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… and life snapshots from the South Pole



neutrino telescopes & the IceCube Observatory 

observing the Universe 

neutrino observations 

cosmic ray observations 

astrophysics & life at South Pole 

lectures outline 
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outline 
astrophysics and interdisciplinary sciences
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qualitative notion of propagation 

cosmic ray astrophysics 

neutrino astrophysics 

life at the South Pole 

interdisciplinary science (time permitting)



cosmic rays 
a natural laboratory
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accelerator
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propagation

proton on 
proton target

detection

accelerator (?)

propagation

interstellar medium 
magnetic fields (?)

Earth atmosphere 
dynamic target

σp-air

atmospheric properties

rock/water/ice properties

nuclear & hadronic 
processes

detection



cosmic ray acceleration in supernova remnants 

SN1006
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X-ray (Chandra)

optical

radio• energy density of cosmic rays below the 

knee consistent with 10% of energy emitted 
by SNR every 30 years in the Galaxy 

• composition of low energy cosmic rays 
consistent with OB Associations 

• diffusive shock acceleration and E-2

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



cosmic ray propagation in interstellar medium 
qualitative discussion

6

scattering

field line random walk 
& 

cross fieldline propagation

collisionless scattering

astrophysical 
turbulence properties



cosmic ray propagation in interstellar medium 
qualitative discussion
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scattering

field line random walk 
& 

cross fieldline propagation

collisionless scattering
~r = ~r0 + ~v · t

h~ri2bal / t2

h~ri2dif / t

ballistic motion

for an ensemble 
of particles

with effect of 
scattering, after τsca



D? < Dk

cosmic ray propagation in interstellar medium 
qualitative discussion
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scattering

field line random walk 
& 

cross fieldline propagation

collisionless scattering

h~ri2dif / t

h ~Bimag

diffusion coefficient

Dk,? /
hr2
k,?i
t

⇠ const

D(E) ⇡ D0 · E�

⌧difdiffusion time



cosmic ray propagation in interstellar medium 
qualitative discussion
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h ~Bimag

D(E) ⇡ D0 · E�diffusion coefficient



cosmic ray propagation in interstellar medium 
qualitative discussion
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h ~Bimag

D(E) ⇡ D0 · E�

at the source 
E-γ (γ=2)

diffusion coefficient

E2  Φ

E

E-2



cosmic ray propagation in interstellar medium 
qualitative discussion
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h ~Bimag

D(E) ⇡ D0 · E�

at the source 
E-γ (γ=2)

diffusion coefficient

⌧dif ⌧dif ⌧dif

E2  Φ

E

E-2



cosmic ray propagation in interstellar medium 
qualitative discussion
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h ~Bimag

D(E) ⇡ D0 · E�

at the source 
E-γ (γ=2)

after many 
diffusion lengths 

E-γ-δ
diffusion coefficient

⌧dif ⌧dif ⌧dif

E2  Φ

E

E-2-δ

faster diffusion 
more diluted 

particles already passed

slower diffusion 
more concentrated 
particles are passing by



E-2.7

cosmic ray propagation in interstellar medium 
qualitative discussion
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δ = 0.7 (?)E-2.7

⇥ ⇠ 0.3� 0.6 =) � ⇠ 2.4� 2.1
E2  Φ

E

faster diffusion 
more diluted 

particles already passed

slower diffusion 
more concentrated 
particles are passing by



E-2-δ

cosmic ray propagation in interstellar medium 
qualitative discussion
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E2  Φ

E

nearby young source 
less diffusive medium

far older sources 
more diffusive medium

• a nearby “recent” source would have a 
“flatter” spectrum (no full diffusion?)


• diffusion coefficient can change as a 
function of the location in the Galaxy



cosmic rays spectrum 
direct observations

‣ anomaly cosmic ray spectra 

‣ anomaly in anti-proton & positron fraction
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effect of a nearby source of cosmic rays 

OR 

different propagation properties 

OR 

dark matter 

OR 

?



cosmic ray propagation in interstellar medium 
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• the knee of cosmic rays and 
spectral features from escape from 
the Galaxy


• determines the level of turbulence

Gaisser, Stanev, Tilav, 2013

Giacinti, et al., 2015



cosmic ray propagation in interstellar medium 
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• cosmic ray spectrum shaped by 
acceleration at the source

Gaisser, Stanev, Tilav, 2013



cosmic ray propagation in interstellar medium 
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• cosmic ray spectrum shaped by 
acceleration at the source 

• different populations of sources 
with different power (Peter’s cycle)


• hard energy spectra cumulate to 
produce softer all-particle 
spectrum


• knee from transition of populations

Gaisser, Stanev, Tilav, 2013
• cosmic ray spectrum shaped by 

acceleration at the source



cosmic ray propagation in interstellar medium 
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• cosmic ray spectrum shaped by a 
single source producing the knee

Erlykin, Wolfendale, 2006



astrophysical neutrinos 
2 million years old nearby supernova
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• 2 million years old supernova as 
the origin of the observed 
anomalies: ANISOTROPY?

