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lceCulbe Observatory
main PNysSICS goals

e -
B » astrophysical neutrinos from the sources of cosmic rays

supernova gamma ray active galactic
remnants bursts nuclei

= = =1 » atmospheric neutrinos: charm production, oscillations
energy hadronic neutrino
spectrum models oscillations
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neutrino identification 4 years of HE starting events
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neutrino identification 4 years of HE starting events
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full sky olbservations
Multi-expernment approach
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cosmic rays
_ == ™ starting neutrinos

full sky observations and gamma rays
multi-experiment approacn /&
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e complementary and overlapping regions of the sky

cosmic rays

¢ [ceCube/Antares (arXiv:1511.02149)

@ South Pole e Auger/TA (arXiv:1409.3128) 8



cosmic and y rays observations

e @Pole same sky visible at all times
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e cffectively largest statistics < 60-70




COSMIC rays spectrum
Ndirect opservations
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» at high energy flux too small for
direct observations

» ground-based, under-ground /
water / ice detection
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Measurement of particles
with tracking detectors

(with drift chambers or
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muons deep underground
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» atmosphere & interaction properties

» energy & mass observations tangled

» limited energy & mass resolution
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CcOSMIC rays spectrum
al-particle energy spectrum

Event 120401/2498463-0
Time 2012-07-01 03:43:27 UTC
Duration 30819.2 ns °
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COSMIC rays spectrum

.
al-particle energy spectrum
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COSMIC rays spectrum
al-particle energy spectrum
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COSMIC rays composition
coincldent events
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cosmiIc rays composition
coincident events
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other experiments
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COSMIC rays composition
other experiments
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COSMIC rays anisotropy
armval direction distrioution

® cosMic rays expected to be almost isotropic
e scrambled by galactic magnetic field

® anisotropy from source dist. & magnetic fields

@2 shower
development

2
LT in the
/ -E’:."":'./ atmosphere

muon
propagation
inice
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COSMIC rays anisotropy
armval direction distrioution

to be submitted to ApJ

¢ O years of lceCube

¢ 300 billion events

B . . .
-1.5 -1.2 -0.9 -0.6 -0.3 0 0.3 0.6 0.9 1.2 1.5

Relative Intensity [x 10 %]

e anisotropy on the level of 103

e median cosmic ray energy 20 TeV

e trace sources ? Magnetic fields ?
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COSMIC rays aniso
armval direction distr
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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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cOosMIC rays anisotropy
full-sky coverage

small scale anisotropy
Abeysekara et al. 2014

HAWC - 1 TeV
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eV gamma rays
galactic ongin

» galactic sources of PeV y rays

» disfavored by CASA-MIA & KASCADE

» HAWC, LHAASO, HISCORE ?

» lceCube the only experiment in
Southern Hemisphere

» need to reduce the blind region in
the southern hemisphere (where GC
IS located)
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galactic ongin

eV gamma rays

Declination (degrees)

Galactic latitude (degrees)

IC40 - Aartsen et al., 2012
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PeV gamma rays
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PeV gamma rays
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cosmic and y rays observations
extended sky coverage
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e sky overlap for cross-calibration
and systematics

e extension of the observable sky
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neutron point sources
nearby galactic sources with 4 years of lcelop

» cosmic ray neutron range R ~ 10 pc x Epey ICRC 2015

Candidate Source Locations
» all-visible-sky search > 10 PeV

» targeted source search > 100 PeV +120°

+105°

+90°

+75°

+60°

msec pulsars
HMXB :
Fermi pulsars }

+45° +30° +15° 0° -15° -30°

? Q<27



neutron point sou

CES

nearby galactic sou

‘ces with 4 years of lcelop

» cosmic ray neutron range R ~ 10 pc x Epev
» all-visible-sky search > 10 PeV
» targeted source search > 100 PeV HWL
» no significant excess found in all-sky
search
» no significant correlations found with +60°

candidate source catalogue
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conclusions
with extended or full sky coverage

neutral messengers

¢ important for astrophysics of cosmic ray origin
e Farth v & y observatories at comparable high energies (up to PeV range)

e unveil galactic and/or extra-galactic sources of cosmic rays

charged cosmic rays

e important for UHECR: spectrum, composition & anisotropy (Auger & TA)
e bound to impact understanding of TeV/PeV CR anisotropy
e probe into local interstellar medium: coherent and turbulent magnetic field

e impact on e’e* anomalies and disentanglement from astrophysical sources
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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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CcOSMIC rays spectrum
al-particle energy spectrum
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S/VEM

