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Qutline

A brief history of anisotropy
Current Status

® |arge-scale anisotropies

® Small-scale anisotropies

What do we really know?

What else would we like to know!?

New explanations
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F16.2. Percentage variation in intensity of the cosmic rays with sidereal time. Curve, pre
Hicted effect due to galactic rotation, Data, Hess and Steinmaurer; open circles, half-hour means

While we must await some such measurements
before we can consider the effect due to the rota-
tion of the galaxy as established, the quantita-
tive agreement with the predictions as shown in
Fig. 2 gives a strong presumption in its favor,
Its existence would imply that an important
part of the cosmic rays originates outside of our
calaxy. 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.




Tibet Array: 2006
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Amenomori et al. Science 314 439,2006

Hess and Steinmaurer data
claimed 100 in paper

No evidence of
Compton Getting
effect associated with
Galactic rotation




Large Scale Anisotropy
Tibet

® Tibet Air shower data
1997-2005 (no time

dependence observed)

® Amplitude of
modulation ~0.1%
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® Not observable at 300
TeV




Large Scale Anisotropy
Milagro

Dec. (Deg.)

® Median energy 6 TeV

® Phase and amplitude

consistent with Tibet
array

350 300 250 200 150 100 50 0

® Amplitude declination
dependent 0.1%-0.3%

® Phase independent of
declination

Anisotropy




Milagro: Time Dependence of Amplitude
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lceCube: Large Scale Anisotropy
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Relative intensity skymap in equatorial coordinates
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(Northern sky) courtesy Kazuoki Munakata
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Higher Energies: Ice Top

3.0} —— Gaussian fit | |

2.0

Low Energy 400 Tev 40 | ‘ ‘ ‘ e

1.0 I

0.0

S : 1 T ——
-1.5 -1 -0.5 0 0.5 1 1.5
Relative intensity [ x107°]

AN/(NY [x1073)

~ 400 TeV

High Energy 40

R R B Rty e B :

0350 300 250 200 150 100 50
Right Ascension [°]

o High energy

3.0} Gaussian fit ||

3 -2 -1 0 1 2 3
Relative intensity [ x107%] 20l

AN/(N

® At 400 TeV consistent with lceCube

® Amplitude increases with energy
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The Old Arrays

SUGAR Haverah Park Yakutsk
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' Isotropy of the arrival directions of ultra high
energy Cosmic rays Linsley and Watson, Nature June 1974

e 87 events with energies above “few times 10'?

eV” [filled symbols E>10%° eV]

* Combined data from Sydney (50), Cornell (3),
Haverah Park (20), and Volcano Ranch (14)

* “The data are clearly consistent with isotropy of
arrival directions and show no evidence for the
existence of point sources of ultra high energy

cosmic rays.”
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Table 1 Comparison of observed and predic'ed number of

equi-event areas

No. of
events
per square

PLWN=O

Observed no. of Expected no. of
squares assuming squares assuming
Poissonian distribution Poissonizn distribution
285 284.8
67 66.5
7 7.76
1 0.6
0 0.04
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Evidence of an anisotropy in the arrival direction of

cosmic rays with energies above 10'° eV
Krasilnikov, Kuzmin, Linsley, Orlov, Reid, Watson,Wilson (]. Phys.A, Nov. |974)

®  Declination > 0 only ro
®  Added Yakutsk data to previous paper
®  Harmonic analysis yielded: VRe (0)
=  First harmonic amplitude 40% (p<2.6% all expts. combined) i 4
-  First harmonic phase 13.5 + 1.0 hr
-  Phases consistent across experiments O VREHPS
®  “None of the individual sets separately gives an amplitude which is N
. . .. . 0l -
significant...Strikingly, however, the phases of the harmonics for the 3 VRsiee
individual experiments are consistently in agreement...”
24
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The Auger Experiment:
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Abreu, et al., Astrophysical J. Lett. v762 (2013)
and ICRC 2013

Harmonic Analysis

23,520 km? yr sr exposure 30 EeV

(12/31/11)

~680,000 events as of 12/31/12
No significant dipole/quadrupole:

limits on first harmonic

2-10%

Rule out Galactic proton sources

Upper Limit - Dipole Amplitude

Galactic protons

I

Galactic iron [

— Z=1
~ 226

E [EeV]
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Auger: Status of Phase Alignment
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In 201 | established prescription to investigate apparent phase consistency with energy
Above ~| EeV phases consistent with previous independent data set

