lceCube: the discovery of cosmic neutrinos
francis halzen

some history, cosmogenic neutrinos
e cosmic ray accelerators

» lceCube a discovery instrument
 the discovery of cosmic neutrinos

« where do they come from?

* beyond IceCube

lceCube.wisc.edu



Cosmic Horizons — Microwave Radiation
380.000 years after the Big Bang

wavelength = 1 mm < energy = 104eV




Cosmic Horizons — Optical Sky
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Cosmic Horizons — Gamma Radiation

sat

- %%;

[dt

wavelength = 10> m < energy = 107 eV



Cosmic Horizons — Highest Energies

wavelength = 102" m < energy = 103 TeV



y + yCMB 9 e + 8.‘%
PeV photons interact W|th mlcrowave photons
(411/cm3) before reachlng our telescopes

enter: netitrinos



'Neutrinos? Perfect Messenger

electrically neutral o A TR
. essentially massless ' ok C o T
+ essentially unabsorbed 50
» tracks nuclear processes

 reveal the sources of cosmrc rays

.. but difficult to deteCt: h‘e_.v_v'large'a detector?



neutrinos COoSmic rays
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lceCube: the discovery of cosmic neutrinos
francis halzen

e cosmic ray accelerators

lceCube.wisc.edu



Cosmic Ray Spectra of Various

Experiments
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origin of cosmic rays: oldest problem in astronomy
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cosmic ray accelerators

LHC accelerator should have circumference
~—of Mercury orbit to reach 102 eV! -
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accomodating energy and-‘lu.minc;sity are challenging






the sun constructs an accelerator




» accelerator must contain the particles

E
R, (= <R
gyro( VqB)
£ <vgBR

challenges of cosmic ray astrophysics:

» dimensional analysis, difficult to satisfy
» accelerator luminosity is high as well
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the sun constructs an accelerator

coronal mass

ejection—> ‘
10 GeV protons /_\



supernova
remnants

Chandra 1
Cassiopeia A

ray
bursts



active galaxy

particle flows near
supermassive
black hole









accelerator is powered by
v and y beams : heaven and earth large gravitational energy

% black hole
neutron star

o target radiation
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Atmospheric neutrino source
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cosmic rays interact with the
microwave background

p+y—on+rxand p+r’

cosmic rays disappear, neutrinos with
EeV|(10° TeV) energy appear

1 event per|cubic kilometer|per year
...but it points at its source!




the extragalactic accelerators: knobs to turn
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lceCube: the discovery of cosmic neutrinos
francis halzen

« |lceCube a discovery instrument

lceCube.wisc.edu
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charged secondary

particles produced
as the neutrino

o disappears
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« speed of light in water < c
 muon travels from 50 m
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lceCube: the discovery of cosmic neutrinos
francis halzen

* intermezzo on effective area

lceCube.wisc.edu



neutrino detection probability




neutrino and muon area
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neutrino and muon area

events = A x®
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effective telescope area at 100 TeV

areax P (:ﬁanO' ~10°E, )
U=V //L u-v — TeV

| 4

« AMANDA ~ ANTARES ~ (1- 5) m?

* [ceCube 22 strings 30 m?

* IceCube 80 strings 100 m?
4 " RN
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the earth as

‘/‘/ a cosmic ray

muon filter
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lceCube: the discovery of cosmic neutrinos
francis halzen

« |lceCube a discovery instrument

lceCube.wisc.edu
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,sta-riding on the shoulder of giants

11987: DUMAND test string




Lake Baikal experiment observes atmospheric neutrinos




ANTARES
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ice 1.4 kilometers below geographic South Pole

find an opti-c-:ally clear medium shielded from cosmic rays

map its optical properties

%

fill with photomultipi:iﬂeﬁrs with spacings ~ absorption length

add data acquisition and computers







instrument 1 cubic kilometer of natural ice below 1.45 km




the IceCube Neutrino Observatory
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photomultiplier
tube -10 inch
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board

main
board

HV board




... each Digital Optical Module independently collects
light signals like this, digitizes them,
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...lime stamps them with 2 nanoseconds precision, and
sends them to a computer that sorts them events...
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muon track: color is time; number of photons is energy



89 TeV

radius ~ number of photons
time ~red - purple s

Run 113641 Event 33553254 [Ons, 16748ns|
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93 TeV muon: light ~ energy



energy measurement (> 100 TeV )
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Differential Energy Reconstruction of 5 PeV Muon in 1C-86
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lceCube / Deep Core

5160 optical sensors . C?
between 1.5 ~ 2.5 km '“ :

-completed December 2010

5 GeV to infinity
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Signals and Backgrounds

cosmic ray

astrophysical
neutrino

atmospheric
neutrino

atmospheric
muon







... you looked at 10msec of data !

muons detected per year:

« atmospheric* ~ 10"
« atmospheric** v 2> pu ~10°
* COSMIC vV2Uu ~ 120

* 3000 per second ** 1 every 6 minutes
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Cut Level Selection criterion Atms. g | Data | Atms. v, Astro.
(mHz) | (mHz) | (mHz) | x10~ (mHz)
0 hpe < () 1010.5 | 1523.81 7.166 6.23
1 Logl(3.5) <8 28249 | 504.44 5.826 5.62
2 Npie 2 9 8.830 22.01 3.076 4.06
3 ((cos Ompe > —0.2) AND [ Lpie = 300 m)
OR 1.124 430 2.313 3.69
(cos Ompe < —0.2) AND (Lpi = 200 m))
4 Asplivmee <015 0.100 2.15 1.890 3.26
5 ((cos Ompe < —0.07)
OR 0.080 2.08 1.880 3.25
((cos Bype > —0.07) AND (Aspg/payesian = 35)) )
6 ( (cosOpypg < —0D.04)
OR 0.075 2.06 1.875 3.24
((cos Ompe > —0.04) AND (Aspe/Bayesian = 40)))

Table 2. IceCube neutrino selection cuts and

corresponding passing event rate for the [C-2012 season. Atan

final selection an event has to fulfill all cut criteria to pass the selection (i.e. alogical AND condition between

the cut levels is applied). The atmospheric

atmospheric-muon rate is calculated from C

dN/dE=1-10"8 Gchm‘zs"(%)‘z. (Atms. = atmospheric, Astro. = astrophysical)

neutrino flux is based on the prediction by Honda [71], but

RSIKA simulations. The event rate for IceCube data stream
corresponds to the total livetime of 332.36 days. The astrophysical neutrino flux is estimated assuming

...as opposed to 35 in original AMANDA publication




Name Precut Summary

CoG_rholC — center of gravity, radial distance
CoG_zIC < 500 m center of gravity, z-component

LSepIC > 50 m track hits separation length
BayesLIlhDiff > 20 log Lpayesian — 10g LspEit

cosZen > 82 deg cos(SplineMPE zenith)

Plogl3ps <10 log Lspiinempe / (Ncn — 3.5)

LDirCIC > 75 m direct track length

NDirEIC > 6 number of direct hits
sigma_CramerRao_deg < 25 deg Crameér-Rao error estimate (in degrees)
AbsSmoothnessEIC - |smoothness| of direct hits
AvgDistQtotDomNoCutIC | < 250 m average charge-weighted track-to-DOM distance
LEmptyIC < 600 m empty track length
cos_SplineMPE_LF < 60 deg angle between SplineMPE and LineFit
Linefit_Speed <3 LineFit speed

logNChIC > 6 DOMs | number of hit DOMs
DiffCosMinSplitZenith — cos min(fspjic) — €08 OsplineMPE




neutrinos interacting muon neutrinos
iInside the detector filtered by the Earth
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total energy measurement astronomy: angular resolution
all flavors, all sky superior (<0.4°)
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Assuming best-fit power law:
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astronomy
 through-going muons with resolution 0.2~0.4°
« goal 0.1%(IceCube upgrade 2022-23)

1.50-
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1.25: —— M.G.Aartsen et al.(2017)

1.00 1x === M.G.Aartsen et al.(2018)
= 0.75
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GFU 2.0 on line cuts

2.0 7

—
ol
L

o
&)
|

Median Angular Error (deg)
o

— -90°.. - 30°
— —-30°..30°
... 30°...90°

o
o

101 10°

10’

102

10°

104

Neutrino Energy (TeV)

10°



iIce: step by step

hole ice ?

