
Neutrinos in the Era of Multimessenger Astronomy
francis halzen

• cosmic neutrinos: many independent observations
à muon neutrinos through the Earth
à starting neutrinos: all flavors

• the first high-energy cosmic ray accelerator: a 
rotating supermassive black hole

• from discovery to astronomy: next-generation
instruments 

• also, a beam for PeV (1,000 TeV) neutrino physics

icecube.wisc.edu
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terra incognita:
only revealed by

neutrinos

Gravitational waves - ripples in space-time

highest energy “radiation” from the Universe:
neutrinos and cosmic rays

Universe is opaque above ~100 TeV energy
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PeV photons interact with microwave photons 
(411/cm3) before reaching our telescopes

enter: neutrinos
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Neutrinos?  Perfect Messenger

e+

e-• electrically neutral
• essentially massless
• essentially unabsorbed
• tracks nuclear processes
• reveal the sources of cosmic rays

• … but difficult to detect



highest energy radiation from the Universe: protons!

Fly’s Eye 1991
300,000,000 TeV

high energy
high luminosity



some of the matter falling into a supermassive 
black is accelerated in a jet along its rotation axis 



• fast spinning infalling matter 
comes in contact with 
rotating  black hole

• spacetime around spinning 
black hole drags on the field 
winding it into a tight cone 
around the rotation axes

• plasma from the accretion 
disk is then flung out along 
these lines
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~ cosmic ray + gamma

NEUTRINO BEAMS: HEAVEN & EARTH
Neutrino Beams: Heaven & Earth

p + g à n + p+

~ cosmic ray + neutrino

n and g beams : heaven and earth
accelerator is powered by
large gravitational energy
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ultra-transparent ice below 1.35 km



instrument 1 cubic kilometer of natural ice below 1.45 km



• lattice of photomultipliers neutrino

a muon neutrino produces a muon
with a range of kilometers



total energy measurement
all flavors, all sky

neutrinos interacting 
inside the detector

astronomy: angular resolution
superior (0.2~0.4o)

muon neutrinos
filtered by the Earth



Cherenkov radiation from PeV electron (tau) shower
> 300 sensors > 100,000 pe reconstructed to 2 nsec



IC190331: 5300 TeV deposited inside the detector

initial neutrino energy 10~20 PeV



electron and tau neutrinos

muon neutrinos

E ⇥ E
dN

dE
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electron and tau neutrinos

muon neutrinos

events vs
truncated E

GeV:
>120 cosmic nµ

per year

102 104 106



evidence for non-uniform skymap in 10 years of IceCube data :
mostly resulting from 4 extragalactic source candidates

no evidence for neutrinos associated with Galactic sources



nearby
radiation

supermassive
black hole

à p + p0

~ cosmic ray + gamma

NEUTRINO BEAMS: HEAVEN & EARTH
Neutrino Beams: Heaven & Earth

p + g à n + p+

~ cosmic ray + neutrino

n and g beams : heaven and earth
where are the gamma

rays ?



Fermi pair spectrometer g à e+ + e-



TeV
atmospheric Cherenkov

telescopes

HESS, MAGIC, VERITAS

gamma ray



multimessenger astronomy
p + g à n + p+

~ cosmic ray + neutrino

à p + p0

~ cosmic ray + gammao
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gamma rays accompanying IceCube neutrinos interact
with interstellar photons and fragment into multiple lower

energy gamma rays that reach earth

e+

e-
g
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GeV

PeV

g + gCMB à e+ + e-
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terra incognita:
only revealed by

neutrinos

Gravitational waves - ripples in space-time

multimessenger astronomy

the energy of gamma rays accompanying PeV neutrinos
is distributed over the electromagnetic spectrum
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• energy density of neutrinos in the non-thermal 
Universe is the same as that in gamma-rays



dark sources below 100 TeV not seen in g’s ?
gamma rays cascade in the source to lower energy
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target may not be transparent to gamma rays:

gamma rays accompanying IceCube neutrinos lose energy
in the source and in the interstellar medium and fragment 
into lower energy gamma rays, X-rays… that reach earth

e+

e-
g
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from photon at PMT to public neutrino alert:
< 1 minute



33

IceCube 170922
290 TeV

Fermi
detects a flaring
blazar within 0.06o

MAGIC
detects emission of
> 100 GeV gammas



MASTER robotic telescope: after 73 seconds



• 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, daily variations) 

