 2014, 15

1076
o Tv=0.1
-7} f { - Tv=1
10 A — Tv>1
E } e IceCube 2013 (prel.)
10-8 % isotropic background

power spectrum Cy
S S =
| | <
= S ©
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COSMIC ray anisotropy
orobing magnetic field turbulence

positions

e compressible MHD turbulence (cho & Lazarian,
2002)

e angular structures by scattering on
turbulence within mean free path

e dipole oriented along average fields within
mean free path (different from reqular field)

e small angular structure depends on actual
realization. But its fingerprint is power
spectrum

Lopez-Barquero, Farber, Xu, PD, Lazarian - to appear on ApJ
arXiv:1509.00892

22




Lopez-Barquero, Farber, Xu, PD, Lazarian in print on ApJ

. . arXiv:1509.00892
COSMIC ray anisotropy
orobing magnetic field turbulence

- An ular Power S ectrum at Earth ~ An ular Power S ectrum at Earth
10-¢ 10-°
: — Anlers 2014 5 ; : — Ahlers 2014
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Milagro

60 »
o "
J f
lceCube-59 ‘ .
20 TeV
-12 -8 - 12
signi

0 4
ficance [o]

cosmic ray spectrum to provide hints about sources without pointing (like y rays & v but
with pointing) and propagation effects

cosmic ray anisotropy from standard diffusion at /arge-scale (dipole, sources) & non-
diffusive processes (angular structure)

probe into propagation properties, Local Bubble, LIMF, heliosphere, ...

what is the origin of interstellar anisotropy 7

Improve experimental observations for phenomenological interpretation

e anisotropy & angular scale structure vs. primary energy and mass

e combined north-south & unbiased full-sky observations



equatorial coordinates

Tibet-lll

Amenomori et al., ICRC 2011 1.002

1.001
1.000

0.999
0.998

THANK YOU

lceCube-59

Abbasi et al., ApJ, 746, 33, 2012

Milagro

Abdo et al., PRL, 101, 221101, 2008

lceCube-59

Abbasi et al., ApJ, 740, 16, 2011

N 4 ]
-12 -8 -4 0 4 8 12
significance [o]

25



backup slides

26



cosmic ray observations

spectral shape and thelr nistory

» energetic particles in heliosphere from

separate sources, acceleration &
propagation processes

» each feature in energy spectrum is a
fingerprint of the specific process

» time-dependence and arrival
distribution add further information
about the processes involved

27

Richard Mewaldt (Caltech)
George Gloeckler & Glenn Mason (University of Maryland)
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cosmic ray observations

spectral shape and thelr nistory

» galactic cosmic rays produced
below 10%-10° GeV

» spectral features from acceleration
mechanisms & propagation effects

» property & distribution of sources
in Galaxy and our neighborhood

26 . AN/JE [GeV'® m2 sr' s
o

» magnetic field configurations in local w10
interstellar medium: turbulence &
escape
1

» anisotropy

28

Gaisser, Staney, Tilav, 2013 - arXiv:1303.3565
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lceCube Observatory
the Instrumentation

Penetrator

I

DOM
Mainboard

182cm

HV Divider
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Board
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§
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!
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RTV
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IceCube Laboratory

Data is collected here and
sent by satellite to the data
warehouse at UW-Madison

Digital Optical
Module (DOM)

5,160 DOMs
deployed in the ice

|I3E|:UBE

Saurd ForE NEUTRING OBESERVATORY

50m

1450 m

2450 m

86 strings of DOMs,
set 125 meters apart

Antarctic bedrock

DOMs
are 17
meters
apart

{

Amundsen—Scott South
Pole Station, Antarcti

A National Science Fou
managed research facility

1

60 DOMs
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cosMicC rays anisotropy ENERENE
arrval direction distribution

1 month of data

raw map of events in equatorial coordinates (a,0);

0 70748

1 month of data

reference map from events scrambled over 24hr in
a (or time)

L T St o ———— 0°

T —
0 70508.8

6 years of data

subtract reference map from raw map to determine
the residual relative intensity map
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30 Relative Intensity [x 10*]




COSMIC rays aniso
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COSMIC rays anisotropy
armval direction distrioution
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Li, T., &Ma, Y. 1983, ApJ, 272, 317
lceCube - Aartsen et al., 2016

statistical significance
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Orig i n Of |arge Sca‘e aﬂ iSOtrO py Compton & Getting, Phys. Rev. 47, 817 (1935)
. — Gleeson, & Axford, Ap&SS, 2, 43 (1968
Compton-Getting Fffect 7 e

/ ™~ Vs \ ~ » motion of solar system around galactic center ~ 220 km/s

» reference system of cosmic rays is unknown

» at most one dipole component of the observation

% = (fy+2)%cosé’

Compton-Getting Dipole: Scrambling=24h, Smoothing=>50"

Tibet - 1 TeV

/A O\ O\ O
4 k) \ - \ \ \
\ \
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COSMIC rays anisotropy
armval direction distrioution

to be submitted to ApJ

¢ O years of lceCube

¢ 300 billion events
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e anisotropy on the level of 103

e median cosmic ray energy 20 TeV

e trace sources ? Magnetic fields ?
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13 TeV IceCube

® high energy observations MISSING in
the northern hemisphere

e overlapping observations extending
across the equator will help

e capable of energy/mass measurement
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® high energy observations MISSING in
the northern hemisphere

e overlapping observations extending
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measuring cosmic ray anisotropy
what 1s the missing information

Ahlers 2016 - arXiv:605.06446 logo(Fmedian/TeV)
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cosmicC ray anisotropy

oroning diffusion properties

anisotropic diffusion
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» cosmic ray sources concealed by
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cOosMIC rays anisotropy
full-sky coverage

small scale anisotropy
Abeysekara et al. 2014

HAWC - 1 TeV

T T T o AT . Biae <02 nanss

110 -8 -6 -4 2 0 2 4 6 8 10
relative intensity [x 107*]