N
/

E
some birefringence ? §
Ice Layer tilt direction

i 2250 SW
E
Ice flow direction %
41° NW °

* anisotropy

~8% less scattering

410NW

Light intensity [a.u.]

-1500}

-2000}

-1400

-1600

-1800

-2000

-2200

-2400

1074 Dust logger

@ Camera
10! .

, air bubbles/hydrates
el below 1350 m
10 3
104
S ' ‘ ' loleCubechrk in Pro?ross e > 100 m
250 500 758epthl[(:1(l)]0 1250 1500 absorption Iength
. limited by dust
 ice layers
= )
tilted ice layers —— e el
=, ice

Distortion Relative to Hole 50

66 21 2

R I
_—
i .
==
e e ee— ——
o S S S e
—_— T T e
= |
g R T s
Reliqk%éj 2
0 200 400 600 800 1000 [
Meters from Hole 50 along 225° SW 3

009k oopL

_008L

g ST——=
(= i —
=t e
SHR T
822232 2 18(838
3/8/8:%/ ¢ 219820
28 8[8 & 8i8t8ac
\ 8¢
I
N :
[=]
= {
{

exponential
AeB

dust

power law
-«

CMduii;\'

| ———
600 700

800




’ IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

)

o
N
05

det
E.

o
—
N

o
o
o

T T I I I T I | T I T I

f(Logs(E,)

IlIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

Broken Spectrum

- E,=10° GeV

Logo (

£
:: 109

778 9 10 113
E,/GeV)

10 E™? Spectrum

4 5 6

T R,
2 10’ _

7 8 9
Logw(Ev/Gev)

10°

10 11



Assuming best-fit power law:
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lceCube: the discovery of cosmic neutrinos
francis halzen

 the discovery of cosmic neutrinos

lceCube.wisc.edu



cosmic rays interact with the
microwave background

p+y—on+rxand p+r’

cosmic rays disappear, neutrinos with
EeV|(10° TeV) energy appear

1 event per|cubic kilometer|per year
...but it points at its source!




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

date: August 9, 2011
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electron showers versus muon tracks

£ £
PeV v, and v,
showers: - Py
10 m long Qﬁn’
« volume ~5m3 M-
« isotropic after A N

25~50 m
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Distance to source (vertical) [m]
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reconstruction limited by computing, not ice !

44,20: 7e+02 PE
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Blue: best-fit direction, red: reversed direction
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events starting inside the detector

v select events interacting
inside the detector only

v" no light in the veto region

v veto for atmospheric
neutrinos (which are
typically accompanied
by muons)

v energy measurement: to-
tal absorption calorimetry

Veto
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Atrmospheric neutrino self-veto

101 t hvsical Some neutrinos
> —E astrophysical v are absorbed
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Schénert, Resconi, Schulz,
Phys. Rev. D, 79:043009 (2009)

Gaisser, Joro, Karle, van Santen,
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Atrospheric neutrino self-veto
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13

Atrmospheric neutrino self-veto

Prompt atmospheric
101 - Some neutrinos b b

astrophysical v are absorbed neutrinos are vetoed, too.
in the Earth

Primary cosmic ray
100 - ..o 2T
N %, |

I T TrrrrI

Schénert, Resconi, Schulz,
10-3 Phys. Rev. D, 79:043009 (2009)

—1.0 —0.5 0.0 0.5 1.0 Gaisser, Jero, Karle, van Santen,

. Phys. Rev. D, 90:023009 (2014)
sin(éd) = — cos(#) at the South Pole

Interactions km~—23 sr—1 yr—1 E, > 100 TeV




...and then there

were 26 more...

Data (Trigger Level)
Signal Region

Events per 662 days

data: 86 strings one year



...and then there

were 26 more...

Data (Trigger Level)
Signal Region

Events per 662 days

data: 86 strings one year
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430 TeV inside
detector
PeV v,
no air shower

all cosmic
neutrinos are
Isolated by
self-veto




neutrinos interacting muon neutrinos
iInside the detector filtered by the Earth
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total energy measurement astronomy: angular resolution
all flavors, all sky superior (<0.4°)



electron and tau neutrinos

1

Atmosplleric Fluxes

Astrophysical Flux

Prompt Upper Limit(v, +p,) [1.06x ERS]
Conventional (v, + Uy,) (zgnith-averaged) [1.00x Honda2006] Measurements ]
10-6 o Cascades Differential
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high-energy starting events — 7.5 yr

4 —
% 10 I — HESE with ternary topology ID <, ﬂ
=, ® Dbest fit: 0.35:0.45: 0.2 1.0
> L e 90 >
o — Sensitivity, E spectrum Q@ =
Q 10° ®¥ 1:1:1 flavor composition ,x” 0.8 S
(W] Q(\ - /. ’S\\ )
5 WORK IN PROGRESS S/ ok X 2
" S - 68 %\ 0-6 % 5
5 10° S > g
A % % * Cx 2
T 44& ' 0.4 < a
<
2 O *
= 10 @
10 , 0.2 .00
68 % \
e ' ' ' ' _ ”
© 95 %L
7 G — 0.0
QS v ¥ © % o
Q ) Q o o ~N

Fraction of v,

oscillations of PeV neutrinos over cosmic

distances to 1:1:1




new physics ?
iIf not...
every possible model
for the astrophysical
source ends up in
the triangle A )

muon-suppressed
<€——  pion decay
(0:1:0)

pion & muon

<€«— decay
(1:2:0)