• MAGIC: TeV source in follow-up observations

• follow-up by more telescopes

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

• à Fermi-LAT archival data

multiwavelength campaign launched by 
IC 170922



search in archival 
IceCube data:

• 150-day flare in 
December 2014 of
19 events (bkg < 6)

• spectrum E-2.2

• Ln > 1047 erg/s



we identified a source of high energy cosmic rays:

the active galaxy (“blazar”) TXS 0506+056 at a 
redshift of 0.33

at ten times further distance, it outshines nearby
active galaxies: is it special?

extensive multiwavelength campaign allows us
to study the first cosmic accelerator

a problem: theory



we know that this cosmic accelerator is a cosmic ray source

Multi-Messenger Observations of TXS 0506+056

58019], ~4 hours after the circulation of the neu-
trino alert. A 1-hour follow-up observation of the
neutrino alert under partial cloud coverage was
performed using the Very Energetic Radiation
Imaging Telescope Array System (VERITAS) g-ray
telescope array (33), located in Arizona, USA, later
on the same day, ~12 hours after the IceCube
detection. Both telescopes made additional obser-
vations on subsequent nights, but neither detected
g-ray emission from the source [see Fig. 3 and
(25)]. Upper limits at 95% CL on the g-ray flux
were derived accordingly (assuming the mea-
sured spectrum, see below): 7:5! 10"12 cm"2 s"1

during the H.E.S.S. observation period and 1:2!
10"11 cm"2 s"1 during the VERITAS observations,
both for energies E >175 GeV.
The Major Atmospheric Gamma Imaging

Cherenkov (MAGIC) Telescopes (34) observed
TXS 0506+056 for 2 hours on 24 September 2017
(MJD 58020) under nonoptimal weather con-
ditions and then for a period of 13 hours from
28 September to 4 October 2017 (MJD 58024–
58030) under good conditions. MAGIC consists
of two 17-m telescopes, located at the Roque de
los Muchachos Observatory on the Canary
Island of La Palma (Spain).
No g-ray emission from TXS 0506+056 was

detected in the initial MAGIC observations on
24 September 2017, and an upper limit was derived
on the flux above 90 GeV of 3:6! 10"11 cm"2 s"1

at 95% CL (assuming a spectrumdN=dEºE"3:9).
However, prompted by the Fermi-LAT detection
of enhanced g-ray emission, MAGIC performed
another 13 hours of observations of the region
starting 28 September 2017. Integrating the data,
MAGIC detected a significant very-high-energy
(VHE) g-ray signal (35) corresponding to 374 ±
62 excess photons, with observed energies up to
about 400 GeV. This represents a 6.2s excess over
expected background levels (25). The day-by-day
light curve of TXS 0506+056 for energies above
90 GeV is shown in Fig. 3. The probability that a
constant flux is consistent with the data is less
than 1.35%. The measured differential photon
spectrum (Fig. 4) can be described over the energy
range of 80 to 400 GeV by a simple power law,
dN=dEºEg, with a spectral index g="3:9 T 0.4
and a flux normalization of (2.0 T 0.4) ! 10"10

TeV"1 cm"2 s"1 atE = 130 GeV. Uncertainties are
statistical only. The estimated systematic uncer-
tainties are <15% in the energy scale, 11 to 18% in
the flux normalization, and ±0.15 for the power-
law slope of the energy spectrum (34). Further
observations after 4 October 2017 were prevented
by the full Moon.
An upper limit to the redshift of TXS 0506+056

can be inferred from VHE g-ray observations
using limits on the attenuation of the VHE flux
due to interaction with the EBL. Details on the
method are available in (25). The obtained upper

limit ranges from 0.61 to 0.98 at a 95% CL, de-
pending on the EBL model used. These upper
limits are consistent with the measured redshift
of z ¼ 0:3365 (28).
No g-ray source above 1 TeV at the location of

TXS 0506+056 was found in survey data of the
High Altitude Water Cherenkov (HAWC) g-ray
observatory (36), either close to the time of the
neutrino alert or in archival data taken since
November 2014 (25).
VHE g-ray observations are shown in Figs. 3

and 4. All measurements are consistent with the
observed flux from MAGIC, considering the dif-
ferences in exposure, energy range, and obser-
vation periods.

