[ 1 ]1GIGle]
88222 WisCONSIN ICECUBE
::::: PARTICLE ASTROPHYSICS CENTER

Neutrino and Cosmic Ray Astrophysics
with the IceCube Observatory

Paolo Desiati

WIPAC & Department of Astronomy
University of Wisconsin - Madison

<desiati@wipac.wisc.edu>

La Sapienza - Universita di Roma

12 Gennaio 2016



mailto:desiati@wipac.wisc.edu

The lceCube-PINGU Collaboration

— Deutsches Elektronen-Synchrotron (Germany)
olms univesitet (Sw edsnfi_u Friedrich-Alexander-Universitit

Pbsala unive &Srwe den) b j ErlanamNurnberg (Germany)

Humbg sitdt zu Berlin.(Germany)
Copenhagen | ‘Max=F tutfiic Physik (Germany)
mark) 4 b

.

Queen Mary University of , 7 } . Germany) -
ndon (UK) ' K en (G any)
TS lty of Oxford (UK '

'

. na
ersn:y of Manchester ‘n - i ‘ | any)
glark Atla|.1ta l{nive Université de Ge k _ {@J =
rexel University (USA (Switzerland '
Georgia Institute of Tech (USA). . iversity
Lawrence Berkeley National Laboratory (USA) \ e
Marquette University (USA) iy Uni gium) 2)\

Massachusetts Institute of Technolog
Michigan State University (USA)
Ohio State University (USA)
Pennsylvania State University (USA)
South Dakota School of Mines & Techno!
Southern University and A&M College (US
Stony Brook University (USA)
University of Alabama (USA)
University of Alaska Anchorage (USA)

Unive 4 1 Chiba University (Japan)

Universiteit Ge| ‘E !<Un|verSItY of Tokyo (Japan)
Vrije Universite slgi A S

-~ & %
o : v

rersity of Kansas (USA)
iversity of Maryland (USA)
niversity of Rochester (USA)

University of California, Berkeley (USA), University of Wisconsin—-Madison (USA) Unl\;:;‘:lvtv)'ze!h:;)erbl?
University of California, Irvine (USA) < egsl , of Wisconsin-River Falls (USA)
University of Delaware (USA) 4 Yale Unive rsity (USA ==

L . = ~ ':4’ .
- -, £
.~

it

L e

Fonds de la Recherche Scientifique (FRS-FNRS) Deutsches Elektronen-Synchrotron (DESY) Swedish Polar Research Secretariat
Fonds Wetenschappelijk Onderzoek-Vlaanderen Inoue Foundation for Science, Japan The Swedish Research Council (VR)

(FWO-Vlaanderen) Knut and Alice Wallenberg Foundation University of Wisconsin Alumni Research
Federal Ministry of Education & Research (BMBF) NSF-Office of Polar Programs Foundation (WARF)
German Research Foundation (DFG) NSF-Physics Division US National Science Foundation (NSF)

The international lceCube collaboration includes over 300 members from 48 institutions in 12 countries
2



lceCube Observatory
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lceCube Observatory
the Instrumentation
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event rate in lceCube
growing expernment
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cosMIcC ray muons and neutrinos

o Revent ~ 2200 HZ

e U and v produced in the
atmosphere by cosmic rays

e atmospheric temperature
seasonal variations
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cosMIcC ray muons and neutrinos

o Revent ~ 2200 HZ

e U and v produced in the
atmosphere by cosmic rays

e atmospheric temperature
seasonal variations

e ~1/10° TeV neutrinos interact in
the ice and Is detected and
reconstructed in IceCube
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neutrino detection

event topologies

track cascade hybrid
: Neutral Current /Electron :
CC Muon Neutrino : CC Tau Neutrino
Neutrino
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COSMIC rays
a natural laporatory
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cosmic ray acceleration mechanisms
where do cosmic ray come from ¢

Remarks on Super-Novae and Cosmic Rays

We have recently called attention to a remarkable type
of giant novae.! As the subject of super-novae is probably
very unfamiliar we give here a few more details which
are not contained in our original articles.

1. Distribution of super-novae

In our calculations we made use of the assumption that
on the average one super-nova appears in each galaxy
every thousand years. This estimate is based on the
occurrence of super-novae in the following galaxies,

Our own galaxy in 1572
Andromeda 1885
Messier 101 1907

These three systems are located within a sphere of radius
12 % 106 lioht ~-~are

I ee—— -

PHYSICAL REVIEW

Fermi 1949

N recent discussions on the origin of the cosmic
radiation E. Teller' has advocated the view
that cosmic rays are of solar origin and are kept

10

e ———

— .

We wish to emphasize that all of these finds are chance I
finds since a systematic search for super-novae has been
organized only recently.

From the estimate of one super-nova per galaxy per
thousand years it follows that 107 super-novae appear per
year in the 10 nebulae which are contained in a sphere of
2 %X 10° years radius (critical distance derived from the red
shift of nebulae). If cosmic rays come from super-novae
their intensity in points far away from any individual
super-nova will be essentially independent of time.