N “~ . neutron
~~~~~ hJ ‘Q‘ “‘ :. d ec ay
b ‘5 ‘t O'

-----------------------




* neutrino oscillation at PeV energy

ongoing upgrade: * nutau: test of the 3-neutrino scenario

* neutrino physics BSM
2022 deployment * |ceCube Gen2 pathfinder




Next Step: the IceCube Upgrade (2022)

* Seven new strings of multi-PMT mDOMs in the DeepCore region

* Inter-string spacing of ~22 m 1000m

e Suite of new calibration

devices to boost * e S

lceCube calibration °® R

e . 1 . o ... : -

Initiatives o, - ° A

* Improve scientific . 1

capabilities of lceCube at . om ’

both high and low energy ~ by
9 9 ® '
lceCube  DeepCore Phase 1 ;:§8$ ;l%gz ;m:

Instrurented Depth

- recalibration IceCube to reach 0.1° degree ang.res.



Low energy neutrinos in the Upgrade




neutrino astronomy

» cosmic neutrinos: four independent observations
- muon neutrinos through the Earth
—> starting neutrinos: all flavors
—> tau neutrinos
- Glashow event

multimessenger astronomy

 Fermi photons and lceCube neutrinos
 the first extragalactic cosmic ray accelerator

icecube.wisc.edu



tau neutrinos at Fermilab-- DONUT

DONUT: charmed mesons (no oscillation)

and emulsion

FL.=4535m
Bk = 93 mrad

p >2975 GeVie
pr >027°); GeVic

F.L.=280um

O = 90 mrad

p =467 GeVie
pr =0.415% GeVic

-,
""""

|
N 7 1
F.L.=1800 pm F.L.=530um
Oy = 130 mrad O = 13 mrad
p =19%5 GeVie p > 217, GeVie
pr = 0257 GeVic pr >0.28 312 GeVic
:‘I
Y 4 i e

DONUT Phys. Lett. B, Volume 504, Issue 3, 12 April 2001, Pages 218-224

OPERA: oscillation (appearance from CNGS
muon neutrino beam) and emulsion

plate

14 15 35 36
No appearance rejected at >5¢

Vi ds
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OPERA Phys. Rev. Lett. 115, 121802 (2015)



tau decay length:
50m per PeV

W 4%

shower




tau decay length:
50m per PeV

tau production and decay
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a cosmic tau neutrino: livetime 17m

’ —— single cascade —— double cascade —+ -} exp. data H —— reco with bright DOMs --- reco without bright DOMs
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tau decay length:
50m per PeV
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neutrino astronomy

» cosmic neutrinos: four independent observations
- muon neutrinos through the Earth
—> starting neutrinos: all flavors
—> tau neutrinos
- Glashow event

multimessenger astronomy

 Fermi photons and lceCube neutrinos
 the first extragalactic cosmic ray accelerator

icecube.wisc.edu



partially contained event with energy of 6.3 PeV

HIGHEST-ENERGY NN
NEUTRINO CANDIDATE =

1
State-of-art reco: details in
the next talk by Tianlu Yuan
Median: 6.02 PeV
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the first Glashow resonance event:

anti-vg + atomic electron - real W at 6.3 PeV




e

Muons
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Hadronic Cascade

10t [
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00
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E [eV]

 partially-contained PeV search
* deposited energy: 5.91£0.18 PeV
« visible energy is 93%

e - resonance: EV = 6.3 PeV

work on-going



* energy measurement understood
identification of anti-electron neutrinos

dN /dE [(40 TeV) '(4.6 year) ]
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0170 T3

-
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Glashow Resonance
Charged and Neutral Current

IceCube Preliminary
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......
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hadronic (quark-antiquark decay of the W) versus
electromagnetic shower radiated by a high energy
background cosmic ray muon?

muons from pions (v=c) outrace the light propagating in ice
that is produced by the electromagnetic component (v<c)

S%¢ Interaction Vertex
O Latest cascade light emission

DOM

muon



2
v

@, [GeVem™?s sr']

10°°%;

IceCube Preliminary e :*E::S;.:t o
. g inrerentia
nuebar.nug—l.l ¢ The new event
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.+ upgoing muons  Glashow
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wl o S A .
 three methods are consistent
» excess cosmic flux < 100 TeV?
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lceCube: the discovery of cosmic neutrinos
francis halzen

« where do they come from?

lceCube.wisc.edu



Galactic

0 -2log(L/LO) 12.3923
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in one year
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background with E>60 TeV
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120 cosmic neutr

~12 separated from atmospher
structure in the map results from neutrino absorption by the Earth
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IceCube Preliminary |
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10 years of IceCube data: evidence for non-uniform
skymap, mostly resulting from 4 source candidates
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10 years of IceCube data: evidence for non-uniform
skymap, mostly resulting from 4 source candidates
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10 years of muon neutrinos
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we observe a diffuse flux of neutrinos from
extragalactic sources

skymap reveals structure at the 3c level
associated with 4 sources

a subdominant Galactic component is
emerging but does not reach 3c level

where are the PeV gamma rays that
accompany PeV neutrinos?
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lceCube
francis halzen

* IceCube
e cosmic neutrinos: two independent

observations
- muon neutrinos through the Earth
—> starting neutrinos: all flavors

* where do they come from?
* Fermi photons and IceCube neutrinos

* the first high-energy cosmic ray accelerator
* cosmic neutrinos below 100 TeV?

iceCube.wisc.edu



accelerator is powered by
v and y beams : heaven and earth large gravitational energy

% black hole
neutron star

o target radiation

p+vy-—=2>n

directional ~ COSMIC ray + neutrino

beam
magnetic 9 p

fields ~ COSmIC ray + gamma

i)
27
B
e




- multimessenger astronomy

p+y9'n+ﬂfr

~ COSMIcC ray + neutrino

>p+n’

~ COosSmic ray + gamma



gamma rays accompanylng IceCube neuﬂs mteract
W|th interstellar photons and fragment into multiple. Iower
- 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
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hadronic y-ray emission normalized to best-fit neutrino flux
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dark sources below 100 TeV not seen in y’s ?
gamma rays cascade in the source to lower energy




Multi-year cascade (ve+vz) analysis: dark sources ?
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T LG T ™™ [T Astrophysical Fluxes
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excess gamma rays relative to Fermi flux? Obscured sources?
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Fermi sources
are mostly
blazars

common sources?

9
multimessenger
astronomy
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PKS 1124-186

Fermi sky: mostly bazars
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A census

B BL Lac class of
Blazars dominates
the high-energy
gamma-ray
emission
B 86% (+16%/-14%)

above 50 GeV

B Large uncertainties
in radio-galaxy and
star-forming galaxy
contributions

B Real diffuse
contributions must
