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Cosmic Horizons – Microwave Radiation

380.000 years after the Big Bang

wavelength = 10-3 m ⟺ energy = 10-4 eV



Cosmic Horizons – Optical Sky 

wavelength = 10-6 m ⟺ energy = 1 eV



Cosmic Horizons – Gamma Radiation

300.000 years after the Big Bang

wavelength = 10-15 m ⟺ energy = 1 GeV



Cosmic Horizons – Gamma Radiation

wavelength = 10-21 m ⟺ energy = 103 TeV



• 20% of the Universe is opaque to the EM spectrum

• non-thermal Universe powered by cosmic accelerators

• probed by gravity waves, neutrinos and cosmic rays



g

The opaque Universe

p

e+

e-

g + gCMB  e+ + e-

PeV photons interact with microwave photons 

(411/cm3) before reaching our telescopes

enter: neutrinos



p

n

Neutrinos?  Perfect Messenger

e+

e-

• electrically neutral

• essentially massless

• essentially unabsorbed

• tracks nuclear processes

• reveal the sources of cosmic rays

• … but difficult to detect: how large a detector?
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Victor Hess

discovers 

cosmic rays

1912

Galactic sources

Extragalactic sources

300,000,000 TeV

Fly’s Eye 1991



accomodating energy and luminosity are challenging

Fly’s Eye 1991

3,000,000,000 TeV



populate the

Universe

Pamela

AMS

HAWC
IceTop

Cascade



… often wrong, but never in doubt …

Galactic:

supernova 

remnants?

extragalactic:

gamma ray

bursts?



the sun constructs an accelerator



the sun constructs an accelerator

coronal mass

ejection

09 Mar 2000



challenges of cosmic ray astrophysics:

• dimensional analysis, difficult to satisfy

• accelerator luminosity is high as well

• accelerator must contain the particles



the sun constructs an accelerator

coronal mass

ejection

10 GeV protons



fraction of the graviatational energy

released is transformed into the

acceleration of particles



cassiopeia A supernova remnant in X-rays

gravitational energy

released is trans-

formed into

acceleration



E-2 spectrum

acceleration when

particles cross

high B-fields



and if the star collapses to a black hole …

 happens in seconds not thousands of years

 beamed not spherical

 simulation not image



collapse of massive

star produces a

gamma ray

burst

shocks produced

in the outflow of

the spinning

black hole:

electrons (and

protons ?)

spinning black hole



supernova

remnants     

gamma

ray

bursts



galactic 

cosmic rays
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410 photons

of 2.7 K per cm3

or 

10-12 erg cm-3 

~ 0.5 eV cm-3 

galactic 

cosmic rays

10-12 erg cm-3 

extragalactic 

cosmic rays

3x10-19 erg cm-3 



Cosmic Rays & SNRs

supernova remnants: 

1050 ergs every 30 years

~10-12 erg/cm3

for steady state of CR

with lifetime 106 years

SNRs provide the environment and energy

to explain the galactic cosmic rays!

observed energy 

density of galactic CR:

~ 10-12 erg/cm3

galactic
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300 GRB per Gigaparsec3 per year

for 1010 years (Hubble time)

2 ´1051erg´
300

Gpc3 yr
´1010 yr = 3´10-19 erg

cm3

yearstimeHubblecmGpc 103823 10109.21 

• correct cosmology: same answer

• Fermi: photon (electron) energy less than this ?

• challenged by IceCube limits



Cosmic Rays & GRBs

Extragalactic

Gamma-Ray Bursts: 

2x1051 ergs x 300/Gpc3

x 1010 yr

~ 10-19 erg / cm3

GRBs provide environment and energy

to explain the extragalactic cosmic rays!

observed energy 

density of 

extragalactic CR:

~ 10-19 erg / cm3



Cosmic Rays & SNRs

supernova remnants: 

1050 ergs every 30 years

~10-12 erg/cm3

for steady state of CR

with lifetime 106 years

SNRs provide the environment and energy

to explain the galactic cosmic rays!

observed energy 

density of galactic CR:

~ 10-12 erg/cm3

galactic



GRB fireball
fireball frame

at t=0
observer frame at time t

g ~ 102 - 103

E = g E' 

R = g2 R'DR = c Dt = R0 at t = 0

DR

R(t)