2. Comparison with the lifetime of stars

The lifetime of stars is supposed to be of the order of at
least 10'? years. A nebula contains about 10° stars. These
estimates, combined with the frequency of occurrence of
one super-nova per galaxy per 10% vears suggest that the

——

Baade & Zwicky 1934

NUMBER 8§ APRIL 15, 1949

VOLUME 75,

On the Origin of the Cosmic Radiation

Exrico FErMI
Institute for Nuclear Studies, University of Chicago, Chicago, Illinois
(Received January 3, 1949)

A theory of the origin of cosmic radiation is proposed according to which cosmic rays are originated
and accelerated primarily in the interstellar space of the galaxy by collisions against moving mag-
metic fields. One of the features of the theory is that it yields naturally an inverse power law for the
spectral distribution of the cosmic rays. The chief difficulty is that it fails to explain in a straight-
forward way the heavy nuclei observed in the primary radiation.

I. INTRODUCTION

where H is the intensity of the magnetic field and
p is the density of the interstellar matter.

One finds according to the present theory that a
particle that is projected into the interstellar

- v abT mmadies with o= -

e~ — "

———




cosmic ray acceleration in supernova remnants

e cnergy density of cosmic rays below the
knee consistent with 10% of energy emitted
by SNR every 30 years in the Galaxy

e composition of low energy cosmic rays
consistent with OB Associations

¢ diffusive shock acceleration and E2

® some particles interacts and some escape
and propagate across the interstellar
medium

11
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COSMIC rays
reconstruct thelir nistory Dense
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mportance of Neutrnos

¢ neutral particles
® point back to sources
¢ [Imited observable distance

e HE gamma rays albsorbed in space
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cosmic ray propagation in interstellar medium

Guiding
Magnetic
field line

charged plasma
particle

charged plasma
particle

Magnetic
field lines

collisionless scattering
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primary cosmic rays
specirum
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~E-2 cosmic ray spectrum at the
Sources
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cosmic ray spectrum at Earth
steeper

knee traces the end of galactic
contribution ?
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ankle traces cross-over with extra-
galactic contribution ?

direct observations

Gaisser, Stanev, Tilav, 2013 - arXiv:1303.3565

indirect observations
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atmospheric neutrinos
energy spectrum

Fedynltch Becker Tjus, PD PRD 86 114024
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e neutrinos and muons produced by cosmic rays in the atmosphere from meson decay

¢ large uncertainties on high energy hadronic interaction models in forward region
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atmospheric neutrinos
energy window to astropnysical Nneutrinos

ICRC 2015 - Den Haag, NL
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atmospheric neutrinos
energy window to astropnysical Nneutrinos

ICRC 2015 - Den Haag, NL
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LET’S EXPLORE RIGHT AWAY THE ASTROPHYSICAL SEARCH WINDOW
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Events
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neutrino Identification
amuse flux

events
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events

neutrino Identification
amuse flux

Aartsen et al. Phys. Rev. D 89 (2014), 062007
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ERS: Enberg, Reno, Sarcevic 2008

Aartsen et al. Phys.Rev.Lett. 115 (2015) 8, 081102
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Aartsen et al. Phys.Rev.Lett. 115 (2015) 8, 081102

L} ld .f. 1 104§ T ""."l.. T LB LN LR T IEXbelrirlnlelﬁtaldétal I.IIIIE
neutrino 1dentitication I Soermeltadata” "¢
103 L " 5 {Asttrophyr?lcal I J

| E ° I rompt atmospheric m—" 3
d‘ﬁuge ﬂux e Conventional atmospheric. s E

e conventional v,: Honda et al. 2004 -
extended to high energy

e prompt v,: Enberg et al. 2008 ] SISO )
10 10 10 10
e new calculations available with updated i kA
COSMIC ray spectrum & composition
«3 single power law

E-2

atmospheric T, K
atmospheric prompt
astrophysical

® the harder astrophysical spectrum the
higher prompt neutrino needed to fit
data

® low statistics: results consistent
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Aartsen et al. Phys.Rev.Lett. 115 (2015) 8, 081102
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data

® low statistics: results consistent
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e conventional v,: Honda et al. 2004 -
extended to high energy

e prompt v,: Enberg et al. 2008 NI T
10 10° 10% 10° 10°
: . : Muon Energy Proxy (arb. units)
® COsSMicC ray spectrum & composition with
knee included after original calculations
=)
il

: . . in the future?
® new calculations available with updated

cOosSMicC ray spectrum & composition

atmospheric T, K
atmospheric prompt
astrophysical

® the harder astrophysical spectrum the
higher prompt neutrino needed to fit
data

® low statistics: results consistent
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- ®e. Conventional atmospheric m— A
diffuse Tlux - - -

e conventional v,: Honda et al. 2004 -
extended to high energy

e prompt v,: Enberg et al. 2008 NI T
10 10° 10% 10° 10°
: . : Muon Energy Proxy (arb. units)
® COsSMicC ray spectrum & composition with
knee included after original calculations
©
: : : W or rather ...
® new calculations available with updated
cosmic ray spectrum & composition atmospheric 1, K
atmospheric prompt
astrophysical

® the harder astrophysical spectrum the
higher prompt neutrino needed to fit
data

® low statistics: results consistent
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neutrino 1dentification

active veto
® outer detector veto to reject starting
muon tracks passing the (veto)
experiment boundary 4 ]

® collect bright events with

total charge > 6000 p.e. .
® dentify only events starting —
inside the instrumented v | oo
volume &
. R
® active volume 420 Mton!