be small

m UHECR interactions
m WIMP annihilation
m ctc.

Markus Ackermann
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lceCube
francis halzen

* lceCube
e cosmic neutrinos: two independent
observations

—> muon neutrinos through the Earth

—> starting neutrinos: all flavors
« where do they come from?
* Fermi photons and IceCube neutrinos
 the first high-energy cosmic ray accelerator
« what next?

iceCube.wisc.edu



flux < 1% of astrophysical
neutrino flux observed
Nature 484 (2012) 351-353

timing/localization
from satellites

—

timing + direction~"

— low background




multimessenger astronomy: wrong alerts?

—@+ Ahlers et al.
-~ Waxman-Bahcall
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(v) HIGH-ENERGY EVENTS NOW PUBLIC ALERTS!

‘We send our high-enerqy events in real-time as public YCN aleris now!

TITLE: GCN/AMON NOTICE N N

NOTICE_DATE:  Wed 27 Apr 16 23:24:24 UT GCN notice for starting track sent Apr 27

NOTICE_TYPE: AMON ICECUBE HESE

RUN_NUM: 127853

EVENT_NUM: 67093193

SRC_RA: 240.5683d {+16h 02m 16s} (J2000), .
240.7644d {+16h @3m 03s} (current), We send rough reconstructions
239.9678d {+15h 59m 52s} (1950) "

SRC_DEC: +9.3417d {+09d 20' 30"} (J2000), first and then update them.

+9.2972d {+09d 17' 50"} (current),

+9.4798d {+09d 28' 47"} (1950)
SRC_ERROR: 35.99 [arcmin radius, stat+sys, 90% containment]
SRC_ERROR50Q: 0.00 [arcmin radius, stat+sys, 50% containment]
DISCOVERY_DATE: 17505 TJD; 118 DOY; 16/04/27 (yy/mm/dd)
DISCOVERY_TIME: 21152 SOD {@5:52:32.00} UT

REVISION: 2
N_EVENTS: 1 [number of neutrinos]

STREAM: 1

DELTA_T: 0.0000 [sec]

SIGMA_T: 0.0000 [sec] HER LR
FALSE_POS: 0.0000e+00 [sA-1 srA-1] i i E i
PVALUE : 0.0000e+00 [dn] ' 'f : i | b
CHARGE : 18883.62 [pe] e [REEET YR

SIGNAL_TRACKNESS: 0.92 [dn]
SUN_POSTN: 35.75d {+02h 23m 00s} +14.21d {+14d 12' 45"}



(v) HIGH-ENERGY EVENTS NOW PUBLIC ALERTS! ™. Richman

‘We send our high-enerqy events in real-time as public GCN alerts now!

Iridium RUDICS
2.4 kbps/modem w

processing & ’ s Madison, WI
data acquisition filtering ‘ N

satelhte a
DAQJ——‘ ,——[PnF J—[I?)MSJ Tasee [131\/15]

filter custom

~20sec  messaging followup
system server

l

from photon at DOM to neutrino alert: av -

< | minute ‘







IceCube Trigger

43 seconds after trigger, GCN notice was sent

LITTTETTETTTTT T E i irrirrrr i i i i i r i i rrrirrr i i i i i i i r i rr 7
GCN/AMON NOTICE

TITLE:
NOTICE DATE:
NOTICE TYPE:
RUN_NUM:
EVENT NUM:
SRC_RA:

SRC_DEC:

SRC_ERROR:

DISCOVERY DATE:
DISCOVERY TIME:

REVISION:
N_EVENTS:
STREAM:
DELTA T:
SIGMA T:
ENERGY :
SIGNALNESS:
CHARGE :

DESY

Fri 22 Sep 17 20:55:13 UT
AMON ICECUBE EHE

130033
50579430

77.
77.
76.
+5.
+5.

+5.

2853d
5221d
6176d
7517d
7732d
6888d

{+05h
{+05h
{+05h
{+05d
{+05d
{+05d

09m
10m
06m
45"
46
41°

08s}
05s}
28s}
06"}
24"}
20"}

(J2000),
(current),
(1950)
(J2000),
(current),
(1950)

14.99 [arcmin radius, stat+sys, 50% containment]

18018 TJD;

265 DOY;

17/09/22 (yy/mm/dd)

75270 SOD {20:54:30.43} UT

0

1
2
0
0.
1
5
5

.0000 [sec]

0000e+00 [dn]
.1998e+02 [TeV]
.6507e-01 [dn]
784.9552 [pe]

[number of neutrinos]
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IC-170922A  ABRUES

23.7+2.8 TeV muon energy loss in the detector, 15 arcmin error (50% containment)

.!0

side view 4 5izims e s

¢ e & FEETIT

\ . 0 500 1000 1500 2000 2500 3000
2 l tOp view nanaseconds 125m

m— 200 (90% lower limit: 200 TeV, peak: 311 TeV)
== E~213 (90% lower limit: 183 TeV, peak: 290 TeV)

Most probable neutrino energy m— 250 (90% lower limit: 152 TeV, peak: 259 TeV)

.. .15
~290 TeV. Upper limit at 90% = I.\

: z IceCube, Fermi-LAT,
CLis 4.5. PeV (7.5) PeV) for a Z 10- L MAGIC. AGILE. ASAS-SN.
spectral index of -2.13 (-2). = HAWC, HES S,

= INTEGRAL, Kapteyn,

= 051 Kanata, Kiso, Liverpool,

9 Subaru, Swift, VERITAS,

A 00 VLA, Science 2018
https://gen.gsfc.nasa.gov/notices_amon/ 10! 10° 10° 10 10° 10°

50579430 _130033.amon Neutrino Energy (TeV)



multimessenger neutrinos: a new class of sources and
a new class of telescopes

-~
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AGILE DETECTION OF A CANDIDATE GAMMA-RAY PRECURSOR TO THE ICECUBE-160731
NEUTRINO EVENT

F. Lucarern,'-2 C. Prrrogr.!2 E Verreccaia 2 1 Dossarumma® M. Tavane, $5.¢ A, Burcarer? A. Gruuas ®
L. A. Axtoseres 2 P Canaveo.® P. W. Carmaneo,? S. Coramancesco,'™? F Lonco,!! S. Merecuern.®
r~ A Momseu,'? L Pacaant.® G. Prano.* A. Pezont,” M. Puaa,™® A. Rarrownr,? A. Tross,'* anp S. Vercerione™

5BZB)1424+0434 58BZ2B)1410+0203
B

348.000

AGL J1418+00(

5BZB)1425-0118 5BZB)1418-0233

v o
5BZU)J1431-0052

¢

5BZG)1435-0055
=

0.00014 0.00029 0.00043 0.00057 0.00072 0.00086 0.00100 0.00114 0.00129

Corresponding author: Fabrizio Lucam i
fabrizio.lucarelli@ asdc.asi.it



Follow-up detections of IC170922 based on public telegrams
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THE REDSHIFT OF THE BL LAC OBJECT TXS 0506+056.

SIMONA PAIANO,'2 RENATO FALOMO,! ALDO TREVES,*? AND RICCARDO SCARPA®:6
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ABSTRACT

The bright BL Lac object TXS 05064056 is a most likely counterpart of the IceCube neutrino event
EHE 170922A. The lack of this redshift prevents a comprehensive understanding of the modeling of
the source. We present high signal-to-noise optical spectroscopy, in the range 4100-9000 A, obtained
at the 10.4m Gran Telescopio Canarias. The spectrum is characterized by a power law continuum
and is marked by faint interstellar features. In the regions unaffected by these features, we found
three very weak (EW ~ 0.1 A) emission lines that we identify with [O II] 3727 A, [O III] 5007 A,
and [NII] 6583 A, yielding the redshift z = 0.33650.0010.

Keywords: galaxies: BL Lacertae objects: individual (TXS 0506+056) — distances and
redshifts — gamma rays: galaxies —neutrinos

« we do not see our own Galaxy
« we do not see the nearest extragalactic

sources
« we find a blazar at 4 billion lightyears!



multiwavelength campaign launched by
IC 170922

IceCube, Fermi —LAT, MAGIC, Agile, ASAS-SN, HAWC, H.E.S.S, INTEGRAL,
Kapteyn, Kanata, KISO, Liverpool, Subaru, Swift, VLA, VERITAS

 neutrino: time 22.09.17, 20:54:31 UTC
energy 290 TeV
direction RA 77.43° Dec 5.72°

« Fermi-LAT: flaring blazar within 0.1° (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
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Why not seen before?
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this is the case for larger detectors with better angular resolution!
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search assuming E-2.19 (diffuse) spectrum



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 will allow us
to study the first cosmic accelerator
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we know that this “blazar” is a cosmic ray source



v and y beams : heaven and earth p+y=2>n+mn’

-> cosmic ray + neutrino

o target

neutrino source
needs an accelerator
and
a target

magnetic

fields source opacity?




some points regarding the TXS 0506+056 neutrino source:

a blazar jet is transaparent to high energy gamma rays and therfore
does not have the target density to produce neutrinos (ny>>Spy)

if every “blazar” produced neutrinos at the level of TXS 0506+056,
the sources would overproduce the total flux observed by IceCube
by a factor of 20.

