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EM radiation: The Milky Way at multiple wavelengths
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Cosmic rays: Spectrum and composition

> Charged particles, proton or heavier nuclei

> Spectrum with breaks (knee, 2" knee, ankle)

> Composition non-trivial function of energy
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A flux of high energy cosmic neutrinos

The Earth  +29 :
IS Intransparent

for _|§4
E >> 10 TeV
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X Muon tracks 0.0 1S=2 |n! L, Lo; 12.6

IceCube: Science 342 (2013) 1242856; Phys. Rev. Lett. 113, 101101 (2014);
update from Kopper at ICRC 2017 Walter Winter | Zeuthen @ Mainz | Sept. 17-19,




Gravitational waves
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Multi-messenger signals: where do we stand?

> The birth of extragalactic multi-messenger Il S1pethova 19474, : 92837
astronomy: Feb. 23, 1987. e A Rkt
Detection of ~25 neutrinos from supernova explosion

> Observation of a NS-NS merger
in gravitational waves on
Aug. 17, 2017, associated with

on-axis G
(unobsm\?ﬂ\J o = A short gamma-ray burst Ry
Vo = A kilonova, indicating the formation of [
off-axis GR ," heavy elements by r-processes

~ Qb

> Coincidence of a neutrino event with a blazar
flare of TXS 0506+056 on Sept. 22, 2017

Accretion disk @ Accelerated e+/e

Relativistic jet, Doppler factor = 20-30 ® Accelerated protons

t ~ week dio
~0.05pc ME@AN [\, Optical g
+ X-ray ... o
Wy T D e
— Ne . po\]
\ utrino Observer atearth &
Emission region (=)
Supermassive black hole ;

|<— 10 pc =I: 1.35 Gpc 4—|

Metzger, 2017



Multi-messenger astrophysics: Focus of this talk

Photon observations can be
“ often described without
cosmic rays (see example p.22)

G

W,
DM X

(yet
undetected)

Multi-messenger
relationships including a
baryonic loading

Require cosmic
ray acceleration in

sources ‘




Testing UHECR paradigms with cosmogenic neutrinos
(Multi-messenger propagation/transport models)

)
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-~ UHECR propagation models
: | A Typical ingredients:
Power law injection spectrum from
sources (source ejection)
Maximal energy
Source distribution, e.g. (1+z)
Composition (if nuclei);
rigidity-dep. Eox (“‘Peters cycle”)?

CRPropa,
SimProp,
HERMES,
TransportCR,
PriNCE,
prietary codes,

-
- -~
.

Propaga-
tion
effects

pgenic neutrinos
n+ 7" 1/3 of all cases
p+ 7 2/3 of all cases



Current theoretical paradigms (from propagation models)

TA (Telescope Array) VS.
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Cosmogenic neutrinos challenge the proton dip model

> Model (y,

TA 7-year meets IceCube 2014 data
Heinze, Boncioli, Bustamante, Winter, ApJ 825 (2016) 122
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IceCube 2014

TA fit min

— Best fit

== 68.3% C.L.
“excluded == 95.4% C.L.
99.7% C.L.

106 10° 10® 10° 10" 10"
E [GeV]

> Possible (likely?) interpretation: The composition is not dominated by

protons at the highest energies;
similar arguments can be obtained from y-rays e.g. Supanitsky, 2016
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Cosmogenic neutrinos: Post-diction from Auger data?

Assumption: rigidity-dependent maximal energy

> Contribution from
sources up to z~1

> Can be a factor of a few
higher if CR injection at
higher z:

14+ z)m -,ZS1
neml(Z)z{(? | z>1

1077 ;
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+ f SN C3J5§>
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— Dbest fit
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E?J[GeVcm 25~ lsr™

10-11

rom z=

10-12 T —— T T ——T—T—TT T —rr—
Y VYT 10° 10° 107 108 10° 100
s E [GeV]
> Hardly depends on
disinteg ration and Jonas Heinze @ TeVPA 2018; Heinze, Fedynitch, Boncioli, WW,

shower models in prep; see also: Alves Batista et al, arXiv: 1806.10879;
CR fit d ' Moller, Denton, Tamborra, arXiv:1809.04866;
( | oes.) Das, Razzaque, Gupta, 1809.05321



Common origin of diffuse neutrinos and UHECRs?
(Multi-messenger source-propagation models)

)
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From propagation to source-propagation models

Typical ingredients:

. R, 4 Power law injection spectrum from
L sources
£, < N Maximal energy
FN . . Source distribution, e.g. (1+z)
Composition (if nuclei);
rigidity-dep. Eox (“‘Peters cycle”)?