» sensitive to all flavors

» sensitive to whole sky




neutrino Identification

self veto
‘ >100 TeV energy '
10° -E astrophysical v Szgeaﬁzgﬁf)igf S

in the Earth

10° 4

101 4

Interactions km—3 sr—! yr—1 E, > 100 TeV
[
o
5

10—3
—1.0 —0.5 0.0 0.5 1.0

sin(d) = — cos(f) at the South Pole

courtesy: J. van Santen

® vetoeing muons reject
atmospheric neutrinos

® as long as muons can
be detected in lceCube

primary
cosmic ray
® and are accompanied
by neutrinos
® high energy vertical
Ty events best vetoed
e correlated &
! uncorrelated muons

Schonert et al. Phys.Rev.D 79 (2009) 043009
Gaisser et al. Phys.Rev.D 90 (2014) 023009
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neutrino Identification

‘ >100 TeV energy '
10! - . Some neutrinos

> - astrophysical v are absorbed
ﬁ in the Earth
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sin(d) = — cos(@) at the South Pole

courtesy: J. van Santen

® vetoeing muons reject
atmospheric neutrinos

® as long as muons can
be detected in lceCube

primary
cosmic ray
® and are accompanied
by neutrinos
® high energy vertical
Ty events best vetoed
e correlated &
! uncorrelated muons

Schonert et al. Phys.Rev.D 79 (2009) 043009
Gaisser et al. Phys.Rev.D 90 (2014) 023009
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neutrino Identification

‘ >100 TeV energy '
101 _ .
> -E astrophysical v Sg;féeartl)zg:{;:gs
ﬁ i in the Earth
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3
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S
103
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sin(§) = — cos(0) at the South Pole

courtesy: J. van Santen

® prompt atmospheric
neutrinos are rejected

too

orimary e put with lower efficiency

cosmic ray
® uncorrelated muons
D}
y

KO

¥

M

Schonert et al. Phys.Rev.D 79 (2009) 043009
Gaisser et al. Phys.Rev.D 90 (2014) 023009
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neutrino Identification

‘ >100 TeV energy '
1 :
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sin(§) = — cos(@) at the South Pole

courtesy: J. van Santen

primary
cosmic ray

® prompt atmospheric
neutrinos are rejected
too

® put with lower efficiency

Schonert et al. Phys.Rev.D 79 (2009) 043009
Gaisser et al. Phys.Rev.D 90 (2014) 023009
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neutrino Identification

self veto
‘ >100 TeV energy '
10% 1 astrophysical Some neutrinos

in the Earth

Interactions km~3 sr~! yr—1 E, > 100 TeV
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/
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sin(§) = — cos(@) at the South Pole

courtesy: J. van Santen

® [he zenith distributions
of high-energy
astrophysical and
atmospheric neutrinos
orimary are fundamentally
cosmic ray different.

Schonert et al. Phys.Rev.D 79 (2009) 043009
Gaisser et al. Phys.Rev.D 90 (2014) 023009
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neutrino Identification
aimuse 1ux

veto efficiency increases with energy

a window to high energy astrophysical neutrino discovery

; rejection of
T HE atmospheric p and v
U V south conventional & prompt

retention of
| HE astrophysical v

(rejection of
HE atmospheric p

retention of
HE atmospheric v
LHE astrophysical v
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neutrino identification
astrophysical neutrinos

veto efficiency increases with energy

a window to high energy astrophysical neutrino discovery ICRC 2015

; rejection of
T HE atmospheric p and v
U V south conventional & prompt

retention of
| HE astrophysical v

(rejection of
HE atmospheric p

retention of
HE atmospheric v
LHE astrophysical v
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neutrino Identification 4 years of HE starting events
astrophysical neutrinos E, > 60 TeV

Southern Sky (downgoing) Northern Sky (upgoing)

Background Atmospheric Muon Flux |CRC 201 5
Bkg. Atmospheric Neutrinos (#/K) ’

~7} Background Uncertainties rl'ejeC’(ion of
e et HE smospherc and
= Bl oInGIBES e AIOpySERhEstIESiopa s =2 conventional & prompt
- - Bkg.+Signal Best-Fit Astrophysical (fixed slope E ?) south
1 eee Data .
10t | , 5 retention of

