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Discovery of high-enerqgy
neukrinos bv IceCube

~&60 evenks since 2010
above &o0TeV

Aartsen el al. 201¢&
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Who is producing these neutrinos? 2



Searching for sources

IceCube 90°
Collaborakion 5 ..-:::....:;.::;_-.-... ______
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Higkwenergj neutrino
Frodu&&iam

p+p > n+X

Our galax

Star-forming Galaxy
AGN winds
Low-energy radicqgalaxies (FRo)

e.g. Ahlers and Murase 2014
Vissani and Palladino 2015

p+y > n+X




Highmﬁmmgv neubtrine
Pradm&&am

p+p >+ X

/

Cur go\Lo\xv

ACrN winds

Low-enerqgy radiogalaxies (FRo)

e. g. Loeb and Waxman 2006
Tamborra et al. 2014

pt+y > n+X

Protons acceleraked nside
escape and inkerack
with ntergalactic medium



Highmﬁmmgv neubtrine
Pradm&&am

p+p > n+X pt+y - m+X

Our galax

star-forming Galaxy

Low-enerqgy radiogalaxies (FRo)

Protons accelerated inside
the escape and
Lamastra et al. 2017 me_dium



Highmﬁmmgv neubtrine
Pradm&&am

p+p > nm+X p+y - T+ X

Our galax

star—forming Galaxy
AGN winds

Protons accelerated inside
the escape and nteractk
e.g. Tavecchio et al. 2018 wikh EV\EQT’SQ ackic medium



Higkwenergj neutrino

Frodu&&iam
p+p >+ X p+y > n+X
g&m -gfdtz ng Gralax o
ACFN winds ) J grizirs

Low-energy radicqgalaxies (FRo)

e.g. Waxman and Bachall 1997
Atoyan and Dermer 2003 9
Tavecchio at al. 2014



Blazars
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Blazars

flow
‘-e{\on
ccretion disk



Are Blazars detectable b:j

IceCube?
FSRQ BL Lac

v Padovani et al. 2016 (spatial
correlation with y -ray BL Lacs
detected above 50GeV)

¢/ Possible correlation between one
neutrino event and a y-ray flare of a
FSRQ object (Kadler et al. 2016).

¢/ Tavecchio et al. 2014 efficient
neutrino production (spine-layer
model only for high-energy
emitting BL Lacs)

2010 2010.5 2011 2011.5 2012 2012.5 2013 2013.5
— 2.5

1 Ghisellini et
- al. 2005
5 of B L . 1 |. 1 L ! |E
55200I 55400 I55600 ‘55800 I56000 I56200I 56400 I56600
MJD
X  EM-v emission can’t be exclusively
hadronic (Gao et al. 2017)
X Murase and Waxman 2016 Fermi 2FHL cataloque
X  p+y reaction with UV photons of (sources emitting above

BLR produce neutrino spectra harder s0GeV) is & good
represem?:a&mn of these

than that “IceCube spectrum” SORTCes 12



The model

Assum[afzi,om 1:
Only BL Lac objects of 2FHL
catalogue contribute to v, 1C
events,

Gamma-ray sky (§0GeV-2TeV) High-energy neutrinos sky (»200TeV)

+ SNRs and PWNe # BL Lacs Unc. Blazars v Unassociated
x  Pulsars ¢ FSRQ@s a  Others o Extended

02 03 04 05 06 07 08 09 1.0

Muon Energy Proxy / PeV
Ackermann et al, 2018 Aartsen et al. 2016



The model

Assumption 1: Assumption 2:
Only BL Lac objects of 2FHL Linear relation between
catalogue contribute to v, IC y-ray emission and
events, neulrino emission,

by, = kE,

Gamma-ray sky (§0GeV-2TeV) High-energy neutrinos sky (»200TeV)

+ SNRs and PWNe # BL Lacs Unc. Blazars v Unassociated
x  Pulsars ¢ FSRQ@s a  Others Extended

02 03 04 05 06 07 08 09 1.0
Muon Energy Proxy / PeV
Ackermann et al, 2018 Aartsen et al. 2016



The model

Assumption 1: Assumption 2:
Only BL Lac objects of 2FHL Linear relation between
catalogue contribute to v, IC y-ray emission and
events, neulrino emission,

all BL Lacs

F yi - v i It's the same for

Gamma-ray sky (§0GeV-2TeV) High-energy neutrinos sky (»200TeV)

+ SNRs and PWNe # BL Lacs Unc. Blazars v Unassociated
x  Pulsars ¢ FSRQ@s a  Others Extended