Kachelriesß et al., 2015



cosmic ray propagation in interstellar medium 
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• cosmic ray spectrum shaped by a 
single source producing the knee


• anisotropy from the contributing 
source


• evolution of anisotropy with energy 
from changing relative contribution 
from different sources…


• …or from BISM at different distances ?


• energy dependence in disagreement 
with simple diffusion scenario

Erlykin, Wolfendale, 2006

13 TeV



cosmic ray propagation in interstellar medium 
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• cosmic ray spectrum shaped by a 
single source producing the knee


• anisotropy from the contributing 
source


• evolution of anisotropy with energy 
from changing relative contribution 
from different sources…


• …or from BISM at different distances ?


• energy dependence in disagreement 
with simple diffusion scenario

Erlykin, Wolfendale, 2006

13 TeV24 TeV38 TeV71 TeV130 TeV240 TeV580 TeV1.4 PeV1.6 PeV5.4 PeV



equatorial coordinates
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IceCube-59

Tibet-III 5 TeV

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

Amenomori et al., ICRC 2011

relative intensity

IceCube-59

Milagro

20 TeV

1 TeV

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

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

TeV sidereal anisotropy 



‣ stochastic effect of nearby & recent sources & temporal correlations

astrophysics of cosmic ray anisotropy 
probing sources & propagation of cosmic rays ?

Blasi & Amato, 2011dipole amplitude
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Erlykin & Wolfendale, Astropart. 2006
Blasi & Amato, 2011

Sveshnikova+, 2013

Ptuskin+, 2012
Pohl & Eichler, 2012

Kumar & Eichler, 2014
Mertsch & Funk, 2014

IceCube



‣ stochastic effect of nearby & recent sources & temporal correlations 

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

‣ diffusion coefficient hardly a single power law, homogeneous and isotropic 

‣ interstellar magnetic field affected by inhomogeneities 

‣ local ISMF relatively uniform over spacial scales of order 60-100 pc (inter-arm) 

‣ magnetic turbulence affects propagation and diffusion properties

cosmic ray anisotropy 
local interstellar medium

Erlykin & Wolfendale, Astropart. 2006
Blasi & Amato, 2011

Sveshnikova+, 2013

Ptuskin+, 2012
Pohl & Eichler, 2012

Salvati & Sacco, 2008
Drury & Aharonian, 2008

Salvati, 2010
Malkov+, 2010

Effenberger+, 2012

Frisch+, 2011
Redfield & Linsky, 2008

local ISMF shaped by LOOP I expansion 
sub-shell (with center ~60 pc away in 
Scorpius-Centaurus OB Association) 

local cloudlets fragments of the 
shell moving at similar velocities

100 pc - Wolleben, 2007 14 pc - Frisch+, 2011, 14

Frisch+, 2012
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500 pc - (Priscilla Frisch)

Giacalone & Jokipii, 1994, 99 
Yan, Lazarian, 2002,04,08



‣ stochastic effect of nearby & recent sources & temporal correlations 

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

‣ diffusion coefficient hardly a single power law, homogeneous and isotropic 

‣ heliosphere as O(100-1000) AU magnetic perturbation of local ISMF 

‣ influence on ≲ 10 TeV protons (RL ≲ 600 AU) 

‣ cosmic rays >100’s TeV influenced by interstellar magnetic field (change of anisotropy)

cosmic ray anisotropy 
heliosphere

Erlykin & Wolfendale, Astropart. 2006
Blasi & Amato, 2011

Sveshnikova+, 2013

Ptuskin+, 2012
Pohl & Eichler, 2012

Salvati & Sacco, 2008
Drury & Aharonian, 2008

Salvati, 2010
Malkov+, 2010

Effenberger+, 2012

PD & Lazarian, 2013

Pogorelov+ 2011heliosphere

heliotail

local ISMF 
draping around 

heliosphere
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rL ⇡
200
Z

E(TeV )
B(µG)

AU



Paolo DesiatiPaolo Desiati

‣ 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 

anisotropy and local galactic environment 
low to high energy connection

24

Schwadron, Adams, Christian, PD, Frisch, Funsten, 
Jokipii, McComas, Möbius, Zank, Science, 1245026 (2014)

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



Paolo DesiatiPaolo Desiati
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strong scattering 
effect from 
downstream 
instabilities on the 
flanks of heliotail 

cosmic ray anisotropy 
probing heliospheric magnetic structure

Borovikov, Heerikhuisen, Pogorelov

PD & Lazarian 2013

López-Barquero, Farber, Xu, PD, 
Lazarian, Pogorelov (in preparation)

small angular features from particle gradient distributions 
correlated with large scale heliospheric geometry  



Paolo DesiatiPaolo Desiati
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cosmic ray anisotropy 
small scale anisotropy

effects of magnetic 
polarity reversals 
from solar cycles

Pogorelov et al., 2009

magnetic reconnection 
Lazarian & PD 2010 
PD & Lazarian 2012

Giacinti & Sigl, 2012
Biermann+, 2012

10 PeV 50 PeV effects of magnetic turbulence on 
small angular scale distribution of 
cosmic ray arrival directions

spectral features in some 
localized excess regions

Harding, 2013

anisotropy features from 
dark matter clumps



Paolo DesiatiPaolo Desiati
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cosmic ray anisotropy 
small scale anisotropy