| HE astrophysical v

(rejection of
HE atmospheric p

north )
retention of

HE atmospheric v
HE astrophysical v
N\

Events per 1347 Days with deposited E > 60 TeV

-1.0 -0.5 0.0 0.5 1.0
sin(Declination) 32




neutrino identification 4 years of HE starting events

| | Ev > 60 TeV
astrophysical neutrinos v
Charge Threshold ICRC 2015
-l Bkg.‘AtmosphericM on Flux (Tagged Data)
® 53(4—1) events found @mm Bkg. Atmospheric N:utrim;]sx (/K)
_ -1 Bkg. Uncertainties (All Atm. Neutrinos)
]_()6 - -~ Atmospheric Neutrinos (90% CL Charm Limit)
o estimated baCkgrOUHd : - Bkg.+Signal Best-Fit Astrophysical (best-fit slope E%%)
10° L - = Bkg.+Signal Best-Fit Astrophysical (fixed slope E?)
9 O 8.0 - All Events (Trigger Level)
000 atm. neutrinos v | ets Datn
2.2 % 104 T e o e e l_ lceCube Preliminary
()]
3
12.6+5.1 atm. muons g 10
S
. s 10
1 atm. muon passing veto <
8 10
3
coincident CR showers 7 ;40
. . -1
6.5 o significance 10
107
107
Aartsen et al. PRD 88 (2013) 112008 104 105
Aartsen et al. Science 342 (2013) 1242856 Total Collected PMT Charge (Photoelectrons) .

Aartsen et al. PRL 113 (2014) 101101



neutrino identification 4 years of HE starting events

astropnysical Nneutrinos E, > 60 TeV
ICRC 2015

® 53(+1) events found

3 Background Atmospheric Muon Flux

. 102 e e """ =3 Bkg. Atmospheric Neutrinos (/K)
¢ estimated background B
v : - Bkg.+Signal Best-Fit Astrophysical (best-fit slope E~-2%)
. % — _ - -« Bkg.+Signal Best-Fit Astrophysical (fixed slope E~?)
0.0t8%,, atm. neutrinos o 10'| BEIL ) o less Data ﬂ
: eCube Preliminary
m
12.6+5.1 atm. muons = 1 Sbt
8 10° LT
. 2] | j
1 atm. muon passing veto ¢ -1
I.I>.I 1
coincident CR showers 10" N
L 2, % wmm
6.5 o significance 102 10° 10

Deposited EM-Equivalent Energy in Detector (TeV)

Aartsen et al. PRD 88 (2013) 112008
Aartsen et al. Science 342 (2013) 1242856
Aartsen et al. PRL 113 (2014) 101101 34



neutrino 1dentification

4 years of HE starting events

astrophysical neutrinos Ev> 60 TeV
|$_I . | e®e Differential Spectrum (best-fit, charm component floats to zero)
@ 350 | Differential Spectrum (fit with charm fixed at IC59 90% C.L.)
' : IceCube Prellmlnary
« 3.0t f T
s
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S20 |
o et _ e _T__________ _
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=
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R
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Declination (degrees)

neutrino identification
astropnysical Neutrnos

80
60
40
20

-20
-40
-60
-80

4 years of HE starting events

ICRC 2015

LT T Showers e -
I_}_I a3 Tracks F>¢—
HH IceCube Preliminary
AR -
_ P _

¥
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T%ﬁr%%

T &

b

¥ g

Deposited EM-Equivalent Energy in Detector (TeV)

10°

10°

E, > 60 TeV

north

(1 4 tracks
\40 Cascadesj

south
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Declination (degrees)

neutrino identification
astropnysical Neutrnos

80

-80

4 years of HE starting events

ICRC 2015
| - - T ;
'_II" Earth’s absorption Showers —e =
Tracks F—X—
,_f_( %_1 self-veto region :
Ll "i" - < PR 7
10° 10°

Deposited EM-Equivalent Energy in Detector (TeV)

E, > 60 TeV

north

(1 4 tracks
\40 Cascadesj

south
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neutrino Identification

! o
declination: -13.2° declination: -0.4° declination: 40.3°
deposited energy: 82TeV deposited energy: 71TeV deposited energy: 253TeV




neutrino identification
astropnysical Neutrnos

e |ikelihood fit with priors for
atmospheric conventional
and prompt v flux

(®)
| -
-
(%))
(4]

©

® atmospheric flux assumed
to be determined in shape

® pbest fit softer than E2

a problem ?

L

® prompt atmospheric
component fit =0

3.5
3.0
2.5
2.0

1.5

1.9

4 years of HE starting events
Ev > 60 TeV

|
HESE—4yr

| 'IceCube Preliminary

| | | | | |
8 2.0 2.2 24 26 2.8 3.0 3.2

Yastro
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Events

neutrino identification
astropnysical Neutrnos

Aartsen et al. Phys.Rev.Lett. 115 (2015) 8, 081102

4
1 0 I 1 1 I 1 ! LILIL I I I rrri
Expenmeﬁtal data e
Sum of predictions Muon Best Fg o
3 Astrophysical Muon Best Fit E™“ O
10 Prompt atmospheric g 3 Starting Events (HE) %
Conventional atmospheric — =
2 o Starting Events (LE 1) ¥
10 o - o |CeCUbe-79+86-1 g Staning Events (LE ) A
| ) 2
10" B . o e
ni + :
0 Lt >
10 ". -é_
p 3
107 F| 3.7 0 excess over <
atmospheric expectation
10-2 E 1 IlIllI lllll IlIII 1 L1 1 11 0 -
103 104 105 106 g I < S % - 2 2.2 .2.4 8 A 3
Muon Energy Proxy (arb. units) Power law index

® Up-going vy events and HE starting events consistent within uncertainties

® role of prompt neutrinos ? Need more events !
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4 years of HE starting events

neutrino identification Ev > 60 TeV
DQWT SOUINCes Q 58% (post-trial) for all event clustering

44% (post-trial) for cascade-like event clustering
7% (post-trial) galactic plane with width 2.5
2.5% (post-trial) galactic plane with best width 7.5°

.
.