02 03 04 05 06 07 08 09 1.0
Muon Energy Proxy / PeV
Ackermann et al, 2018 Aartsen et al. 2016



P& FLUX #v
60° < 6 < 90°
1ES1959+650 1.38 0.27
2 1ES05024-675 1.14 0.22
3 | S50716+T71 0.44 0.08
4 1RXSJ013106.4+-61203 0.25 0.05
5 4C+67.04 0.25 0.05
6 Mkn180 0.24 0.05
7 MS0737.9+7441 0.13 0.02
8 | RXJ0805.4+7534 0.08 0.02
9 S40954-+65 0.07 0.01
10 | S41749+470 0.07 0.01
30° < 6 < 60°
11 | Mkn421 877 4.89
12 | Mkn501 3.41 1.90
13 | PG1218+304 0.92 0.52
14 | 3C66A 0.87 0.49
15 | 1TH1013+498 0.87 0.49
16 | 1ES0033+595 0.82 0.46
17 | 1ES2344-+514 0.69 0.39
18 | 1ES1215+303 0.52 0.29
19 | B32247+381 0.37 0.21
20 | B30133-+388 0.35 0.19
0° <6 < 30°
21 [ PG1553+113 1.80 247
22 | PKS1424+240 1.00 1.30
23 | PG1218+304 0.92 1.20
24 | TXS0518+211 0.87 1.14
25 | 1IES0647+250 0.75 0.99
26 | 1ES1215+303 0.52 0.69
27 | RXJ0648.7+1516 0.45 0.59
28 | 1RXSJ194246.3+10333 0.41 0.54
29 | RBS0413 0.32 0.42
30 | 1H1720+117 0.25 0.33

108 GeV/cm2s yrt

F, [ R, Visibility [ R, Visibility
N\ at horizon at 10°
1 [ Mkn421 8.77 | 4.59 0.30 580  0.39
2 | PKS2155-304 2.15 | 2.23 0.60 253 0.69
3 | Mkn501 341 | 1.65 0.28 226 0.39
4 | PG1553+113 1.89 | 1.42 0.44 1.66  0.51
5 | PKS0447-439 0.76 | 0.87 0.67 1.02 - DALY
6 | PKS1424+240 1.00 | 0.67 0.39 0.79 AOW46
7 | PKS2005-489 0.51 | 0.63 0 72 Y~7) 0.86
8 | TXS0518+211 0.87 | 0.59 W U072 048
9 | PG1218+304 0.92 | 0.55 Q, 0.69 044
10 | 1ES0647+250 0.75 (0.4 ‘,,\« 36 0.60  0.46
11 | 3C66A 0.87 ¢ 0.25 054  0.36
12 | 1RXSJ054357.3-55320 09040 0.78 0.52 1.00
13 | PKS0301-243 A3 | 0.44 0.59 049  0.66
14 | 1H1914-194 V. o\‘\ 0.45 | 0.44 0.57 049  0.63
152 | 1H1 é 0.87 | - - 048  0.32
15° % 4246.3+10333  0.41 | 0.32 0.45 - -
16 C} 1440 389 0.36 | 0.41 0.66 047  0.76
(2~ 1ES0347-121 0.39 | 0.35 0.53 040  0.60
18 | 1ES1215+303 0.52 | 0.31 0.34 039 044
19 | 1RXSJ101015.9-31190  0.32 | 0.34 0.60 039  0.69
20 | RXJ0648.7+1516 0.45 | 0.33 0.42 038 049




Tracks (v,)

+ BL Lac 2FHL

¥ BL Lac objec& with a spo&iat correlation with a Erack or an HESE evéntk,
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Data analysis:
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wWhy IceCube haven't
defect the brightest
Micn4-21 or Mikhéol

3@&?
They are proto-typical
HSP jwi&k iﬁ\dita?:i?opms
for the existence of
Spihe~Laje_r skructure...
is (for

which SL skructure is not
jeE to&aviv\cihgbj
Provem)...




Take home messaqes
» Blazar are qood candidates to
F?rodw:e high-enerqy neubtrinos'
is very thkriguing...
5&&3 tuned!
* The “F?rc;:-bl.em of Mkn421” is a
qu,es&o-n which have j@.@ to be
resolved,

THANKS!
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BL Lac sequence

1 1 1 - | 1 1 11 | L | 1

BL Lacs _
- LSP :
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ISP: 101*Hz < vy, < 10%°Hz

MRS D "D 03 SHAVOYL
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Ackermanin et al. 2015 - 3LAC
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Different signature

Cascade (v, v, V) Tracks (v.) /u




Neutrino sighature i ice

Starting traclke (Vu> rot k—saw\g traclke

angular resolution < 1°

v
- 09

Double bang (v,)
Not observed jet

R Anaugesrs I 20

“.‘oo
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Cascade (ve: Sl (v |
angular resolution > 1°
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»60%  extragal due to Blazar!