• 1 MeV

• 10 msec



superluminal

motion



superluminal motion:  boosted accelerators

Eobs =  g E'

Dtobs = g1 Dt'

vapp

g

vDtcDt


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photon density in the fireball

ng =           =
U'g___
E'g Eg___

g

LgDt/g______
4R'2DR'

R' = g2cDt

DR' = gcDt

note: for g = 1 (no fireball) the optical depth of 

photons in the fireball is 

topt =        = R0ngsTh ~ 1015 for 1052 erg in R0~10 km
R0__
lTh



cosmic rays produced by the decay of accelerated neutrons



flux < 1% of astrophysical 
neutrino flux observed

Nature 484 (2012) 351-353



active galaxy

particle flows near

supermassive

black hole







system is too complex

for credible estimates

of the neutrino flux



challenges of cosmic ray astrophysics:

• dimensional analysis, difficult to satisfy

• accelerator luminosity is high as well

• accelerator must contain the particles
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R2
 v 

an example

pulsars

Rotationsakse

Straling

Straling

Magnetfelt



ms-pulsar Fermilab

R 10 km km

B 108 Tesla Tesla

T-1 103 105 (#rev/s)

E 107 TeV 1012 eV

= 1 TeV !

still a very open problem…
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active galaxy

particle flows near

supermassive

black hole



active galaxy M87
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Multimessenger Astronomy

• February 23, 1987

• August 17, 2017

• September 22, 2017 

• ….



LIGO-VIRGO

neutron star-neutron star merger



buildup of magnetic fields near merger launches jet

Rosswog and Ramirez-Ruiz





very weak short GRB

seen by Fermi

(off axis?)

MeV neutrino emission:

• ~ 0.01 Msun material 

ejected

• similar to a supernova



high energy neutrinos from internal shocks inside the ejecta

Kimura et al.



cosmic rays, gamma rays

and neutrinos

(and gravitational waves)



radiation
and dust

black hole

neutron star

 p + 0

~ cosmic ray + gamma

NEUTRINO BEAMS: HEAVEN & EARTH

Neutrino Beams: Heaven & Earth

p + g n + +

~ cosmic ray + neutrino

n and g beams : heaven and earth
accelerator is powered by
large gravitational energy



the atmosphere as 

a particle detector:

• 10 interaction

• 25 radiation

lengths

shower

electrons

and muons

neutrinos

muons

Cherenkov

light and nitrogen

fluorescence



TeV gamma ray astronomy



~ 10 kmair shower

~ 1o

~ 120 m

detection of 

TeV gamma rays
with Cherenkov 

telescopes

gamma

ray



•a cosmic photon

initiates an

electromagnetic

shower high in

the atmosphere

•the shower 

particles emit

Cherenkov

radiation

•this radiation is

captured by

mirrors read out

by a cluster of

photomultipliers

TeV gamma ray astronomy

120 m

 10 km

effective area:

104m2

high-energy gamma-rays



MAGIC atmposheric Cherenkov telescope



CANGAROO III

H.E.S.S.

VERITAS



TeV g survey instruments ~ 2-3 

Milagro

Tibet array and ARGO

gamma rays are

muon-poor air showers



HAWC



a generic gamma ray source:

synchrotron and inverse Compton



heavenly neutrino beam dump:

photons: synchrotron versus 0
gg

gsync gsync

e-

p D+ +

n

+

n n

e+

ne

synchrotron

radiation

e only ?

cosmic rays exist !

also

Dp0

0
gg



electromagnetic versus hadronic





we know this one is hadronic



Centaurus A



cosmic rays



extragalactic 
cosmic rays

R
a
d

io

G
eV

g-
ra

y
s

n

g + p® n+ p +

GZKneutrino

19601969



cosmic rays interact with the 

microwave background

  

lint = {ncmbsg + p}-1 ~ 10 Mpc

3cm400  228cm10 

  

Ep ³ 5 ´107TeV



galactic

extragalactic

neutrinos

from

GZK

interactions



cosmic rays interact with the 

microwave background

0g +++ + pandnp

TeV102E 6

cosmic rays disappear, neutrinos with

EeV (106 TeV) energy appear

p ®m +um ®{e+um +ue}+um

1 event per cubic kilometer per year

...but it points at its source!