Ahlers, 2014

López-Barquero, Farber, Xu, PD, 
Lazarian (arXiv:1509.00892)

Ahlers & Mertsch, 2015

effects of magnetic 
turbulence on 
small angular scale 
distribution of cosmic 
ray arrival directions

750 TeV 30 PeV

MHD compressible 
turbulence snapshot 
with dB/B ~ 0.7



astrophysical neutrinos 
galactic origin
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HE starting neutrino events

E-2.5

galactic cosmic rays with cut-off of 10 PeV ?

Neronov & Semikoz 2015

ECR-2.45



astrophysical neutrinos 
extra-galactic origin
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• γ-rays & ν’s from pp interactions 


• extra-galactic emission 
(cascaded in EBL): E-2.1 - E-2.2


• these cosmic ray sources 
contribute to 30%-40% of diffuse 
γ-ray background @100 GeV


• low energy tail of GeV-TeV 
neutrino/γ-ray spectra

Murase et al., 2014

• sources can be opaque in γ-ray


• ν to probe dense environments



astrophysical neutrinos 
starburst galaxies ?
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M. Ahlers



astrophysical neutrinos 
other sources ? NOT GRB and blazars!
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M. Ahlers



astrophysical neutrinos 
correlations with UHECR from Auger ?
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IceCube 
Auger 

TA 

ICRC 2015



“life at the South Pole”
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science 
at the bottom of the World
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traveling 
to the South Pole

LA

Aukland, NZ

Christchurch, NZ

McMurdo Station

South Pole Station

~14 hours

~1 hour

~6 hour

~3 hour 35

~12 hours

~10 hours

Singapore



traveling 
to the South Pole

LA

Aukland, NZ

Christchurch, NZ

McMurdo Station

South Pole Station

~14 hours

~1 hour

~6 hour

~3 hour 36

in Christchurch



traveling to the South Pole 

LA

in Christchurch
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traveling to the South Pole 

LA

38

taking off ... … and relaxing



traveling to the South Pole 
arriving in McMurdo ...

39



40
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traveling to the South Pole 
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traveling to the South Pole 
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arriving to the South Pole 
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… commuting to work ...and finally to the South Pole ...



arriving to the South Pole 
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the old station

the new station

under the Dome



arriving to the South Pole 
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living 
at the South Pole
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how do we investigate the origin 
of cosmic rays ?
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Paolo Desiati

IceCube collecting events

muon track
49



Paolo Desiati

muon track
50

drilling holes at the South Pole



Paolo Desiati

muon track
50

drilling holes at the South Pole



Paolo Desiati

drill camp

muon track

AMANDA - 1996
IceCube - 2011
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Paolo Desiati

deployment

muon track

AMANDA - 1996
IceCube - 2011
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muchas gracias 
a todos ustedes
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muchas gracias 
a todos ustedes
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astrophysical neutrinos 
galactic origin
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HE starting neutrino events

E-2.5

galactic cosmic rays with cut-off of 10 PeV ?

Neronov & Semikoz 2015

ECR-2.45

(re-fit with priors on prompt)

IceCube Preliminary

3
4



other sciences with IceCube 
particle physics (atmospheric ν & µ)
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credit: A. Fedynitch

collider measurements



other sciences with IceCube 
antarctic glaciology
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other sciences with IceCube 
antarctic glaciology

56



other sciences with IceCube 
antarctic glaciology
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ice flow

less li
ght

more light

ice tilt



other sciences with IceCube 
Earth sciences
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‣ inner structure of Earth studies with 
seismic wave analysis 

‣dependence on geophysical models: 
density, chemical composition 

‣neutrino radiography - absorption at high 
energy depends on atomic density 

‣neutrino tomography - oscillations at low 
energy depends on chemical composition



other sciences with IceCube 
Earth sciences

59

damaged Fukushima 

θ = 90o

θ = 180o

neutrino sample



other sciences with IceCube 
atmospheric sciences (stratospheric temperature)
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µ

ICRC 2009 
ICRC 2011

• long (year) & short term (days) variations of stratospheric temperature 

• temperature resolution ~1 K (statistics ~0.2 K)



other sciences with IceCube 
atmospheric sciences (stratospheric temperature)
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µ

ICRC 2009 
ICRC 2011

νµ ICRC 2013

• long (year) & short term (days) variations of stratospheric temperature 

• temperature resolution ~1 K (statistics ~0.2 K)



other sciences with IceCube 
heliospheric science
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2012

2011

solar flare

coronal mass ejection



other sciences with IceCube 
heliospheric science
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2012

2011

solar flare

coronal mass ejection



other sciences with IceCube 
heliospheric science
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2012

2011

solar flare

coronal mass ejection