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

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

ICRC 2015
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E*J [GeVcem2s!sr!]

astrophysical neutrinos
extra-galactic ongin

[—
S
(@)
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o

Aartsen et al. arXiv:1412.5106

extra-galactic photons from Fermi
cascading down from PeV 4 HESE (3yr)

pp scenario

SFR evolution

-+ arXiv:1410.1749
HH  Fermi IGRB (2014)

1073 102

heidaaal i i bl il
0-1

E [TeV]

Murase, Ahlers & Lacki arXiv:1306.3417

y-rays & v’s from pp interaction

extra-galactic emission
(cascaded in EBL): E21 - E2~

these cosmic ray sources

S

contribute to 30%-40% of diffuse

y-ray background @100 GeV

low energy tail of GeV-TeV
neutrino/y-ray spectra

sources can be opaque in y-ray

v to probe dense environments
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astrophysical neutrinos IceCube
jokd Auger

correlations with UHECH from Auger ¢ A

* Auger events

TA events

IceCube cascade events

IceCube starting track events

IceCube through-going track events

Galactic

42
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astrophysical neutrinos
galactic ongin
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searching for point sources of neutrinos

full-sky

cosmic rays
starting neutrinos
~»~.__and gamma rays

combine observations from complementary experiments T
Noﬂhk\\’ \
1.0 ‘\\ T - \
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Median angular resolution [°]
o
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©
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ANTARES & IceCube Collaborations, arXiv:1511.02149

cosmic rays
44 starting neutrinos
and PeV gamma rays



searching for point sources of neutrinos

full-sky

cosmic rays
starting neutrinos
~»~__and gamma rays

combine observations from complementary experiments
\\\ — |IC 3 years ;
206 b N --- IC3y (100 TeV cut) |} - - £
[ \ = IC limits North © ; ”
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sin(d)

ANTARES & IceCube Collaborations, arXiv:1511.02149

cosmic rays
45 starting neutrinos
and PeV gamma rays



neutrino telescopes
arge under-water/ice experments

]Baikal “T | A a
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high energy extension Gen-2

Aartsen et al. Science 342 (2013) 1242856

ICECUBE PRELIMINARY g +1 year

shower events
p-value: 7%

all events
p-value: 84%

1450 m

2450 m




COSMIC rays spectrum
al-particle energy spectrum
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all-particle spectrum depends on the assumed mass composition of primary particles
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cosmiIc rays composition
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COSMIC rays composition
other experiments
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cosmic ray propagation in interstellar medium

« cosmic ray spectrum shaped by
acceleration at the source

E%® x dN/JE [GeV'® m2sr s
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eV sidereal anisotropy
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COSMIC rays anisotropy
armval direction distrioution

to be submitted to ApJ

¢ O years of lceCube

¢ 300 billion events

B . . .
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e median cosmic ray energy 20 TeV

e trace sources ? Magnetic fields ?
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COSMIC rays anisotropy
simple directional Interpretation
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arge and small angular scale
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cOosMIC rays anisotropy

¢ anisotropy influenced by source distribution in the galaxy ...

e .. and propagation properties in the interstellar magnetic fields

e anisotropy vs. energy to probe larger portion of interstellar medium volume
e anisotropy vs. mass to probe rigidity dependent magnetic influences

® anisotropy as probe into interstellar magnetic field properties, in combination of other
observations
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bulk of cosmic rays of similar composition of local
interstellar medium - OB associations within
superbubbles

Chandra

energy needed to maintain galactic cosmic ray
population - diffusive shock acceleration in SNR

back reaction of accelerated particles lead to non-
linear magnetic field amplification & efficient
acceleration

spectral concavity @ acceleration sites

>

propagation in interstellar medium & escape J
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cosmic ray acceleration
N sUpemnaova remnants

Remarks on Super-Novae and Cosmic Rays

We have recently called attention to a remarkable type
)f giant novae.! As the subject of super-novae is probably
very unfamiliar we give here a few more details which
are not contained in our original articles.

1. Distribution of super-novae

In our calculations we made use of the assumption that
)n the average one super-nova appears in each galaxy
avery thousand years. This estimate is based on the
accurrence of super-novae in the following galaxies,

Our own galaxy in 1572
Andromeda 1885
Messier 101 1907

These three systems are located within a sphere of radius
PP

A ——

We wish to emphasize that all of these finds are chance
finds since a systematic search for super-novae has beei
organized only recently.

From the estimate of one super-nova per galaxy pei
thousand years it follows that 107 super-novae appear per
year in the 10 nebulae which are contained in a sphere of
2 X107 years radius (critical distance derived from the red
shift of nebulae). If cosmic rays come from super-novae
their intensity in points far away from any individual
super-nova will be essentially independent of time.