~10,000 km? sr yr (1/2 through prescribed time period)

Stay tuned - 2015 prescribed period should end

15




Auger Phase results
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UHECR: Correlations with AGN

Astropart. Phys. 34 (2010) 314

e ———— P —

Centaurus A

* Clear prescription established by Auger
- Energy > 55 EeV
- Veron-Cetty & Veron Catalog (2006) of AGN < 75 Mpc

- 3.1° radius circle
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Redshift (V,, / ¢)

B

Auger VCV Events
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2MASS Redshift Survey (2MRS)




2MASS Galaxy Redshift Survey

Redshift (V,, / ¢)
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Current Status Auger

Correlating fraction

0.9
0.8
0.7
0.6
0.5
0.4

0.1

68°/o CL
95% CL ]
99.7% CL

Mean of 10 events % i

mean of all ata

L | | | | | ] |

0 10 20 30 40 50 60 70 80

Number of events (excluding exploratory scan)

R R R R ———— — — E — ——————————

* From 2011 ICRC
e Current situation ~unchanged (now have | |0 events)
- Correlating fraction now at 32% (21% is isotropy)

and still ~2.8 O
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AG

N Correlation: TA

N_corr
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N tot

Applied Auger criteria
Different sample of AGN (northern hemisphere)
|7 of 42 events correlate

Probability 1.4%




TA: Large Scale Structure

E>57 EeV
1
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T | theta, degrees

* Used the 2MASS Galaxy redshift catalog

* Propagated protons to earth including energy loss
* E>10 EeV consistent with isotropy

* E>57 EeV 2-3 sigma pre-trial rejection of isotropy
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Mid-Scale Anisotropy: TeV Regime

0° 20° 40° 20° 0°

Declination (deg)

350 300 250 200 150 100 50 0
Right Ascension (deg)

42.75 T Signal
Background

® Milagro (2008) identified 2 regions
with significant excess ~5 x 10 of CR
flux (~1/10 of large scale anisotropy)

region A

Number of Events
Y
N
N

® 220 billion events collected -
® Median energy | TeV w25

I 1 1 1 1 | 1 1 1 1 I 1 1 1 1
150 100 50 0
Right Ascension

|
350 300 250 200
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Energy Spectrum of Regions A&B

® Region A is hard spectrum ~E-!-0>

RégionA
70 | Average (a)
~ Region B v ® Region A exhibits cutoff between
S s Average - ] 5-20TeV (1-0 band)
[
2 I l ® Region B marginally consistent (0.6%
5 LT I 1 probability) with constant amplitude
T o5l ] I vs. energy (i.e . CR spectrum)
g !
£ o} ] (b)
| TeV 10TeV 40TeV 100 | ‘ _
R A MR |
4 35 3 25 2 15 -1 05 0 5 10}
log.(Fraction of Outriggers Hit) )
E ’
g 1}
=]
: ‘ ‘
0.1 : - - : : : :
-4 35 3 25 -2 -15 -1 -05 0
log . (Fraction of Outriggers Hit)

RN —
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Particle Nature of Excess

érab ——

Region A ® Compactness consistent
0.1¢ Region B ———- ' .
o with soft spectrum gammas

2 i
¢ o001} o ! | or hadrons
= 1
Soo| | : ® Energy distribution
£ | SR R : inconsistent with soft

10| Lo

!

spectrum source

10

T s s o 5 5 ® Gamma hypothesis strongly
Compactness excluded for Regions A & B

Simultaneous fit of energy and compactness
Region A: Y hypothesis y>= 124/16 proton y?= 10/16
Region B: Y hypothesis y>=85/16 proton y?= 19/16
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ARGO Anisotropy

Cygnus regmn/f// = ///

/
- ngﬂjz / Rgg })l’f 1

‘ e
,////

P 15>.) s.d.

| .8 TeV median proton energy

Particle content assumed proto

200 billion events (11/2007 - 5/201 1)

Consistent with Milagro map - perhaps new regions being seen

ns (no mechanism to test)
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ARGO Energy Spectrum
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-0.1
102 10°
multiplicity