consistent with HiRes

and confirmed by

Auger  and the

Telescope Array

GZK absorption

feature appears

at the expected

energy



input:

cosmic ray

protons

output:

neutrinos produced in

interactions with

microwave photons

0.7 events per year in

IceCube
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the extragalactic accelerators: knobs to turn

• slope of power-law energy spectrum

• minimum energy

• maximum energy

• composition  assume protons

• cosmological evolution









IceCube: 0.7events per year (0.32 shower and 0.38 muon)

GEN2: 0.32 x 8 + 0.38 x 4 = 4.1 (p-only out in < 5 years



neutrinos

(on the back of the envelope)



how large a telescope: neutrino detection probability?

neutrino 
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muon range



muon range versus energy

for

detector threshold 1-106 GeV

pathlength versus energy





neutrino and muon area
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the earth as 

a cosmic ray

muon filter

a neutrino of 70 TeV

has an interaction length

equal to the diameter of

the earth
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neutrino and muon area
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effective telescope area at 100 TeV

• AMANDA ~ ANTARES ~ 1 m2

• IceCube 22 strings     30 m2

• IceCube 80 strings      100 m2

)10( 6

TeVEnRParea 
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effective area of the time-dependent point source search

(in the direction of the TXS source)

effective area of 100 m2 at 

100 TeV for diffuse search



generic theoretical framework







above 100 TeV

• cosmic 

neutrinos

• atmospheric

background

disappears

atmospheric neutrino cosmic

100 TeV

dN/dE ~ E-2

10—100 events

per year for fully

efficient detector

Neutrino

2012



atmospheric neutrinos

(… and muons!)



atmospheric neutrino spectrum (energy measurement) well understood

< 1 atmospheric

neutrino event

per

cubic kilometer

per year
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M. Markov

1960

M.Markov :

we propose to install detectors

deep in a lake or in the sea and

to determine the direction of

charged particles with the help

of Cherenkov radiation.



muon

• lattice of photomultipliers

• speed of light in water < c

• muon travels from 50 m

to 50 km through the

water at the speed of light

emitting blue light along

its track

neutrino

interaction



ultra-transparent ice below 1.5 km



instrument 1 cubic kilometer of natural ice below 1.45 km



IceCube

5160 PMs

in 1 km3



photomultiplier

tube -10 inch





main 

board

LED 

flasher 

board

HV board

architecture of independent DOMs

10 inch pmt



… each Digital Optical Module independently collects 
light signals like this, digitizes them,

…time stamps them with 2 nanoseconds precision, and 
sends them to a computer that sorts them events…









muon track: color is time; number of photons is energy



neutrinos are detected by looking for Cherenkov radiation 

from secondary particles (muons, particle showers)





93 TeV muon: light ~ energy



energy measurement ( > 1 TeV )

convert the amount of light emitted

to a measurement of the muon

energy (number of optical modules,

number of photons, dE/dx, …)



1.1 km

limited angular and energy resolution: computing  ice properties



energy reconstruction of electromagnetic showers



radius ~ number of photons

time    ~ red  purple

89 TeV

time



…K, charm





… you looked at 10msec of data !

muons detected per year:

• atmospheric*      ~ 1011

• atmospheric**   n             105

• cosmic              n             10

* 3000 per second ** 1 every 6 minutes



• rejecting atmospheric muons

• rejecting atmospheric neutrinos



131
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selection cuts for on-line numu extraction



133
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total energy measurement

all flavors, all sky

isolated neutrinos interacting 

inside the detector (HESE)

up-going muon tracks

(UPMU) 

astronomy: angular resolution

superior (<0.5o)





muon

• lattice of photomultipliers
neutrino

interaction



2.6 ± 0.3 PeV

inside detector
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cosmic neutrinos in 2 years of data at 3.7 sigma



above 100 TeV

• cosmic 

neutrinos:

• atmospheric

background

disappears

atmospheric neutrino cosmic

100 TeV

dN/dE ~ E-2

10—100 events

per year for fully

efficient detector



muon neutrinos through the Earth  5.6 sigma



distribution of the parent neutrino energy corresponding to

the energy deposited by the secondary muon inside IceCube



~ 550 cosmic neutrinos in a background of ~340,000 atmospheric

atmospheric background: less than one event/deg2/year

E-2.19

spectral slope



144





astronomy here: through-going muons with resolution

0.2~0.40



430 TeV inside

detector

PeV n

no air shower

all cosmic

neutrinos  are 

isolated by

self-veto
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cosmic rays interact with the 

microwave background

0g +++ + pandnp

TeV102E 6

cosmic rays disappear, neutrinos with

EeV (106 TeV) energy appear

p ®m +um ®{e+um +ue}+um

1 event per cubic kilometer per year

...but it points at its source!