Radio, optical, and x-ray observations

The Karl G. Jansky Very Large Array (VLA) (37)
observed TXS 0506+056 starting 2 weeks after
the alert in several radio bands from 2 to 12 GHz
(38), detecting significant radio flux variability
and some spectral variability of this source. The
source is also in the long-term blazar monitoring
program of the Owens Valley Radio Observatory
(OVRO) 40-m telescope at 15 GHz (39). The light
curve shows a gradual increase in radio emission
during the 18months preceding the neutrino alert.
Optical observations were performed by

the All-Sky Automated Survey for Supernovae
(ASAS-SN) (40), the Liverpool Telescope (41), the

The IceCube Collaboration et al., Science 361, eaat1378 (2018) 13 July 2018 4 of 8

Fig. 4. Broadband spectral
energy distribution for the blazar
TXS 0506+056. The SED is
based on observations obtained
within 14 days of the detection of
the IceCube-170922A event. The
E2dN=dE vertical axis is equivalent
to a nFn scale. Contributions are
provided by the following
instruments: VLA (38), OVRO
(39), Kanata Hiroshima Optical
and Near-InfraRed camera
(HONIR) (52), Kiso, and the Kiso
Wide Field Camera (KWFC) (43),
Southeastern Association for
Research in Astronomy Observa-
tory (SARA/UA) (53), ASAS-SN
(54), Swift Ultraviolet and Optical
Telescope (UVOT) and XRT (55),
NuSTAR (56), INTEGRAL (57),
AGILE (58), Fermi-LAT (16),
MAGIC (35),VERITAS (59), H.E.S.S.
(60), and HAWC (61). Specific
observation dates and times are
provided in (25). Differential flux
upper limits (shown as colored
bands and indicated as “UL” in the legend) are quoted at the 95% CL,
while markers indicate significant detections. Archival observations are
shown in gray to illustrate the historical flux level of the blazar in the
radio-to-keV range as retrieved from the ASDC SED Builder (62), and in the
g-ray band as listed in the Fermi-LAT 3FGL catalog (23) and from an
analysis of 2.5 years of HAWC data. The g-ray observations have not been
corrected for absorption owing to the EBL. SARA/UA, ASAS-SN, and
Kiso/KWFC observations have not been corrected for Galactic attenua-
tion. The electromagnetic SED displays a double-bump structure, one

peaking in the optical-ultraviolet range and the second one in the GeV
range, which is characteristic of the nonthermal emission from blazars.
Even within this 14-day period, there is variability observed in several of the
energy bands shown (see Fig. 3), and the data are not all obtained
simultaneously. Representative nm þ !nm neutrino flux upper limits that
produce on average one detection like IceCube-170922A over a period
of 0.5 (solid black line) and 7.5 years (dashed black line) are shown,
assuming a spectrum of dN=dEºE"2 at the most probable neutrino
energy (311 TeV).
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NEUTRINO ASTROPHYSICS

Multimessenger observations of a
flaring blazar coincident with
high-energy neutrino IceCube-170922A
The IceCube Collaboration, Fermi-LAT, MAGIC, AGILE, ASAS-SN, HAWC, H.E.S.S.,
INTEGRAL, Kanata, Kiso, Kapteyn, Liverpool Telescope, Subaru, Swift/NuSTAR,
VERITAS, and VLA/17B-403 teams*†

INTRODUCTION: Neutrinos are tracers of
cosmic-ray acceleration: electrically neutral
and traveling at nearly the speed of light, they
can escape the densest environments andmay
be traced back to their source of origin. High-
energy neutrinos are expected to be produced
in blazars: intense extragalactic radio, optical,
x-ray, and, in somecases, g-ray sources
characterized by relativistic jets of
plasma pointing close to our line of
sight. Blazars are among the most
powerful objects in the Universe and
are widely speculated to be sources
of high-energy cosmic rays. These cos-
mic rays generate high-energy neutri-
nos and g-rays, which are produced
when the cosmic rays accelerated in
the jet interact with nearby gas or
photons. On 22 September 2017, the
cubic-kilometer IceCube Neutrino
Observatory detected a ~290-TeV
neutrino from a direction consistent
with the flaring g-ray blazar TXS
0506+056. We report the details of
this observation and the results of a
multiwavelength follow-up campaign.