TXS 0506+056 must indeed belong to a special subclass of
sources, as already suggested by the large distance.

a source that produces 13 neutrinos in 110 days has a target
density for producing neutrinos that is large and it must therefore
be opaque to high-energy gamma rays.

It takes a major accretion event onto the black hole to accommodate
the target density required to accommodate the 2014-15 observation.

the 2014-15 burst cannot be, and is not, accompanied
by a Fermi flare.

details at arXiv:1811.07439 and arXiv:1811.07439



relation between flaring sources and the diffuse flux ?

diffuse v, flux  TXS luminosity

> 5 S oy i

dE, -L"r Hy T

density of blazars

IN,
Z E? (IE ~7.4x 1072 TeVem ?s tsr! ~
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a target that produces > 12 neutrinos in 110 days is opaque to gamma rays
that lose energy ir1 the source even before entering the EBL

accompanying photons
below Fermi threshold

the gamma rays that
accompany the neutrinos
lose energy in the source

proton beam normalized
to the energy density
in cosmic rays

% ~ (1 —2) x 10** erg Mpc 3 yr!
Tpy 2, 0.4
opacity of the gamma
ray target




the multimessenger picture: gamma ray energy (mostly)
below Fermi threshold

multimessenger EBL absorption

. relation - gamma ray flux cascades to observed flux
lower energy in the source @ Fermi
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*Fermi data from S. Garrappa+, TeVPA2018



Blazar Spine Sheath Model
(by Ghisellini & Tavecchio 2005)

- (=3
clouds Wiurminated by the sheath
re-radiate nsotr.opvcgly ".

Inner (hotter) Molecular Torus
Line Region

several pc

DESY. lllustration from Breiding, Georganopoulos, Meyer, 853, ApJ, 2018 Page 53



interactions with photons in the broad line region of
radius R, thickness AR (assuming a shell) and blob
size I'At. Calculations in blob frame (primed)

dust torus

sccretion disk g (IR)
accretion dis
(UV, X) 0 O
cosmic ray
>
blazar zone broadline region
(broadband) (opt, UV)




« accelerated protons move through a target of

photons (in the broad line region BLR for instance) and
Interact to photoproduce pions and neutrinos by production
and decay of the A-resonance.

 the opacity of the photon target in the BLR to yy scattering is

Tve = Neor R ~ 0.01

Here R is the size of the broad line region, n_ the electron
density in that region and the Thomson cross section is

10~ %%cm ™2
 the shock that accelerates the protons (a blob) is boosted
by a Doppler factor I relative to the accretion disk. In the
(primed) blob frame all energies are boosted by a factor I" and
all distances and times contracted by the same factor relative to
the photons in the vicinity of the accretion disk and SMBH frame.
 during the time of the burst At it interacts with a density of
photons n, with a cross section c,,,. The opacity of the photon
target to the protons is:



* the energy fraction f, transferred by protons to pions
by py interactions in the BLR is:

Py Y
where
/ /
;o UL dN,y /
Ny = Fr — 47TR’2AR’ E’ | E. Y dE] al,

1 L%At
ITRZAR e ET

where the second equation is for the case of a fixed
energy for the target photons, e.g. in the case of the
blue bump with E, =10 eV:



AN,
ioi AS(E~, —10eV)

The flux at earth from the target region AE, required to
provide an opacity of f; is given by:

_ 1 R? 1—e o~
AE’Y T E'Y Opy 2 TyeTpsn d7 At

Here is a 110 day burst at 1.7 Gpc and x,_.,=0.2.
Therefore

1
=3 x 10 %ergem 25 ' R? — (1 — e o)

pc 2
One can verify that the time of the burst is larger than

the proton acceleration time and shorter than
the energyloss time.



vanilla blazars cannot accommodate the 2014 burst:

need major accretion on the black hole to provide
a target that can produce the 2014-15 neutrino burst



TXS 0506+056 is a
galaxy merger?

core brightening
observed in a radio
burst that started
S years ago

theory confirms

observation?

Relative Declination (mas)

f@]

Peak: 1256.0, RMS: 0.09 mJy/beam

Beam: 1.23 x 0.52 mas at —5.3 deg., Nat. Wgt. (no taper)

0506+056, 2019-08-04, VLBA 15.4 GHz
VLBA Archive BL273A processed by MOJAVE

5 0
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TXS 0506+056 is a
g alaxy me rg er g;?eo:]ct:l:r ‘i c.i’zzgisg‘oph ysics manuscript no. 0506
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the interaction Apparent superluminal core expansion and limb brightening in the
between jet candidate neutrino blazar TXS 0506+056

features that cross E. Ros!, M. Kadler?, M. Perucho™*, B. Boccardi!, H.-M. Cao®, M. Giroletti’, F. KrauB®, and R. Ojha’-$*
each other’s paths.’

b

Max-Planck-Institut fiir Radioastronomie, Auf dem Hiigel 69, D-53121 Bonn, Germany

e-mail: ros@mpifr-bonn.mpg.de

Lehrstuhl fiir Astronomie, Universitit Wiirzburg, Emil-Fischer-Strale 31, D-97074 Wiirzburg, Germany

Departament d’ Astronomia i Astrofisica, Universitat de Valéncia, ¢/ Dr. Moliner 50, E-46100 Burjassot, Valéncia, Spain
Observatori Astrondomic, Universitat de Valencia, ¢/ Catedratic José Beltran Martinez 2, E-46980 Paterna, Valéncia, Spain
INAF — Istituto di Radioastronomia, Via Gobetti 101, 1-40129, Bologna, Italy

Department of Astronomy and Astrophysics, Pennsylvania State University, University Park, PA 16801, USA

National Aeronautics and Space Administration/Goddard Space Flight Center, Greenbelt, MD 20771, USA

University of Maryland, Baltimore County, 1000 Hilltop Cir, Baltimore, MD, 21250 USA

Catholic University of America, Washington, DC, 20064, USA

[N IR

theory confirms
observation

2019

]

Submitted: November 28, 2019; Accepted: December 3, 2019

Dec

ABSTRACT

ﬁ
3

Context. IceCube has reported a very-high-energy neutrino (IceCube-170922A) in a region containing the blazar TXS 0506+056.
Correlated gamma-ray activity has led to the first high-probability association of a high-energy neutrino with an extragalactic source.
This blazar has been found to be in a radio outburst during the neutrino event.

Aims. Our goal is to probe the sub-milliarcsecond properties of the radio jet right after the neutrino detection and during the further
evolution of the radio outburst.

Methods. We have performed target-of-opportunity very-long-baseline interferometry imaging observations at 43 GHz frequency,
corresponding to 7mm in wavelength, with the Very Long Baseline Array two and eight months, respectively, after the neutrino
event.

Results. We produced two images of the radio jet of TXS 0506+056 at 43 GHz with angular resolutions of (0.2 x 1.1) mas and
(0.2 x 0.5) mas, respectively. The source shows a compact, high brightness temperature core (albeit not approaching the equipartition
limit, Readhead [1994) and a bright and originally very collimated inner jet. Beyond about 0.5 mas from the mm-VLBI core, the jet
loses this tight collimation and expands rapidly. During the months after the neutrino event associated with this source, the overall
flux density is rising. This flux density increase happens solely within the core. Notably, the core expands in size with apparent
superluminal velocity during these six months so that the brightness temperature drops by a factor of three in spite of the strong flux
density increase.

Conclusions. The radio jet of TXS 0506+056 shows strong signs of deceleration and/or a spine-sheath structure within the inner