GZK neutrino search: two neutrinos with > 1,000 TeV



electron showers versus muon tracks 

PeV ne and nt

showers:

• 10 m long

• volume ~ 5 m3

• isotropic after       

25~50 m



size = energy & color = time = direction



• > 300 sensors

• > 100,000 pe reconstructed to 2 nsec





reconstruction limited by computing, not ice !



• energy

1,041 TeV

1,141 TeV

(15% resolution)

• not atmospheric:

probability of

no accompanying 

muon is 10-3 per

event

 flux at present

level of diffuse

limit



 select events interacting

inside the detector only

 no light in the veto region

 veto for atmospheric

muons and neutrinos

(which are typically accom-

panied by muons)

 energy measurement: to-

tal absorption calorimetry



no 

accompanying

muon(s)









data: 86 strings one year

…and then there 

were 26 more…

10
4

10
5

10
6

0

10

100

250

10
0

10
1

10
2

10
3

10
4

10
5

10
6

E
v
e

n
ts

 p
e

r 
6

6
2

 d
a

y
s

Data (Trigger Level)
Signal Region

Total Charge (PE)

V
et

o 
R

eg
io

n 
C

ha
rg

e 
(P

E
)

E
v
e

n
ts

 p
e

r 
6

6
2

 d
a

y
s



data: 86 strings one year

…and then there 

were 26 more…
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2000 TeV event in year 3

2 old + 26 new events



total energy measurement

all flavors, all sky

are the two observations consistent?

astronomy: angular resolution

superior (<0.4o)
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after 6 years: 3.7 6.0 sigma







high-energy starting events – 7.5 yr

starting

upgoing

• two methods are consistent

• excess cosmic flux < 100 TeV?



high-energy starting events – 7.5 yr

oscillations of PeV neutrinos over cosmic

distances to 1:1:1



tau decay length:

50m per PeV



event topologies



high-energy starting events – 7.5 yr



high-energy starting events (starting) – 7.5 yr

Double cascade Event #1 Double cascade Event #2

“Bright” DOMs not used in reconstruction
Direction and two reconstructed cascades shown in dark gray





oscillate over cosmic

distances to 1:1:1



new physics ?

if not…

every model

ends up in

the triangle





• partially-contained PeV search

• deposited energy: 5.9±0.18 PeV

• typical visible energy is 93%

•  resonance: En = 6.3 PeV

work on-going

Glashow resonance: anti-ne + atomic electron  real W



the first Glashow resonance event:

anti-ne + atomic electron  real W at 6.3 PeV





Partially contained event with energy ~ 6 PeV



• partially-contained PeV search

• deposited energy: 5.9±0.18 PeV

• typical visible energy is 93%

•  resonance: En = 6.3 PeV

work on-going

Glashow resonance: anti-ne + atomic electron  real W



muon

DOM



Glashow resonance dictates ne nt mixture

events per year:

n e + e- ®W



• cosmic neutrinos below 100 TeV ?





ANTARES



• tracks cosmic ray flux in energy, isotropic in zenith, normalization unknown:

does not fit the data

• neutrino events are isolated

• incompatible with observes atmospheric electron neutrino spectrum

not background: prompt decay of charm particles produced in the atmosphere



atmospheric neutrino spectrum (energy measurement) well understood at

10 TeV in terms of conventional neutrinos; charm contribution is small



• tracks cosmic ray flux in energy, isotropic in zenith (normalization unknown):

does not fit the data

• neutrino events are isolated

• constrained by atmospheric electron neutrino spectrum

not background: prompt decay of charm particles produced in the atmosphere



charm limited by atmospheric electrons
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120 cosmic neutrinos

~12 separated from atmospheric background with E>60 TeV

structure in the map results from neutrino absorption by the Earth



search for point sources with E-2 spectrum







• we observe a diffuse flux of neutrinos from 

extragalactic sources

• a subdominant Galactic component cannot be 

excluded (no evidence reaches 3s level)