RATIONALE:Multimessenger astron-
omy aims for globally coordinated
observations of cosmic rays, neutri-
nos, gravitational waves, and electro-
magnetic radiation across a broad
range of wavelengths. The combi-
nation is expected to yield crucial
information on the mechanisms
energizing the most powerful astro-
physical sources. That the produc-
tion of neutrinos is accompanied by
electromagnetic radiation from the
source favors the chances of a multi-
wavelength identification. In par-
ticular, a measured association of
high-energy neutrinos with a flaring
source of g-rays would elucidate the
mechanisms and conditions for ac-
celeration of the highest-energy cos-

mic rays. The discovery of an extraterrestrial
diffuse flux of high-energy neutrinos, announced
by IceCube in 2013, has characteristic prop-
erties that hint at contributions from extra-
galactic sources, although the individual sources
remain as yet unidentified. Continuously mon-
itoring the entire sky for astrophysical neu-

trinos, IceCube provides real-time triggers for
observatories around the world measuring
g-rays, x-rays, optical, radio, and gravitational
waves, allowing for the potential identification
of even rapidly fading sources.

RESULTS: A high-energy neutrino-induced
muon trackwas detected on22 September 2017,
automatically generating an alert that was

distributed worldwide
within 1 min of detection
and prompted follow-up
searchesby telescopesover
a broad range of wave-
lengths. On 28 September
2017, theFermiLargeArea

Telescope Collaboration reported that the di-
rection of the neutrino was coincident with a
cataloged g-ray source, 0.1° from the neutrino
direction. The source, a blazar known as TXS
0506+056 at a measured redshift of 0.34, was
in a flaring state at the time with enhanced
g-ray activity in the GeV range. Follow-up ob-
servations by imaging atmospheric Cherenkov
telescopes, notably the Major Atmospheric

Gamma ImagingCherenkov (MAGIC)
telescopes, revealed periods where
the detected g-ray flux from the blazar
reached energies up to 400GeV.Mea-
surements of the source have also
been completed at x-ray, optical, and
radio wavelengths. We have inves-
tigated models associating neutrino
and g-ray production and find that
correlation of the neutrino with the
flare of TXS 0506+056 is statistically
significant at the level of 3 standard
deviations (sigma). On the basis of the
redshift of TXS 0506+056, we derive
constraints for the muon-neutrino
luminosity for this source and find
them to be similar to the luminosity
observed in g-rays.

CONCLUSION: The energies of the
g-rays and the neutrino indicate that
blazar jetsmay accelerate cosmic rays
to at least several PeV. The observed
association of a high-energy neutrino
with a blazar during a period of en-
hanced g-ray emission suggests that
blazarsmay indeed be one of the long-
sought sources of very-high-energy
cosmic rays, andhence responsible for
a sizable fraction of the cosmic neu-
trino flux observed by IceCube.▪
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The list of author affiliations is available in the full
article online.
*The full lists of participating members for each
team and their affiliations are provided in the
supplementary materials.
†Email: analysis@icecube.wisc.edu
Cite this article as IceCube Collaboration et al.,
Science 361, eaat1378 (2018). DOI: 10.1126/
science.aat1378

Multimessenger observations of blazar TXS 0506+056.The
50% and 90% containment regions for the neutrino IceCube-
170922A (dashed red and solid gray contours, respectively),
overlain on a V-band optical image of the sky. Gamma-ray sources
in this region previously detected with the Fermi spacecraft are
shown as blue circles, with sizes representing their 95% positional
uncertainty and labeled with the source names. The IceCube
neutrino is coincident with the blazar TXS 0506+056, whose
optical position is shown by the pink square. The yellow circle
shows the 95% positional uncertainty of very-high-energy g-rays
detected by the MAGIC telescopes during the follow-up campaign.
The inset shows a magnified view of the region around TXS 0506+056
on an R-band optical image of the sky. IM
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• Coincident with Fermi flare; chance correlation can be rejected at the 3s-level.

• TXS 0506+056 is among the 3% brightest Fermi-LAT blazars.

• One of the most luminous BL Lacs (2.8 ⇥ 1046 erg/s).