I mas (corresponding to about 70pc to 140pc in deprojected distance) from the mm-VLBI core. This structure is consistent with
theoretical models that attribute the neutrino and gamma-ray production in TXS 05064056 to interactions of electrons and protons
in the highly-relativistic jet spine with external photons originating from a slower-moving jet region. Proton loading due to jet-star
interactions in the inner host galaxy is suggested as the possible cause of deceleration.
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ABSTRACT

We report on the radio brightening of the blazar TXS 0506+056 (at z = 0.3365), sup-
porting its identification as source of the high-energy (HE) neutrino IC-170922A by
the IceCube Neutrino Observatory. MOJAVE/VLBA data indicate its radio bright-
ness abruptly increasing since January 2016. When decomposing the total radio flux
density curve (January 2008 - July 2018) provided by the Owens Valley Radio Ob-
servatory into eight Gaussian flares, the peak time of the largest flare overlaps with
the HE neutrino detection, while the total flux density exhibits a threefold increase
since January 2016. We reveal the radio structure of TXS 05064056 by analysing
VLBI data from the MOJAVE/VLBA Survey. The jet-components maintain quasi-
stationary core separations. The structure of the ridge line is indicative of a jet curve
at the region 0.5 = 2 mas (2.5 = 9.9 pc projected) from the VLBI core. The bright-
ness temperature of the core and the pe-scale radio morphology support a helical jet
structure at small inclination angle (< 872). The jet pointing towards the Earth is key
property facilitating multimessenger observations (HE neutrinos, 7- and radio flares).
The radio brightening preceding the detection of a HE neutrino is similar to the one
reported for the blazar PKS 0723-008 and IceCube event ID5.

Key words: galaxies: BL Lacertae objects: individual: TXS 05064056 — physical data
and processes: neutrinos -radio continuum: galaxies — techniques: interferometric
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12996 Neutrino candidate source

Neutrino candidate source FSRQ PKS 1502+106 at FHOERSI02 d00

highest flux density at 15

H H GHz
IC 190730: 300 TeV highest flux density at 15 GHz
e and UVOT Follow-up and
O ATel #12996; S. Kiehlmann (IoA FORTH, OVRO), T. Hovatta (FINCA), M. Kadler prompt BAT Observations

(Univ. WAY%rzburg), W. Max-Moerbeck (Univ. de Chile), A. C.S. Readhead (OVRQ) (12983 Optical fluxes of candidate
on7 Aug 2019; 12:31 UT neutrino blazar PKS

: ' b . 9 A . . . 15024106
o C O I n C I d e n t W I t h Credential Certification: Sebastian Kiehlmann (skiehlmann@mail.de) 12981 ASKAP observations of

. . . blazars possibly associated
Subjects: Radio, Neutrinos, AGN, Blazar, Quasar with neutrino events
1C190730A and IC190704A

- 12974 Optical follow-up of IceCube-
P KS 1 502 I 106 A 190730A with ZTF

12971 IceCube-190730A: MASTER

On 2019/07/30.86853 UT IceCube detected a high-energy astrophysical neutrino candidate (Atel alert observations and
#12967). The FSRQ PKS 1502+106 is located within the 50% uncertainty region of the event. We analysis
report that the flux density at 15 GHz measured with the OVRO 40m Telescope shows a long- | 12967 IceCube-190730A an
g a I a X I I l e r e r term outburst that started in 2014, which is currently reaching an all-time high of about 4 Jy, since astrophysical neutrino
N K L L0 candidate in spatial
the beginning of the OVRO measurements in 2008. A similar 15 GHz long-term outburst was coincidence with FSRQ PKS
seen in TXS 0506+056 during the neutrino event IceCube-170922A. 1502+106

12926 VLA observations reveal
increasing brightness of
1WHSP J104516.2+275133, a
potential source of
IC190704A




OVRO Radio Flare
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Neutrino candidate source FSRQ PKS 1502+106 at
highest flux density at 15 GHz

ATel #12996; S. Kiehimann (IcoA FORTH, OVRO), T. Hovatta (FINCA), M. Kadler (Univ.
WAYrzburg), W. Max-Moerbeck (Univ. de Chile),A. C.S. Readhead (OVRO)

on7 Aug 2019; 12:31 UT

Credential Certification: Sebastian Kiehlmann (skiehlmann@mail.de)

Subjects: Radio, Neutrinos, AGN, Blazar, Quasar

On 2019/07/30.86853 UT IceCube detected a high-energy astrophysical neutrino candidate (Atel
#12967). The FSRQ PKS 1502+106 is located within the 50% uncertainty region of the event. We
report that the flux density at 15 GHz measured with the OVRO 40m Telescope shows a long-term
outburst that started in 2014, which is currently reaching an all-time high of about 4 Jy, since the
beginning of the OVRO measurements in 2008. A similar 15 GHz long-term outburst was seen in

TXS 0506+056 during the neutrino event IceCube-170922A.

Days since MJD 54466 (2008 Jan 1)

in any wavelengths.

also reported for TXS 0506+056.

the two highest energy IceCube alerts are coincident
with radio flares

No evidence of short-term flaring activity

Long-term radio flare reported by OVRO,



are blazars the sources of the cosmic neutrinos?

a special class of gamma ray sources that undergo 110-day
duration flares like TXS 0506+056 once every 10 years
accommodates the observed diffuse flux of high-energy

cosmic neutrinos

» selected by redshift evolution ?
« galaxy mergers (VLA observations during 2014 burst) ?

of the highest energy cosmic rays?

measured flux satisfies the energy requirement

arxXiv:1812.05654 - arXiv:1811.07439 - arXiv:1811:06356 - arXiv:1807.07942
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Molecular line emission in NGC 1068 imaged with ALMA*

I. An AGN-driven outflow in the dense molecular gas
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ABSTRACT

Aims. We investigate the fueling and the feedback of star formation and nuclear activity in NGC 1068, a nearby (D = 14 Mpc)
Seyfert 2 barred galaxy, by analyzing the distribution and kinematics of the molecular gas in the disk. We aim to understand if and

.
I I l e rg e r (W I th a how gas accretion can self-regulate.
Methods. We have used the Atacama Large Millimeter Array (ALMA) to map the emission of a set of dense molecular gas (n(H;) =
t f . . 105-6 cm?) tracers (CO(3-2), CO(6-5). HCN(4-3), HCO* (4-3), and CS(7-6)) and their underlying continuum emission in the central
or satellite galaxy)

r ~ 2kpc of NGC 1068 with spatial resolutions ~0.3”—0.5" (~20-35 pc for the assumed distance of D = 14 Mpc).
Results. The sensitivity and spatial resolution of ALMA give an unprecedented detailed view of the distribution and kinematics of the
dense molecular gas (n(H,) > 10°-°cm™) in NGC 1068. Molecular line and dust continuum emissions are detected from a r ~ 200 pc
off-centered circumnuclear disk (CND), from the 2.6 kpc-diameter bar region, and from the r ~ 1.3 kpc starburst (SB) ring. Most of
the emission in HCO*, HCN, and CS stems from the CND. Molecular line ratios show dramatic order-of-magnitude changes inside
the CND that are correlated with the UV/X-ray illumination by the active galactic nucleus (AGN), betraying ongoing feedback. We
used the dust continuum fluxes measured by ALMA together with NIR/MIR data to constrain the properties of the putative torus using
CLUMPY models and found a torus radius of 20*$ pc. The Fourier decomposition of the gas velocity field indicates that rotation is