• [decay of halo dark matter particles?]
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radiation
and dust

black hole

neutron star

 p + 0

~ cosmic ray + gamma

NEUTRINO BEAMS: HEAVEN & EARTH

Neutrino Beams: Heaven & Earth

p + g n + +

~ cosmic ray + neutrino

n and g beams : heaven and earth
accelerator is powered by
large gravitational energy
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Accelerated particles interact at the beam 
dump and produce charged and neutral pions

absorption at the source or in background light 

pushes TeV gamma rays to lower energies



g
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n

gamma rays accompanying IceCube neutrinos interact

with interstellar photons and fragment into multiple lower

energy gamma rays that reach earth
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• energy density of neutrinos in the non-thermal 

Universe is the same as that in gamma-rays



cosmic
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E-2.15

p + = p - = p 0



dark sources: a “problem” ?

gamma rays cascade in the source to < GeV energy



• energy density of neutrinos in the non-thermal 

Universe is the same as that in gamma-rays



equal energy in cosmic rays and neutrinos

rn+n E( ) =
E

Ep

xztH[ ] crp
éë ùû

rn+n E( ) = 4pE2 dNn

dE

rp Ep( ) = Ep

2 dNp

dEp

» 1044 ergMpc-3 yr-1

xztH = evolution of sources´ Hubble time

ÞE2 dNn

dE
» 10-11TeVcm-2 s-1 sr-1



equal energy in cosmic rays and neutrinos



• we observe a flux of cosmic neutrinos from the 

cosmos whose properties correspond in all

respects to the flux anticipated from PeV-energy

cosmic accelerators that radiate comparable 

energies in light and neutrinos

• the energy in cosmic neutrinos is also comparable 

to the energy observed in extragalactic cosmic rays 

(the Waxman-Bahcall bound)

• at some level common Fermi-IceCube sources?



energy in the Universe in gamma rays, neutrinos and cosmic rays



similar energy density in the Universe in extragalactic cosmic rays
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Fermi sources

are mostly

blazars

common sources?



multimessenger

astronomyo



Fermi sky: mostly bazars
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IceCube Trigger

43 seconds after trigger, GCN notice was sent



290 TeV





IceCube 170922 



• neutrino: time 22.09.17, 20:54:31 UTC

energy 290 TeV

direction RA 77.43o Dec 5.72o

• Fermi-LAT: flaring blazar within 0.1o (6x steady flux) 

• MAGIC: TeV source in follow-up observations

• follow-up by 12 more telescopes

•  IceCube archival data (without look-elsewhere effect)

•  Fermi-LAT archival data

multiwavelength campaign launched by 

IC 170922
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IceCube 170922 

Fermi

detects a flaring

blazar within 0.06o

MAGIC

detects emission of

> 100 GeV gammas



build-up over several months followed by rapid daily variability





Neutrino points within 0.06o

of a known Fermi blazar
MAGIC detects emission of 

>100 GeV gammas



MAGIC atmposheric Cherenkov telescope







• neutrino: time 22.09.17, 20:54:31 UTC

energy 290 TeV

direction RA 77.43o Dec 5.72o

• Fermi-LAT: flaring blazar within 0.06o (7x steady flux) 

• MAGIC: TeV source in follow-up observations

• follow-up by 12 more telescopes

•  IceCube archival data (without look-elsewhere effect)