PG 1553+113

Significance o
T

O 1 1 1 | 1 1 1 | 1 1 1 |

Time [yr]
Assuming 30% efficiency of the detector

This analysis tncludes the background! .



‘Ba%a&%abd&%v

average muonh Neubrino flux Charge Attenuakion
for each current cross due bto Earth

enerqu-lo Qa
rayess T e source secktion




‘Spmeﬂtavéx model

The relaktive motion of the two components

[, =15—20 leads to the ampii{imﬁon of the radiation

[ =3_5 field of the layer as observed in the spine
L= reference frame.

MilliArc s

Ghisellini et al. 2005

Tavecchio & Ghisellini 2008, 2014 B o 0 1

Nagai et al. 2014

. . Giovannini et al. 2015
the weakly beamed emission o !
p)

the layer could dominate the oV
emission from misaligned TV
radiogalaxies 1)\ 30
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log(no®™ Mpc™®))
o

-11 Muon Neutrino Constraints

-12 | | | L | | M
36 37 38 39 40 41 42 43 44 45 46 47 48

log(E, LEVueff lerg s'])

BL Lac of 1FGL (not
representative of HBL)

Murase and Waxmann, 2016



oV 2
Q;\%\\.\e"a\'l Qare&bcat %rQMQNQrM
> Leptonic scenario for the SED

> EM and vV outputs derive from two
different (but not Ludepeh&en&!) channels

> Neutrino Luminosity: L, = &,0Q,0s Qe CR,
electrons
> IC luminosity: L, = & Q.64 injected
power
-> B _ Ly _ epQp

F, L, Qb
g, alnA &, d@pev\d on bthe same Pha&om
ﬁetd

> @, and Q, c&epemd on the total power P

e 2

F. .
- F—" ~ const. the same i all HRBL.
14
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log (v[Hz]) log (v[Hz]) log (v[Hz] )
----------- SSC e synchrotron — D SYNChrotron synch from IC-photon int. pairs
..................... synch from BH pair cascade sssessssns  proton synchrotron cascade muon synchrotron synch from pairs from muon synch photon int.
---------- synch from cascade from piO decay total ssseeeness  synch from cascade from pi+- decay

Fig. 2. Variation in the modelled SED when moving along the diagonal in log R-log B space. From left to right, models with log B[G] = 0.5,1.5,2.0
are shown. Particle densities are adjusted to maintain the same overall flux level between the different models. Solid red and blue lines indicate
the electron and proton synchrotron emission. The dotted and dashed lines show muon-synchrotron emission at the highest energies, and the SSC
and muon-synchrotron cascade components at lower energies, as indicated in the legend. The VHE spectrum is absorbed by the EBL, assuming a
redshift of 0.116, corresponding to the source PKS 2155-304. The spectral index n; is chosen to be 1.9. The two dashed vertical lines are there to
guide the eye by marking the approximate peak postitions of the model in the central figure.

Zech ek al, 2017



Advection Dominaked
Acerebion Flow
(A'BAF:‘) 2-temperature structure, with

T T T T hot ions holding most of the
a2 L _ energy and transferring it
- inefficiently to the electrons
O[S C = : that produce most of the
" sl i radiation.
(9} L v 4
5 P 1S vy, ciclo-synchrotron
a8l 1 emission
Y .
0 ooy, <v<yy comﬁouisa&iam ca»f S
Q l
g/ 1 B v>vr bremsstrahlung emission
36 |- -
] ) ] ) ) ] ) ) ) ) ] )
10 15 20 After v, the Average energy of a
Log v [Hz] synchrotron photon for saturated
MAHADEVAN 97 exponentially Wien regime hvy = 3kT,

Naranyan & Yi 98a,95b
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ADAF model
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Pound for CR Lluminosity,
the neubrino Lumi,hosi,&j
decrease dras&ic:attv i
case of HSP!

J(E,) [erg cm~2 s-!]
2

This lack can

Log\g..
\

explam.the | _ E__ =107 eV -
potential detection ! — — — E_ =101 eV -
of TXS0506+056 38 —
and the non- — | | | .
detection of 13 14 15 16 17 18
Mkn421.

Log E, [eV]
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