At / ns [plane front]

COSMIC rays spectrum

al-particle energy spectrum

{5125 = 36.76 VEM
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Signal lateral distribution:
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Wavefront timing
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COSMIC rays spectrum
al-particle energy spectrum
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COSMIC rays spectrum
al-particle energy spectrum
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Sciutto, Braz. J. Phys. 37 (2007) 2b, Sao Paulo
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COSMIC rays aniso
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measuring cosmic ray anisotropy

o | DISCLAIMER
relative Intensity

Abbasi et al., ApJ, 746, 33, 2012 equatorial coordinates
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» sky maps show ONLY modulations across right ascension and NOT declination
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COSMIC rays anisotropy
armval direction distrioution

small scale anisotropy
Abeysekara et al. 2014
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cOosMIC rays anisotropy
arge and small angular scale
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cOosMIC rays anisotropy
arge and small angular scale
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eV gamma rays
galactic ongin

IC40 - Aartsen et al., 2012
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neutron point sources
nearby galactic sources with 4 years of Icelop  1cre 2015

Targeted search catalogs Y

What would comprise good Galactic source candidates?
- nearby, known distances, high energy ys with an adequate energy flux at Earth

msec pulsars [Manchester et al. 2005]: Candidate Source Locations
- http://www.atnf.csiro.au/research/pulsar/psrcat/
- 17 objects with P< 10 msec
- median distance ~ 1.9 kpc —> Ec ~ 220 PeV 190°
Y pulsars [Abdo et al. 2013]: confirmed high energy photons
- http://fermi.gsfc.nasa.gov/ssc/data/access/lat/2nd_PSR_catalog *1%°°

- 16 objects

- median distance ~ 2.7 kpc —> E¢ ~ 320 PeV 0
HMXB [Liu et al. 2007]: compact object + massive star WLl

- http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/442/1135

- 20 objects +60°

- median distance ~ 4.2 kpc —> E; ~ 480 PeV

+45°
+45° +30° +15° 0° -15° -30°
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Results: all-sky search
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Galactic Flux Upper Limit Skymap

IceCube Preliminary

M. Sutherland - OSU




neutron point sources
nearby galactic sources with 4 years of Icelop  1cre 2015

Results: targeted search VS —

Number of Fisher P Good P
S Objects (post-trials p) | (post-trials p)

corresponding value less than that in Y pulsars (g ::_8,) (g _8,2;)

observed dataset

Post-trials p = fraction of MC with

msec pulsars 16 (g:::g) (g:gg?)
Underfluctuation near b=0° relative to
background plus preferential catalog 0.999 0.945
clustering produces artificially high P - HMXB L (0.997) (0.972)

values

No statistically significant correlations observed between candidate
catalogs and (E > 100 PeV) cosmic rays

R A Dec FUL energy FuL Poisson P

y pulsars  J1048-5832 162.05 -58.53 760  11.35 0.095 (0.665)
e J1933-6211  293.39 -62.20 6 257 890  14.87 0.86 0.047 (0.419)
oulsars : : : : : : : )

HMXB 251417-624 215.30 -62.70 4 2.65 5.95 10.11 0.58 0.274 (0.993)



E*J [GeVcem2s!sr!]

astrophysical neutrinos
extra-galactic ongin
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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
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astrophysical neutrinos
galactic ongin
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galactic cosmic rays with cut-off of 10 PeV ?
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astrophysical neutrinos
galactic orgin

10-0 |

v, Fermi/LAT

=
21079 | -
" " .
- )
= v, IceCube ]
af
)
()
E 10-10 - E
k -
-
10-1! |~ -
- Neronov & Semikoz 2015a -
I-|| L1 ||||||I 1.1 lllll_ll 11 lllll_d 11 lllllll 11 lllllll 11 lllllll 1.1 lllllll 1
0.0001 0.001 0.01 0.1 1 10 100 1000
Energy, TeV

54

galactic cosmic rays with cut-off of 10 PeV ?
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