Markus Ahlers (NBIA) Multi-messenger Fits of TXS September 26, 2018 slide 4
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• blazar modeling well understood
• add protons (7à14 parameters)



Cabibbo 1966



IC170922
blazar model

14 parameters
<< 1 neutrino



IC170922
blazar model

14 parameters
<< 1 neutrino

2014-15 neutrino
burst



target ?

supermassive
black hole

NEUTRINO BEAMS: HEAVEN & EARTH
Neutrino Beams: Heaven & Earth p + g à n + p+

à cosmic ray + neutrino
n and g beams : heaven and earth

à a neutrino source 
needs an
accelerator and a 
target

à the target may be
opaque to gamma
rays



• efficiency for producing neutrinos:
opacity of the target’s proton tpg

• requires large opacity of the target
to protons and large target density

• gamma ray opacity is 102 times higher

• blazars are highly efficient gamma ray emitters, cannot be
efficient neutrino sources

• imaging by radio interferometry and optical robotic telescopes
to the rescue!

an efficient neutrino source is opaque to gamma rays

L⌫ ⇠ ⌧p� Lp
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TXS 0506+056

• beyond 5 mas the jet loses 
its tight collimation…

• jet found a target after ~tens 
of pc

Theory confirms observations:

• jet star interaction?

• jet-jet encounter in a galaxy 
merger?

1912.01743v1
[astro-ph.GA]

A&A. 630 A103
A&A. 632 C3

• core brightening observed
in a radio burst that started
5 years ago

• core expands with
superluminal velocity



analysis of 16 VLBA observations
MOJAVE 15 GHz

2009-18 



global robotic network of
optical telescopes

connects TXS 0506+056
to IC170922A

“MASTER found the blazar in the off-state after one minute 
and then switched to on-state two hours after the event. 
The effect is observed at a 50-sigma significance level”



MASTER
robotic network

optical observations
TXS 0506+056

since 2005

blue panels:
expanded time axis
years à seconds

seconds after
2014-15 burst

seconds after
IC170922

time variation of flux
times

signal-to-noise

hour-scale
variability of the

source after
neutrino emission



theory: not a “vanilla” blazar 

• what is the target found in the radio and optical images?

• blueprint of TXS accelerator still evolving

• is cosmic ray origin really connected to blazars or do 
other sources also turn into TXS-type neutrino beam 
dumps?

• multimessenger astronomy is “subtle but not malicious”

• some other intriguing events:190730, 191001, 200107…



IC 190730: 300 TeV
• coincident with

PKS 1502+106
• radio burst



the two highest energy IceCube alerts are coincident
with radio flares  

TXS 0506+056

PKS 1502+106



IC191001 in coincidence with
the tidal disruption of a star?

IC191001 close to luminous TDE of the Zwicky Transit Factory



next attraction: gravitational waves + neutrinos?

(August 17, 2017 neutron star merger: jet not aligned) 



Neutrinos in the Era of Multimessenger Astronomy
francis halzen

• cosmic neutrinos: many independent observations
à muon neutrinos through the Earth
à starting neutrinos: all flavors

• the first high-energy cosmic ray accelerator: a 
rotating supermassive black hole

• from discovery to astronomy: next-generation
instruments: x 5~10 (PeV) and x100 (EeV) 

• also, a beam for PeV neutrino physics

icecube.wisc.edu
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Lake Baikal experiment reaches 0.35 km3di



KM3NeT: 6 strings operating
stably for one year

Baikal completion:
14 units 2024
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francis halzen

• cosmic neutrinos: many independent observations
à muon neutrinos through the Earth
à starting neutrinos: all flavors

• the first high-energy cosmic ray accelerator: a 
rotating supermassive black hole
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the first Glashow resonance event:

anti-ne + atomic electron à real W at 6.3 PeV
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partially contained event with energy 6.3 PeV
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resonant production of a weak
intermediate boson by an anti-

electron neutrino interacting with
an atomic electron



• energy measurement understood
• identification of anti-electron neutrinos 
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tau neutrinos at Fermilab-- DONUT

tau decay length = g c t = 50m per PeV



a cosmic tau neutrino: livetime 17m 



high-energy starting events – 7.5 yr

oscillations of PeV neutrinos over cosmic
distances to 1:1:1



icecube.wisc.edu

neutrino astronomy 2020

• it exists

• more neutrinos, better 
neutrinos

• closing in on cosmic 
ray sources
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overflow sides





10 years of IceCube data: evidence for non-uniform
skymap, mostly resulting from 4 source candidates

why not seen before?



one of 3 prominent sources at 100 TeV



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





TXS 0506+056

“beyond 5 mas the
core loses its tight

collimation…”

jet found a target
after ~tens of pc

jet star interaction?

theory confirms 
observation?
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new physics ?

if not…

every model
for the astrophysical
source ends up in

the triangle



upgrade/Gen2
• neutrino oscillation at PeV energy
• test of the 3-neutrino scenario
• neutrino physics BSM