•  Fermi-LAT archival data

multiwavelength campaign launched by 

IC 170922





redshift measurement

z = 0.3365±0.0010

S. Paiano et al. arXiv:1802.01939

Absorption features due to 
interstellar medium or 
telluric bands









MAGIC finds variability on a 1-day scale

 compact emission region





IceCube 170922A

9 years

7 times brighter than the baseline 

• 𝐿 =  𝑖
𝑁 𝑛𝑠

𝑁
𝑃𝑆 +

𝑛𝑏

𝑁
𝑃𝐵 → 𝑇𝑆(𝑁 = 1) ∝ log

𝑃𝑆

𝑃𝐵

• 𝑃𝑆 = 𝑃𝑠𝑝𝑎𝑡𝑖𝑎𝑙  𝑥 ∙ Wenergy Ereco, sin 𝜃 ∙𝑊𝑡𝑒𝑚𝑝𝑜𝑟𝑎𝑙 𝑡

no correlation vs correlation → 4.1𝜎→

① flux variability

𝑊𝑡𝑒𝑚𝑝𝑟𝑎𝑙 ∝
𝐼𝛾 𝑡

< 𝐼𝛾 𝑡 >

② energy flux

𝑊𝑡𝑒𝑚𝑝𝑟𝑎𝑙 ∝  
1𝐺𝑒𝑉

100𝐺𝑒𝑉

𝐸𝛾
𝑑𝐼𝛾 𝑡

𝑑𝐸𝛾
𝑑𝐸𝛾

corrections for all 10 alerts issued 

previously and the 41 archival events





• neutrino: time 22.09.17, 20:54:31 UTC

energy 290 TeV

direction RA 77.43o Dec 5.72o

• Fermi-LAT: flaring blazar within 0.1o (7x steady flux) 

• MAGIC: TeV source in follow-up observations

• follow-up by 12 more telescopes

•  IceCube archival data (without look-elsewhere effect)

•  Fermi-LAT archival data

multiwavelength campaign launched by 

IC 170922



search in archival 

IceCube data:

• ~100 day flare in 

December 2014

• accompanied by 

hardest Fermi 

spectrum in 10 yrs

(E-1.7)



19 events on a background < 6 in 150 days







we identified a source of high energy cosmic rays:

the active galaxy (blazar) TXS 0506+056 at a 

redshift of 0.33

extensive multiwavelength campaign will allow us

to study the first cosmic accelerator







Victor Hess 1912



Observation of TXS 0506+056 in 

Neutrinos 

• Two independent analyses found neutrino emission 
of TXS 0506+056. 

• The 9.5 year averaged flux of neutrinos from TXS 
0506+056 is dominated by the 2014 burst.

• Gamma ray enhancement coincident with IC 
170922A.

• No enhanced gamma ray activity for the neutrino 
burst in 2014. May be hardening of the spectrum 
[Padovani+, 2018, Garrappa+, TeVPA2018]

! Challenge: Where are the gamma rays? Why is not 
there enhanced gamma ray activity?
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The neutrino-gamma ray connection

Accelerated particles interact at the beam 
dump and produce charged and neutral pions

253

absorption at the source or in background light 

pushes TeV gamma rays to lower energies
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• Galactic sources?





neutrinos

from 

supernova

remnants :

molecular

clouds as

beam dumps



pion 

production



galactic plane in 10 TeV gamma rays :
supernova remnants in star forming regions

Southern 

Hemisphere

Sky
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emissivity (units: (note!) per unit volume per GeV

per second) in photons produced by a number 

density of cosmic rays Np interacting with a target 

density ngas per cm3

f
p 0 º Kp( ) =<

Ep

Ep

> and qg Eg( ) = 2qp

Ep

2

æ

è
ç

ö

ø
÷



dEg1TeV
ò Eg

dNg

dEg

=
1

4p d2
Lg

Lg = V Qg =
W

rcr

Qg

energy in >TeV photons 
produced by cosmic 
rays per cm3 per sec

volume of the remnant

10-12 erg/cm3



g n flux of galactic cosmic rays

E
dNg

dE
(>1TeV) =

³ 10-11cm-2s-1 W

1050 erg

n

1cm3
(

d

1kpc
)-2

a SNR at d = 1 kpc transferring W = 10
50 

erg to cosmic

rays interacting with interstellar gas (or molecular clouds) 

with density n > 1 cm
-3 

produces a gamma-ray flux of

Milagro sources ?
RX J1713.7-3946??

should be observed by present

TeV gamma-ray telescopes
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n flux accompanying TeV gammas

dNn

dE
@

1

2

dNg

dE

number of events = Area Time dE
dNn

dE
ò Pn®m

=1.5 ln (
Emax

Emin

) eventsper km2per year per source!

TeVE

backgroundreject

40



Cygnus region at ~ 1kpc : Milagro

translation of

TeV gamma rays

into

TeV neutrinos

yields:

3 ± 1 n per year in IceCube per source



MGRO J1908+06: the first Pevatron? (2007!)