ICRC 2015

Abbasi et al. 2010, 11,12

|CeCUbe - 20 Te\/ Aartsen et al. 2013
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cosmic ray anisotropy ~lere, ,
AMANDA-IceCube 2000-2011 ot 2/

relative intensity equatorial coordinates AMANDA

2009

1 0.5 0 0.5 1
Relative Intensity [ x10 ] IceCube

» AMANDA and lceCube yearly data show long time-scale stability of global anisotropy
within statistical uncertainties

» NO apparent effect correlated to solar cycles

39
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cosmic ray anisotropy stability ;
AMANDA-IceCupe 2000-2011 20 TeV 23
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AN/(N)

cosmic rays anisotropy stability
ceCube 2009-2014
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AN/{N)

systematics studies
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cOosMmIC ray anisotropy

orobing heliospnerc magnetic structure
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Pogorelov et al., 2009
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effects of magnetic polarity
reversals from solar cycles
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explain spectral anomaly
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-500

1000

500

43
Paolo Desiati

Borovikov, Heerikhuisen, Pogorelov 1 ;_;_;i;_;i_i;;j_‘f ______________ " lceCube-22 Abbasi et al., ApJ, 718, L194, 2010
4. dlpole """""""" “lceCube-59 Abbasi et al., Apd, 746, 33, 2012
downstream - component -EAS-TOP Adlietta et al.. AbJ. 692. L130. 2009
, - )
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- PD & Lazarian 2013 102
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cOosMIC rays anisotropy
arge and small angular scale
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large vs small scale anisotropy
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high energy cosmic rays
ANISOtropy & energy spectrum

Milagro

Li-Ma significance

15 12 9 -6 3 0 3 6 9 12 15
statistical significance

cutoff energy E /GeV

HAWC results by S. BenZvi

10’ 1 A i i i | 7
108 ;— AN /dE EVe B —
ok :
10* | \
108 B , , -

- harder spectrum in region A
102 N TR NN N NN B SR

-4 35 -3 25 -2 -15 -1 -05
spectral index vy

o

x 10
reg I O n 1 o R
g, 0.5 :
2]
©
:'é’ 0
()
=
©
o
0.5}
)
Lol Lol |
102 10°
multiplicity

45
Paolo Desiati



high energy cosmic rays
ANISOtropy & energy spectrum

Abeysekara et al. 2014
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cOosMmIC ray anisotropy

OrobiNng Magnetic

Angular Power Spectrum at Earth

10-°
— Ahler52014
— 5 pc (E=750TeV)
o®¢ [ceCube 2013 (median energy 20TeV)
1077 | XXx isotropic background
1078 |-
&)
£
£
§ 107 L.
4 ;
107300 b .............................................................
3
HNH{ HHHHHHH
0 e e
10—12 1 1 1 L 1 1
5 10 15 20 25 30
multipole moment ¢

10 Angular Power Spectrum at Earth

! — 90.0 pc (E= 30PeV)

I { — 60.0 pc (E=30PeV)

107 P\ Lo | — 20.0 pc (E=30PeV)
‘ : —— 10.0 pc (E=30PeV)

00 L IceCube 2013 (median energy 20TeV)
oY : : : :
€
2
é 102 b @ SN SN
wn
o
2
8 1010

1O

47 12 i ' i i i

10 5 10 15 20 25 30

multipole moment ¢

power spectrum C;

10-°

1077 k

1078 F o)

1079 e

10710 |

10—11 |

10—12

fleld turbulence 7

Angular Power Spectrum at Earth

— Ahlers 2014
— 60 pc (E=30PeV)

I e®¢ IceCube 2013 (median energy 20TeV)
: %X x isotropic background

1 1 1 1 1

L
5 10 15 20 25 30
multipole moment £

L6pez-Barquero, Farber, Xu, PD, Lazarian in print on ApJ
arXiv:1509.00892



cOosMmIC ray anisotropy

OrobiNng Magnetic

Angular Power Spectrum at Earth

10-° T
— Ahler52014
— 5 pc (E=750TeV)
e®¢ [ceCube 2013 (median energy 20TeV)
1077 XXx isotropic background
1078
&)
£
£
§ 1070 Ecoccasdh oo\ i B etearoaroiioiiecnccntonscncenccnsoascamancasoanosnosnosnsoncsnosnesnssason s
4
1070 L, LT e e TN
[ % [
o | _}_{_}.i..{_.fi ...... ,i.ii_.ii_.%_.i.i%_i.é ______ ffritaety
10—12 1 1 J L 1 1
5 10 15 20 25 30
multipole moment ¢
10 Angular Power Spectrum at Earth
— 90.0 pc (E= 30PeV)
{ — 60.0 pc (E=30PeV)
o’ et — 20.0 pc (E=30PeV) ]
—— 10.0 pc (E=30PeV)
. IceCube 2013 (median energy 20TeV)
& 10 ; ; ; :
£
2
é 100 b e N A SN
wn
o
2
8 1010
1011 ........................................
47 12 i
10 5 10 15 20 25 30

multipole moment ¢

10-°

1077

fleld turbulence 7

AnguherwerSpaxnunatEanh

— Ahlers 2014

: — 60 pc (E=30PeV)

i e0¢ IceCube 2013 (median energy 20TeV)
{ : %X x isotropic background

1078 F o)

power spectrum C;

10—10

10—11

10—12

1079 e

5 10 15 20
multipole moment £

L6pez-Barquero, Farber, Xu, PD, Lazarian in print on ApJ

arXiv:1509.00892