perturbed by an inward radial flow in the SB ring and the bar region. However, the gas kinematics from r ~ 50 pc out to r ~ 400 pc
reveal a massive (Mpyq ~ 2A7jﬁ':gx 107 M,,) outflow in all molecular tracers. The tight correlation between the ionized gas outflow, the
radio jet, and the occurrence of outward motions in the disk suggests that the outflow is AGN driven.
n e a rb ' Conclusions. The molecular outflow is likely launched when the ionization cone of the narrow line region sweeps the nuclear disk.
y H The outflow rate estimated in the CND, dM/dr ~ 63*2 M, yr~', is an order of magnitude higher than the star formation rate at these
radii, confirming that the outflow is AGN driven. The power of the AGN is able to account for the estimated momentum and kinetic
luminosity of the outflow. The CND mass load rate of the CND outflow implies a very short gas depletion timescale of <1 Myr. The
CND gas reservoir is likely replenished on longer timescales by efficient gas inflow from the outer disk.




neutron star-neutron star merger




Rosswog and Ramirez-Ruiz



”' ™ high-energy neutrinos:
& -# ¢ from collimation (TeV) and
internal shocks (PeV):

protons photoproduce neutrinos

« on photons from leakage of
the collimated jet

« on synchrotron photons from
electrons (internal shock)

/ colimatsd ™
GT ? e collimation
to\t

Internal
shock




Kimura et al.

TABLE II. Detection probability of neutrinos by IceCube and

IceCube-Gen?2 ‘
Number of detected neutrinos fron‘single event at 40 Mpc
model IceCube-North IceCube-South Gen2-North
A 6.6 0.55 29
B 0.36 0.023 1.5

Number of detected neutrinos from single event at 300 Mpc

model IceCube-North [ceCube-South Gen2-North
A 0.12 9.7%x1073 0.52
B 6.2x1073 4.2x104 0.027

GW-+neutrino detection rate [yr—!]

model [ceCube Gen?2
A 1.1 2.6
B 0.076 0.28




lceCube: the discovery of cosmic neutrinos
francis halzen

* beyond IceCube

lceCube.wisc.edu



 a next-generation IceCube with a volume of 10 km?
and an angular resolution of < 0.3 degrees will see
multiple neutrinos and identify the sources, even
from a “diffuse” extragalactic flux in several years

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

 discovery instrument = astronomical telescope



lceCube-Gen2: Science Case
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Optical Signal

we are limited by computing, not the optics of the ice
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measured optical properties - twice the string spacing
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(increase in threshold not important: only eliminates energies
where the atmospheric background dominates)
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Baseline Gen2 DOM

updated electronics

New technologies
more PMTs
wavelength shifters
narrow profile

* better glass, gel
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Fuel Bladders

Electrical Closet

* Next-generation Enhanced
Hot Water Drill
— reduced footprint

— smaller crew

* Transport equipment and

fuel using South Pole
Traverse
— fewer flights needed

* May also reduce hole

diameter

— reduced fuel usage



PINGU infill
40 strings
GeV threshold

120 strings

Depth 1.35t0 2.7 km
80 DOMs/string

300 m spacing

instrumented volume: x 10
same budget as IceCube



Mediterranean Detectors

ANTARES Complete since 2008 KM3NeT Under Construction
~20m/90m .
g o e e

» 25 storeys /
line
*3PMTs /
storey
*+ 900 PMTs

7o
428,

e

~10 Mton 230 ARCA + 115 ORCA lines New Generation

12 lines ~1 Gton ~6 Mton

First Generation

First line since 10 years - DOM: 31 3" PMTs

» Digital photon counting

* Directional information

» Wide angle of view

e Cost reduction wrt ANTARES

Same size (43cm)

/ C%ct v

A. Kouchner, Neutrino 2016 04



High energies ARCA
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KM3NeT

rapid deployment
autonomous unfurling
recoverable

KM3NeT Lol http://arxiv.org/pdf/1601.07459v2.pdf
206



http://arxiv.org/pdf/1601.07459v2.pdf

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



Conclusions

* more to come from IceCube: many analyses have not exploited
more than one year of data

« analyses are not in the background-dominated regime
* next-generation detector(s):
1. discovery - astronomy (also KM3NeT, GVD)
2. neutrino physics at (relatively) low cost and on short
timescales (PINGU/ORCA)

3. potential for discovery

* neutrinos are never boring!



The lceCube-PINGU Collaboration
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equal energy in cosmic rays and neutrinos

A
pp(E ) i E]f dEp ~ 10" ergMpc ™ yr™
P

& t,, = evolution of sources x Hubble time

dN,
dE

2 o A
= F =10 TeVcm “s sr




equal energy in cosmic rays and neutrinos

actually...

oue (E)= £ [ 1[ep, ]

e f =<1 transparent (to photons) source; equality 1s the WB bound

f =1 obscured source
*observed flux 1s well below the WB bound (at 20~100PeV); have

to observe PeV photons
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not forward

charm production
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— PP A
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analogous to pp—=2>(K*A)p

upcoming events:

“‘extreme” charm model

can fit the northern, not
the southern hemisphere
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LHC: charm pairs in proton analogous to pp—=>(K*A)p

! upcoming events:

“‘extreme” charm model

can fit the northern, not
the southern hemisphere

Active ¢(¢)

Spectator &(c)
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T

10%

o [ —

107
107 10* B 10° B 107 10" 10°
Despasited Energy [GeV] Desposited Energy [GeV]




PEELEELTT IR LT AT TT LTI E ST d eI ddi i eiiitetiiidnettiii

TITLE: GCN/AMON NOTICE
ROTICE DATE: Sun 14 Aug 16 21:46:36 UT

NOTICE_TYPE: AMON TCECUBE HESE
RUN_NUM: 128340
EVENT NUM: 58537957
SRC_RA: 199.3100d {+13h 17m lds} (J2000),
199.5422d {+13h 18m 108} (current), .
J98.61924. fa1sh 1em el F1950) » An HESE alert was launched on 14 Aug. 2016
SRC_DEC -32.01654 {-32d 00' 58"} (J2000), . . .
- T32 0304 (-324 06" 13%) (current), for 1 event with exceptionally high charge of
-31.7532d {-31d 45' 11"} (1950) . . ;
SRC_ERROR! £9.39 [arcmin radius, statssys, 90% containment] 10’431 pe in the detector from the direction
SRC_ERRCR50: 28.79 [arcmin radius, stat+sys, 50% containment]
DISCOVERY_DATE: 17614 PJD; 227 DO¥;  16/08/14 (yy/mm/dd) centered at RA=199.3100 Dec=-32.0165 and
DISCOVERY TIME: 78354 SOD {21:45:54.00} UT
REVISTON: 0 g i O Ay .
R 0 mumber of neutrines) error circle of 1.5° error (90% containment)
STRERM: 1
0.0000 o
g 0:0000 o00] » INTEGRAL set an upper limit between 20-200
FALSE_POS 0.0000e+00 [s*=1 sr*=1]
PVALUE: 0.0000e+00 [dn] keV
CHARGE: 10431.02 [pe]
SIGNAL TRACKNESS: 0.12 [dn) . .
SUN_POSTN: 144.87d {+09h 39m 298} +14.01d {+14d 00' 24"} » ANTARES did not find other neutrinos
SUN_DIST: 69.72 [deg) Sun_angle~ -3.6 [hr] (Bast of Sun)
MOON_POSTN : 279.69d {+18h 36m 455} -18.41d {-18d 24' 37"}
MOON_DIST 72.22 [deg] : S .
G&L_COORD;: 309.28, 30.54 [deg) galactic lon,lat of the event > I‘n'Slde abOllt 10 error bOJ\ MASTER deteCted
BCL_COORDS : 210.33,-22.02 [deg] ecliptic lon,lat of th t . S
COMMENTS ¢ uon_:czcunz_nsﬁ CopRie Ton.nat of The even an Optlcal Transient

otices_amon/_ » Anotl detected Sep.4
9456 MASTER OT J130t "V .
MASTER: OT discovered during inspection of HESE Souros of e Mok pome s deeRea on o