2. Comparison with the lifetime of stars

The lifetime of stars is supposed to be of the order of at
least 10'? years. A nebula contains about 10° stars. These
estimates, combined with the frequency of occurrence of
one suner-nova ner ~ala- nooect thos

Baade & Zwicky 1934

PHYSICAL REVIEW

VOLUME 75,

NUMBER 8 APRIL 15, 1949

On the Origin of the Cosmic Radiation

Enrico FErMI
Institute for Nuclear Studies, University of Chicago, Chicago, Illinois
(Received January 3, 1949)

A theory of the origin of cosmic radiation is proposed according to which cosmic rays are originated
and accelerated primarily in the interstellar space of the galaxy by collisions against moving mag-
metic fields. One of the features of the theory is that it yields naturally an inverse power law for the
spectral distribution of the cosmic rays. The chief difficulty is that it fails to explain in a straight-
forward way the heavy nuclei observed in the primary radiation

I. INTRODUCTION

N recent discussions on the origin of the cosmic
radiation E. Teller' has advocated the view

where H is the intensity of the magnetic field and
p is the density of the interstellar matter.

One finds according to the present theory that a

that cosm‘c rays are of solar origin and are kept particle that is proiectml int~ tha interstellar
- v )

A ——

o —————

Fermi 1949
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» diffusive shock acceleration in
galactic supernova remnants



DOSSIble ongin of
COSMIC ray energy

XCRACRARGrY T r T TR

» energy needed to maintain galactic ;.69-“5%3!-‘-__;::-.,; i
cosmic ray population e

10 ergs™t =10%* W

2

Eccr

» energy released by supernovae that
goes into particle acceleration

10% J
Eon ~ x 10% =~ 10°* W

30 yr » Emax associated to the knee of

released mechanical energy cosmic rays at ~ 3 PeV
galactic supernova rate

energy into acceleration
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cosmic ray acceleration
N sUpemnaova remnants

XMM Newton

e efficient acceleration: dynamical
reaction of CR particle on SNR magnetic

field

» streaming instability induced by s
accelerated particles leads to T
magnetic field amplification SN1006
upstream Chandra

» in addition to magnetic field
amplification by compression
downstream

= non-linear diffusive shock acceleration

= predicts « E* (or concave spectra) SN1006
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detection principle - track

factor of = 2 energy resolution
< 1° angular resolution
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detection principle - track

factor of = 2 energy resolution
< 1° angular resolution

Paolo Desiati

time delay
vs. direct light
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events per bin [t =367.1d]

events per bin [T =367.1d]

neutrino Identification
aimuse 1ux

Aartsen et al. Phys.Rev. D89 (2014) 10, 102001
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neutrino Identification
amuse flux

Aartsen et al. Phys.Rev. D89 (2014) 10, 102001
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cascade-like events
all neutrinos NC interactions &
electron/tau neutrinos CC interactions

neutrino
effective area

Aartsen et al. Phys. Rev. D 89 (2014), 062007
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track-like events
muon neutrinos CC interactions
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neutrino Identification

aAmuse flux

Aartsen et al. arXiv:1509.06212
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neutrino identification
flavor sensitivity

TOO FEW TRACK-LIKE EVENTS ?

® track-like & cascade-like is an experimental definition
® n all-flavor searches track-like events are not common
® gl flavors look alike in NC interactions

® u in CC interactions may be concealed in showers

® T have short tracks except above PeV energies

® flavor identification requires simulation data
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high energy neutrinos
fransition from atmospheric to astropnysical
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Honda + ERS Atmos.vM

Waxman Bahcall 2013

Loeb Waxman Starburst 2006
IC59 Diffuse v, Limit x 3

IC79 v, Unfolding
IceCube 2012 All Flavor Limit
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Blazars Stecker 2005 v, X 3

Decerprit et al. Proton GZK
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high energy “starting” events
angular distrioution

Aartsen et al. Science 342 (2013) 1242856

Southern Sky (downgoing) Northern Sky (upgoing)

» compatible with isotropic flux

I Background Atmospheric Muon Flux
I Bkg. Atmospheric Neutrinos (7/K)

Background Stat. and Syst. Uncertainties
— Atmospheric Neutrinos (90% CL Charm Limit)
—— Signal+Bkg. Best-Fit Astrophysical E~> Spectrum
» Earth absorption from Northern ., et Dafo s
Hemisohere. &ol . . _ IceCubePRELINMINARY
(] 5 :
0 ._. . é
P |
v f—— ]
» excess from south (self-veto) 7 100 |
3
& |
» charm production @north
10"
» forward physics with lceCube
—-1.0 -0.5 0.0 0.5 1.0

south

sin(Declination)

north
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high energy “starting” events

angular distrioution

» compatible with isotropic flux

» Earth absorption from Northern

Hemisphere

» excess from south (self-veto)

» charm production @north

» forward physics with lceCube

72

Events per 988 Days

Paolo Desiati

Aartsen et al. Science 342 (2013) 1242856

 Southern Sky (downgoing)] [Northern Sky (upgoing)

Edep > 240 TeV E= Background Atmospheric Muon Flux

(@@ Bkg. Atmospheric Neutrinos (7/K)
Background Stat. and Syst. Uncertainties
— Atmospheric Neutrinos (90% CL Charm Limit) |
— Signal+Bkg. Best-Fit Astrophysical E~? Spectrum |;

~ TceCube PRELIMINARY
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T .
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origin of high energy neutrinos ?