2007 simulated sky map of IceCube in Galactic coordinates after 

five years of operation of the completed detector. Two Milagro

sources are visible with four events for MGRO J1852+01 and three

events for MGRO J1908+06 with energy in excess of 40 TeV. 

supernova

remnant

unidentified



5s in 5 years of IceCube …

IceCube image of our Galaxy > 10 TeV



• most significant source in pre-defined list (p-value 0.003 pretrial)

• joined HAWC-IceCube analysis in progress using photon templates



Detector Complementarity

Wide-field / Continuous Operation
VHE Sensitivity

Space-Based

• All sky coverage

• GeV range 

(area->flux limited)

Ground Arrays

• 95% duty cycle, ~2 sr f.o.v.

• Daily coverage of       sky

• Unbiased surveys

• Highest energies, E > 100 GeV

IACTs

• Excellent pointing

• Highest energies

• Surveys limited

Fermi, AGILE, 

EGRET HAWC, ARGO, Milagro
VERITAS, HESS, MAGIC

2 3



HAWC sky above 55 TeV

HAWC View of Gamma Ray Sky

E > 1 TeV 340 days

0°360°

Equatorial Coordinates

MGRO J1908+06



IC 7 yr DEC 0°

IC 7 yr DEC 60°

IC 7 yr DEC -60°

VERITAS 50 hr

Crab 

PWN

Comparisons with HAWC
HAWC is better at detecting very large emission region (r>1 degree). 
HAWC is also a survey instrument, so they are accumulating exposure in ~40% of all sky 
they are surveying.
This is especially important for E> a few TeV energy range.

VERITAS is better at detecting gamma-rays with E<a few TeV with moderate exposure 
w/ source size < 1 degree. 
Much better instantaneous sensitivity for E< a few tens of TeV with moderate exposure. 
Better angular resolution, energy resolution.

Detected sources are largely SNR/PWNs (2 blazars)

Detected various sources (40 extragalactic sources, 33 galactic sources)
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• a next-generation IceCube with a volume of 10 km3

and an angular resolution of ~ 0.1 degree will see 

multiple neutrinos from single sources and identify

the sources

• need 1,000 events versus 100 now in a few years

• discovery instrument  astronomical telescope







 220m 

 >100m 

most transparent medium

in nature, and in the lab

absorption length of Cherenkov light



Toba eruption

we are limited by computing, not the optics of the ice



DeepCoreIceCubeNGIceCube (1/2/3)

Spacing 1  (120m): 

IceCube (1 km3) 

+ 98 strings (1,3 km3) 

= 2,3 km3

Spacing 2 (240m): 

IceCube (1 km3)  

+ 99 strings (5,3 km3) 

= 6,3 km3

Spacing 3 (360m): 

IceCube (1 km3) 

+ 95 strings (11,6 km3) 

= 12,6 km3

(increase in threshold not important: only eliminates energies 

where the atmospheric background dominates)

measured optical properties  twice the string spacing







120 strings

depth 1.35 to 

2.7 km

80 DOM/string

~250 m spacing

10 times the instrumented volume

for the same budget as IceCube



282A. Kouchner, Neutrino 2016



High energies ARCA

283
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KM3NeT LoI http://arxiv.org/pdf/1601.07459v2.pdf

http://arxiv.org/pdf/1601.07459v2.pdf
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did not talk about:

• measurement of atmospheric oscillation 
parameters

• supernova detection

• searches for dark matter, monopoles,…

• search for eV-mass sterile neutrinos

• cosmic ray physics, muon maps,…

• PINGU/ORCA

• ….





one half million

atmospheric

neutrinos…







oscillations at 20 GeV

DeepCore: mapping the first oscillation dip at 10 x higher energy

 new physics?









 

Analysis A 
GRECO 

 
“High statistics sample” 

 

Analysis B 
DRAGON 

 
“High purity sample” 

 

Simulation 

Neutrino Simulation 

1. Neutrino interactions / lepton generation: GENIE 
2. Lepton propagation / photon generation: PROPOSAL & GEANT4 

3. Photon propagation: CLSim (GPU-based software) 
4. Noise addition 
5. PMT response & readout elections 

Muon Background 
Simulation 

CORSIKA + MuonGun 

· Uses H4a Cosmic Ray flux model to 
directly predict muon background. Run 

through standard simulation chain. 