58537957 trigger st Semcr o e > Hypothesis: a pulsing white dwarf, remaining

ceCube-180814A

el #9425, N. Tyurina, V. L, v (Lo jov MSU), D. Buckley (SAAO), E. Gorbovskoy, F. ANTARES . - . )
Balanutsa, A. Kuznetsoy, V. Korailov, D. Kuvshinov, D. Viasenko, 0. Gress, K. Tvanov, V. | wsrenoraie ~ OUt Of a binary system. Possible scenario for
humkov (Lomonosov Moscow State University, SAl), S. Potter (South African Astronomical W . . .
Observatory) neutrino production? intense enough B-fields
9391 INTEGRAL follow-
on 30 Aug 2016; 00:37 UT ceCube HESE - . - .
Credential Certification: Nataly Tyurina (tiurina@sai.msu.ru) ssma o and disintegration of binary companion or
bjects: Optical, Neutrinos, Request for Observations, Transient accretiOIl Of lllatter?
ferred to by ATel #: 9456
et | ] Reconinens B » Recent discovery of A pulsing, radio emitting
) . _ .
ASTER OT J130845.02-3232549 - optical transient detection during inspection of HESE white dwarf". Nature doi:10.1038/

537957 _128340 alert
- nature18620,16 (2016)

ASTER-SAAQO auto-detection system ( Lipunov et al., "MASTER Global Robotic Net",

vances in Astronomy, 2010, 349171 ) discovered OT source at (RA, Dec) = 13h 08m 45.02s

'd 32m 54.9s on 2016-08-24.73811 UT during mspection of HESE alert { 58537957 trigger

mber ) htip://gen.gsfe.nasa.gov/notices_amon/58537957_128340.amon .

D s 11 e T o e i ot piacn http:// WWW. astronornerstelegmm. org/ ?read=9456



auto correlation: multiple neutrinos from the same source

total number of events required to observe
n-events multiplets from the closest sources is

1
740)([%])([1’8?5 ] 3 events

for a observed diffuse cosmic flux and 0.4 degrees
angular resolution

examples of local source densities (per Mpc?):

10~ — 10~*Mpc " for normal galaxies
10> — 10~*Mpc - for active galaxies
10~" Mpc— for massive galaxy clusters

> 107> Mpc— for UHE CR sources



L,p

F,=F’ = [d’r = (R

’ dEdet J 4m2 el

~3x107" geV . therefore
Cm Secsr
43
Lp= 4x10 erg should be ~1% of the sources. This
C  Mpcyr

1s the minumum power density to produce the neutrinos.



Flux of the nearest source (F, ) < the IceCube ps limit:

1

F = L, > <2x107 GzeV with d=(4np)5 —V wl

4d cm sec o,
and

Ld
F = - = pL,d. Combined with the result for pL, :

4md

107’

d <100Mpc and p = for £=3.

Mpc®



L
# of events from the nearest source: Y _ X Area

4md’
# of events from the whole sky  : CL pR, ® Area

. d 1
ratio =——

CR, CR,(4mp)”

=107 for p=10". Soon!



Point source limits

Relation between flux from whole sky and nhumber/intensity of individual sources
P. Lipari, PR D78 (2008) 083001 ... Murase & Waxman, arXiv:1607.01601

10"

IceCube 7 yr pt src search

(('11125)]

) !

T 1 ‘
— Hot-Spot Upper Limit (90%) 1
— T years (Disc. Potential)
- = T vears (Sensitivity)

o Upper Limits (90%)

I_ 12 -,
t-|“? “) \. * : % 3 ... - I’I" E
[; - .‘0- ‘---~¢-“\’
-".'-
IH'( .lll)l' I’l‘t'|illlilld]\'
() L L. i i
1.0 (0.5 0.0y 0.5 J1.0
.\illls '

Northern hemisphere, good pointing
with v -induced p, limits

<1072 GeVem 257!
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D, interaction pp source

[GeV lem2s tsr!] type IC-86  240m 360m
1.0 x 10718(E /100 TeV) =29 GR 0.88 7.2 16
DIS 0.09 0.8 1.6

1.5 x 10~ ¥(E/100 TeV)—2-3 GR 0.38 31 6.8
DIS 0.04 0.3 0.7

2.4 x 10718(E /100 TeV) 27 GR 0.12 0.9 21
DIS 0.01 0.1 0.2




ICECUBE PRELIMINARY ___———
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correlation with Galactic plane: TS of 2.5% for a width of 7.5 deg

HI column density [cm_2]

al 180°

Galactic

le+22



11 Sep 2017

i
4 /:\‘\é\‘\\
ST
N

=\ "{. \\‘

)
."z > T '
IRGZ XN
lt'.‘;i’é;‘f:'-'ﬁiﬁ:“ist“f“‘--;’/‘\
WHAA NRRRL A
WG % e
NS/ Y’

= X ;ur,‘}, 'l
7 «\‘"44"/

\

\y
SIS



lceCube Neutrino Flare
O

2014 - 2075




Galactic sources?



Nneutrinos
Irom Dense
stipjernova molecular
cloud
remnants:

molecular
clouds as
beam dumps
9
pion
production

Supernova
remnant

Compressed

shell of hot gas
Inverse Compton

scattering— y-rays
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emissivity (units: (note!) per unit volume per GeV
per second) in photons produced by a number
density of cosmic rays N, interacting with a target

density ng,s per cm3
production total cross
rate section
r0 = /dEp *\Tp(Ep) ()‘(:Eﬂ'o — [0 ’p,kin) Upp(Ep) Ngas €
o) E
f, (E Kp) =< E—” > and q, (Ey) =2q. (7”)

P



dN |
dE, E,—L = L
e e

S

V Y 7/

W
P..
volume of the remnam‘ energ y in >Tel/ photfons
produced by cosmic

1072 erg/em? rays per ciy per sec



Y, V flux of galactic cosmic rays

a SNR at d = 1 kpc transferring W = 10°° erg to cosmic
rays interacting with mterstellar gas (or molecular clouds)
with density n > 1 cm produces a gamma-ray flux of

dN
E—L(>1TeV)=
dE
> 10" em*s™! :2/ : e . )%
10" erg lcm™ 1kpc
should be observed by present Milagro sources ?

TeV gamma-ray telescopes RX J1713.7-3946??



neutral pions
are observed as

gamma rays

charged pions
are observed as

neutrinos




V flux accompanying TeV gammas

dN, 1dN,
dE 2 dE

dN,
T

number of events = Area Time f dE

=151n (EInalX ) events per km’per year per source!

E

min




Cygnus region at ~ 1kpc : Milagro

translation of
™ leV gamma rays
Into
TeV neutrinos
yields:

o’

Galactic Latitude (deg)
Significance

Galactic Longitude (deg)

3 = 1 v per year in lceCube per source



MGRO J1908+06: the first Pevatron?

MGRO J1908+06
Milagro data

H.E.S.S. data

fitted y spectrum

calculated v spectrum
— — mean atm. v spectrum

I/I FTTT]
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EZ> flux (TeV s' ecm?)

Gamma and Neutrino Spectra

Spectra for MGRO J1908+06 Neutrino spectra for all sources
MGRO J1908+06 Sg s IWGRO HB52401
B Milagro data L I *==== WGRO J2018+37
N * HES.S.data T 10 - —— MGRO J1908+06
10710 . =====+= fitted y spectrum E - »=-= MGRO J2031+41
. calculated v spectrum =
A — — mean atm. v spectrum g
*
10 u
. 102
= l ------ .
107 I
! N
- \‘N_
-13 ol el T T B AT L LTS, -13 L —_ L L L ey L —
10 1 10 10° w0 10 107 10°
E (TeV) E (TeV)

Halzen, Kappes, 0'Murchadha: arXiv:0803.0314
O Assumed EZ with Milagro normaliztion (MGRO J1908 index = 2.1)

0 v spectrum cutoff @ 180 TeV

—_—
Aprnl 23, 2008 Alexander Kappes, 3rd VLVnT Workshop, Toulon France 9




5o In 5 years of IceCube ...
lceCube image of our Galaxy > 10 TeV




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.
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— v, flux derived from 2HWC sources

= combined v, flux from 2HWC sources

— 90% C.L. upper limit
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o Contours at 7 TeV
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d®/dE [GeV em ™2 s~ 1]
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IceCube 7-yr Data Bkg 90% UL (v, x 3)
——  IceCube 6-yr Sim Bkg 90% UL (v, x 3)
= KRA-~ 50 PeV cutoff
= = KRA-y 5 PeV cutoff
— KRA 50 PeV cutoff
= = KRA 5 PeV cutoff

Aartsen et al. 2015 - Power Law
== Aartsen et al. 2015 - Differential

[ceCube Preliminary

ma P——p—————T r—————TT p—————T
1 1 1 1

10! 10° 103 10 10°
E v [C'; (_‘.\"'r]







consistent with the expectation for individual sources

blobs in agn jets: protons interact with synchrotron photons
produced by co-accelerated electrons

alL, 1 3o0py
E., T?2At 4mc?

1 — e_TP’Y —

1l—e " >04

L 3
~ (157 e 5 =) Fad 772

 a: efficiency to convert gamma ray luminosity
L, to synchrotron target photons of energy 10 eV

* At: duration of the burst.