» Glashow resonance ?

» galactic or extragalactic

» iSOtropic or point sources ?
» COSMIC ray composition ?

» PP Or py origin 7

» 1 PeV neutrinos ~ 20 TeV CR nucleon ~ 2 PeV y-rays
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origin of high energy neutrinos “ @

1 PeV neutrinos ~ 20 TeV CR nucleon ~ 2 PeV y-rays @(—)@

o extragalactic sources:

o relation to the sources of UHE CRs [Kistler, Stanev & Yuksel 1301.1703]
o GZK from low E.x blazars [Kalashev, Kusenko & Essey 1303.0300]
o cores of active galactic nuclei (AGN) [Stecker et al.’91;Stecker 1305.7404]
o low-power «-ray bursts (GRB) [Murase & loka 1306.2274]
o starburst galaxies  [Loeb&Waxman'06; He et al. 1303.1253; Murase, MA & Lacki 1306.3417]
o hypernova in star-forming galaxies [Liu et al. 1310.1263]
e galaxy clusters/groups [Berezinksy, Blasi & Ptuskin’97; Murase, MA & Lacki 1306.3417]

e Galactic sources:

o heavy dark matter decay [Feldstein et al. 1303.7320; Esmaili & Serpico 1308.1105]
e peculiar hypernovae [Fox, Kashiyama & Meszaros 1305.6606; MA & Murase 1309.4077]
o diffuse Galactic y-ray emission  [e.g. Ingelman & Thunman'96; MA & Murase 1309.4077]

* ~v-ray association:

o unidentified Galactic TeV ~-ray sources [Fox, Kashiyama & Meszaros 1306.6606]
o sub-TeV diffuse Galactic y-ray emission [Neronov, Semikoz & Tchernin 1307.2158]

M Ahlers
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origin of high energy neutrinos ?

» strong constraints of galactic isotropic emission of y-rays

"""" LHAASO (lyr, |b < 27) UMC (| < 107, 307 < | < 2207)
» disfavor contribution from SNR & HyperNovae -------- HAWC (3yrs, |b] < 2°) IC-40 (1) (~10° < b < 5°, 280° < I < 330°)
frertett CTA (100, [b| < 2°) HEGRA (|b| < 5%, (¢ < | < 255%)
Milagro (|b| < 57, 40° < 1 < 1007) L] HEGRA (|b| < 57,207 < I < 607)
X Milagro (|b| < 2°,30° < | < 85%) I EAS-TOP (|b| < 5°)
+ Milagro (|b| < 2°, 85° < [ < 210°) Tibet (|b) < 27, 20° < | < 557)
® GRAPES-3 ® HEGRA IC-40 (y) GAMMA ®  GRAPES-3 (b < 2°,20° < | < 55%) * Tibet (|b] < 2, 140° < [ < 2257)
UMC O EAS-TOP * KASCADE & CASA-MIA ® GRAPES-3 ((b| <27, 140° < | < 2257) L CASA-MIA (|b| < 5°, 407 < [ < 200°)
: Ahlers & Murase arXiv:1309.4077 I
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Blasi & Amato 2011

COSMIC rays &7 10000 T T
>
oropagation effects °
il
. IR
» cosmic ray spectrum affected by propagation  » 19%C g
|
£
» escape faster with energy: diffusion coefficient > y+6 =2.67
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Flux, erg/(cm? s sr)

astrophysical neutrinos
galactic orgin
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cosmic ray anisotropy
AMANDA-IceCube 2000-2011

relative intensity equatorial coordinates

o
"
-------

veasth
........

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
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cosmic ray anisotropy Io
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scattering at heliospheric boundary
neuristic model

PD & Lazarian 2013

» resonant scattering to re-direct CR distribution

» back-scattering @ flanks back from downstream

0.998 0999 1.000 1001 1.002

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

» global anisotropy with large edge gradients

significance
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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

» investigating the role of heliospheric turbulence

%:\N .
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y

Paolo Desiati

Schwadron, et al., Science, 1245026 (2014)




amplitude[%]

CcOosMmIC ray anisotropy
and energy

Tibet ASy Amenomori et al., Apd. 626, 29, 2005
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Primary energy[GeV]
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dipole
component

IceCube-22 Abbasi et al., Apd, 718, L194, 2010
IceCube-59 Abbasi et al., Apd, 746, 33, 2012
EAS-TOP Aglietta et al., Apd, 692, L130, 2009
ARGO-YBJ Zhang 318tICRC t6dz-Poland,2009
ARGO-YBJ 32" |CRC Beijng China,2011

gaussian fit Aartsen et al., Apd, 765, 55, 2013

-
>

>

\_

~
modulation in amplitude of dipole

component

corresponds to transition in
anisotropy topology

J




amplitude[%]

cosmic ray anisotropy large scale
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cosmicC ray anisotropy
OrobiNg sources & propagation of cosmic rays ¢