CORSIKA + Data-Driven 

· Any muon that would have made it to final 

level had it not been for a hit in the 
corridor region is considered a 
background muon 

Selection 

Goal 
High signal acceptance 
“High statistics sample” 

High signal purity 
“High purity sample” 

Trigger 
At least 3 pairs of locally coincident DeepCore DOMs detect hits in a 2.5 microsecond time 
window 

Level 2 “Filter” 
Veto events with hits in “veto region” consistent with a muon travelling from there to 
interaction vertex at v=c 

Level 3 
Eliminates events with more than 7 hits in veto region, too many noise hits, too many hits in 
outer region of DeepCore (i.e. not fully contained),  

Other low-level cuts 
Removes events with too many non-isolated 
hits in veto region and/or too few non-
isolated hits in DeepCore fiducial volume 

Fast reconstruction to insure enough DOMs 
to be consistent with either track or shower 
signature 

Level 4 

BDT to remove atmospheric muons 
(6 variables) 

· Charge measured by PMTs (3 vars.) 

· Simple vertex estimator 

· Event speed simulator 

· Calculation of event shape 

Straight Cuts 

· Number of photoelectrons deposited in 

largest cluster of hits 

· Event vertex in fiducial volume 

(contained) 

· No more than 5 p.e. in veto region total 

· No more than 2 p.e. in veto region 
consistent with speed-of-light travel from 
hit to vertex 

· Minimum number of non-isolated hits 

· Space-time interval between 1
st
 and 4

th
 

hits consistent with v ≤ c. 

Level 5 

Another BDT to remove atmospheric muons 
(6 variables) 

· Time to accumulate charge 

· Vertex estimator 

· Center-of-gravity information (2 var.) 

· Causal hit identifier 

· Zenith angle estimation 

BDT 
(11 variables) 

· Charge, time, and location of hit DOMs 
(multiple variables) 

· Reconstructed zenith angle & event 

speed using fast construction 

Level 6 

Straight cuts 

· Inconsistent with intrinsic PMT noise 

· Spatially compact 

· Require likelihood-based vertex estimator 

to be well contained in DeepCore fiducial 
volume 

· Reject events with hits along “corridors” 

in surrounding IceCube volume  

Straight cuts 

· Events with reconstructed paths through 

corridor region 

· Starting & stopping position in or near 
DeepCore (contain) 

Level 7 
Reconstruction (better & more accurate than 
fast reconstruction information above) 
& reconstructed energy must be 5.6-56 GeV 

Reconstruction & no cuts on L7 ? 

!

• two independent analyses

• one for quality of events

• one for statistics

• both blind













eV sterile neutrino  Earth MSW resonance for TeV neutrinos 



no telltale structure

in the zenith angle

distribution
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Olbers paradox 

diffuse flux is measured

nearest source

and



flux nearest source = (diffuse flux observed)(density of sources)-1/3

Olbers paradox

density 10-7 Mpc-3

soon !

blazars, FSRQ…







Neutrino flux from episodic emission from a fraction of a source 

class 

Flaring Sources and the IceCube 

Neutrino Flux 310

Adopting for the observation of 2014 neutrino burst for TXS:

A special class of blazars that undergo ~ 110-day 

duration flares like TXS 0506+056 once every 10 

years accommodates the observed diffuse flux of 

high-energy cosmic neutrinos. 
[Halzen, AK, Weisgarber, In prep.]



Relating to the Cosmic Rays

The equal energetics of cosmic rays and neutrinos dictates

[Halzen, AK, Weisgarber, In prep.]

Is this compatible with the gamma ray 

observations?

high opacity for p-gamma 

interaction. Expected for an 

efficient neutrino emitter!

The CRs energy injection rate

Finding the pion production 

efficiency of the neutrino source

Gamma ray opacity is connected to pion efficiency 

HE gamma rays will be 

absorbed at the source!



The Multimessenger Picture312

[Halzen, AK, Weisgarber, In prep.]

Neutrino flux 
energetics Gamma ray flux outside the  

source shifted to lower energies

EBL Absorption Observed flux 

@ Fermi

*Fermi data from S. Garrappa+, TeVPA2018



Conclusions

• discovered cosmic neutrinos with an energy density similar to 
the one of gamma rays.

• neutrinos are essential for understanding the non-thermal 
universe.

• identified the first high-energy cosmic ray accelerator

• from discovery to astronomy: more events, more telescopes 

IceCube-Gen2, KM3NeT and GVD (Baikal)

• 10 years of IceCube data -pass 2 (detector geometry for 
individual DOMs, use more photons in reconstruction, better 
optics of ice)