® Region | (A) harder than CR spectrum
® Region 2 (B) similar to CR spectrum
® No evidence of a cutoff to 20 TeV
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lceCube: Mid-Scale Anisotropy

Milagro

lceCube

significance [o]
e ———

56 billion events (downward muons)
20 TeV median energy
|0° smoothing

Similar amplitude as Milagro (few x 104 Abbasi, et al-,APJ 740, P 16 201 |
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lceCube

IceCube Preliminary
- R : :

[T H
-1 0
Relative Intensity [ x107*]

Santander, et al. ICRC 2013 0382

Small-Scale Anisotropy

® 5° smoothing
® 20 TeV median energy

® Structure below |0°

Angular scale [ o]
12 9 6

10_6180 6‘0 3'6 118
Icecf.lbe Prelinﬁinary
10_7 H H

108

Multipole ¢

T e —

28




Puzzles of Small-Scale Anisotropy

® 0.0l pc:Larmor radius of 10 TeV proton in | microGauss field
® 0.l pc:Lifetime of 10 TeV neutron

® | pc:nearest star

® 200 pc: Geminga

® Source must be close and must have non-standard cosmic ray
propagation

® |deas:
- Geminga (Salvati & Sacco 2008)
- Magnetic bottle connected to CR sources (Drury & Aharonian 2008)
- Magnetic reconnection in magnetotail (Lazarian & Desiati 2010)
- Local structure of turbulent Galactic B-field (Giacinti & Sigl 2012)

- Strangelets (Kotera, Perez-Garcia, & Silk arXiv:1303.1186)
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Local Dark Matter Clump

Dark matter clump coupled to magnetic funnel (a la Drury & Aharonian)

20 1 T 1 T 1 B3 1 T T S ' i !
200 TeV ';ﬁ
10 Tw 1074 | -
g A
:i: 5 >
E g
%10'5 -
2 | N%
20 TeV L=
1. | _I. | _I | _I‘ | —I, 0.1 1 10 1I(I)O
1.4 1.2 indlex 0.8 0.6 E (TeV)
e Green: Milasro spectral * Data points: Milagro excess
o 8ro sp e Red line: 60 TeV W*W-
constraints e Blue: 50 TeV Z0Z0
* Symbols: DM models e Pink: 100 TeV bb

Pat Harding ArXiv:1307.6537
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DM structure leads to sub-halos

Protons from DM annihilation
follow field structure to Earth

Gamma source not aligned with

protons

Dark Matter

H
<
w

E?dF/dE (TeV m™ s71)
o o
& &

._.
<
~2

Milagro not sensitive to gamma

signal

HAWC will be sensitive to gamma E
signal if clump in field of view. Euof
S

Signal does not violate any

constraints
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Summary: Large Scale Anisotropy

Auger 750 m (East-"
5TeV Auger 1500 m (E

West)
ast—West)
ayleigh)
otropy)

1

Auger 1500 m (R
99% CL upper limits (is pYy) —

B
Equatorial dipole amplitude

relative intensity

20 TeV T EEEERERETITT T ——

Large scale anisotropy clearly observed from | TeV to 2 PeV

Significant dipole and quadrupole components

Time dependence of amplitude not confirmed

Phase shifts between 20 TeV and 400 TeV

Amplitude may increase between 400 TeV and 2 PeV

Above 10'¢ eV anisotropy not established
- No significant dipole or quadrupole components (but getting interesting)
- Hints from phase alighment

AGN correlation still at ~2.80 with 32% correlating fraction
- TA sees ~|% probability of no correlation with same VCV parameters

32




Summary: Mid/Small Scale Anisotropy

IceCube Preliminary

H - SR R
-9 -6 -3 0 3 6 9
Significance [o]

[ : |
-12 -8 -4 0 4 8 12
significance [¢]

® Structure detected at angular scales from ~7-20 degrees
® Amplitude ~few x 10
® Energy spectrum different for different structures
® Only Milagro has established hadronic nature of structures (Regions A & B)
® Future measurements:
- Energy spectrum of all structures (IceCube/HAWC)
- Composition (gamma fraction?) of structures (HAWC/LHAASO)

® Still a puzzle - that’s why we are here!
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Backup
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Dipole Limits
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Milagro Energy Spectrum
of Small Scale Anisotropy
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