» stochastic effect of nearby & recent sources & temporal correlations  Erdykin & Woltendale, Astropart. 2006
Blasi & Amato, 2011

Ptuskin+, 2012

= dipole amplitude Sveshnikova+, 2013
E e KasGran o= KASCADE Pohl & Eichler, 2012
e UG9 ® Akeno S Sveshnikova+, 2013
{ Yakutsk <4 Baksan-A - :
S Ml s el 2 not dipole observations
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= % Argo-A oW ;
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cosmicC ray anisotropy
OrobiNg sources & propagation of cosmic rays ¢

» propagation effect from a near by source to produce localized excess

Drury & Aharonian, 2008

Paolo Desiati

Salvati & Sacco, 2008
Drury & Aharonian, 2008

Salvati, 2010
Malkov+, 2010




COSMIC ray anisotropy
OrobiNg sources & propagation of cosmic rays

» stochastic effect of nearby & recent sources & temporal correlations  Erykin & Wolfendale, Astropart. 2006
Blasi & Amato, 2011

Ptuskin+, 2012
Pohl & Eichler, 2012
Sveshnikova+, 2013

» propagation effect from turbulent realization of interstellar magnetic field Giacinti & sigl, 2012
within scattering mean free path Biermann-+, 2012

Yan & Lazarian, 2008 Giacinti & Sigl, 2012

A
’

mean free path in ISM

094096098 1 102104106108

FIG. 1. Renormalized CR flux predicted at Earth for a
concrete realization of the turbulent magnetic field, after
subtracting the dipole and smoothing on 20° radius circles.
Primaries with rigidities p/Z = 10'°eV (left panel) and
5 x 10'® eV (right panel). See text for the field parameters
and boundary conditions on the sphere of radius R = 250 pc.
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COSMIC ray anisotropy
OrobiNg sources & propagation of cosmic rays

anisotropic diffusion

15 1

Effenberger+, 2012

Jansson & Farrar, 2012

g l‘j . :\'\
: \
15 L 1
1 10 0 10 1
x (kpc)
» diffusion coefficient hardly a single power law, homogeneous and isotropic Effenberger-+, 2012
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COSMIC ray anisotropy
OrobiNg sources & propagation of cosmic rays

Frisch+, 2011 (Wolleben, 2007)

—10t01(;pc[ . - o - ":W ;
local ISMF shaped by LOOP |

expansion sub-shell

(with center ~90 pc away in

Scorpius-Centaurus OB

Association)

40 [—

20 —

Y (pc)
<)
|

local cloudlets fragments of
the shell moving at similar
velocities

-20 —

-4

Galactic
- east

-6~ | Galactic
- center
P T T . |

-6 -4

» interstellar magnetic field affected by inhomogeneities Redfield & Linsky, 2008
Frisch+, 2011

» local ISMF relatively uniform over spacial scales of order 100-200 pc (inter-arm)  Frisch+, 2012
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COSMIC ray anisotropy
OrobiNg sources & propagation of cosmic rays

heliosphere Pogorelov+ 2011

'Interstellar Magnetic
 ~ Field Lines

T [ -
- =T ptot: 2.0E-02 2.2E-01 4.2E-01 6.2E-01 8.2E-01 1.0E+00 1.2E+00 1.4E+00 1.6E+00
_____ - Solar Wind Streamlines -~ 1500
- Lines 1000 y
= |
% ‘4-4,
heliotail
x 0 -
______ -500 =
________ -1000 :7/; Y Fhl A
\\\\\\\\ Interstellar lons Iocal ISMF
THEHEUOSPHERE |  ~~——___ . A
H draplng around o -1506 l l-v1000 = -500 — 0 - 10'(330 1;1000 -1(;0&500
heliosphere
» heliosphere as O(100-1000) AU magnetic perturbation of local ISMF PD & Lazarian, 2013

» influence on =10 TeV protons (R = 600 AU)

» cosmic rays >100 TeV ifluenced by interstellar magnetic field
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cOosMmIC ray anisotropy
oroning hellosphnernc magnetic structure

Schwadron et al., Science 2014 Frisch+, 2011
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from IBEX observations
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cOosMmIC ray anisotropy
orobing heliospnerc magnetic structure

Schwadron et al., Science 2014
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On the left, a map of cosmic ray arrival data gathered by IceCube and Tibet AS-gamma. On the right, an IBEX prediction of cosmic ray data. Red signifies a concentration of cosmic rays, and blue
a deficit. Credit: NASA/IBEXIUNH

heliospheric magnetic field produces a perturbation

In the arrival direction of cosmic rays
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cOosMmIC ray anisotropy
orobing heliospnerc magnetic structure

0.000 1.260 2500 3.750  5.000

Borovikov, Heerikhuisen, Pogorelov

downstream instabilities on the flanks of heliotail

B 2 - Pogorelov et al., 2009

By: -5.0E-01 -3.7E-01 -2.4E-01 -1.2E-01 1.0E-02 1.4E-01 2.7E-01 3.9E-01
(d)

effects of magnetic polarity reversals
from solar cycles
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