Radiation CRPropa,
& SimProp,

HERMES,
TransportCR,
— . . PriNCE,
Typical ingredients: on apietary codes,

Luminosity per source :

Size of region

Doppler factor D or Propaga-

Magnetic field tion

Source distr. e.g. (1+2) effects

Acceleration efficiency field

Injection spectra effects)

pe— T Nnic neutrinos
n+wt 1/3 of all cases
p+ 7 2/3 of all cases




Energetics: The Waxman-Bahcall argument

> Neutrino flux matches

iNi I = T T T T T T T T T T T
\LéaHXEEnR];:l{cea(l:lt lon e [ $ Diffuse v (Fermi LAT) IceCube (ApJ 2015)
Phys. Rev. D59 (1999) 7§ Cosmic rays (Auger)
023002 “T e, p Cosmic rays (TA) :
... and diffuse y-rays £ 10°°L e
see Fermi-LAT, Tu : Y "'~... \ ‘x CR
Astrophys. J. 799 (2015) 86 = -7 e r 2 -

. ﬁ ........ IT ..................
> Caveats: % 108 L i
i 2 Pair i
= Extrapolation over ; oroduction .
many order of E N -9 i
y NX 10 on CMB
= Energy imbalance Iy I . : ]
if softer than E-2 10-10 [ Similar energies in gamma-rays, neutrinos i
& cosmic rays injected into our Universe! ]
= Neutrino-UHECR .

connection if cutoff 10" 10 102 10° 10* 10° 105 107 10% 109 1019 101!
h_ow can this be E [GeV]
avoided?

Mohrmann, Kowalski
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Neutrino-UHECR-y-ray connection in photohadronic models

> Neutrino peak determined by AGN neutrino spectrum (example)

maximal cosmic ray energy -~ From p decay
1072 .- From n decay

> _UHE.CR c.:onnecti(?n typically o FromK decay E, oo ~ 0.05 Ep e
implies high neutrino energy peak -~ — Combined ’ |
. : £ 10-'3 — SOPHIA
> Interaction with target photons S
(A-resonance approximation): S ~ Erat+p-1 )
N = 10714 E-%: protons, \:
P4y — AT { n+m > E-: target photons :
p+ 7 S . ‘o ]
INIEN 107 / :
E, [keV] ~0.01 T?/E, [PeV] i 1 4

keV energies interesting!

. 10—16. . . . . . ' .
> Photons from pion decay: 10° 10* 10° 10° 10" 10® 10° 10"

Injected at E o~ 01E From: Hiimmer et al, Astrophys. J. 721 (2010) 630
y,pea - p,max

TeV-PeV energies interesting!

(EM Cascade') Walter Winter | Zeuthen @ Mainz | Sept. 17-19, 2018 | Page 17



Decouple the maximal UHECR and neutrino energies?

> Synchrotron cooling of s Example: GRB
secondaries in neutrino _ NewCosmA2011  (Nolosses) |
production chain: T Totale ™ _ E, .. ~
™ = uttu,, T .
s 10777
et e+, > :
S
> Spectra (u, &, K) energy loss- .=
o @) -24 |
steepend above critical energy ~. 1077
5 _
, ImegmOc’ =
EC — 4 /2 LS
T0e* B = 02!
| S f
Depends on particle physics < .
only (m, 1), and B* - from K J
: , 10~ e S I | ‘
> Points towards sources with 10° 10! 10% 10° 10* 10° 10° 107 10% 10°

strong enough B":
Gamma-Ray Bursts, Tidal
Disruption Events, ...

E,' /GeV
Baerwald, Himmer, Winter, Astropart. Phys. 35 (2012) 508;
also: Kashti, Waxman, 2005; Lipari et al, 2007; ...

L\ 74
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Sources with high radiation densities ... and nuclei

> Efficient neutrino production implies efficient nuclear disintegration

> The nuclear cascade in the source will develop (Example: GRB)

25! TALYS model

251

| Neutrino
photodisinteg.photomeson  production 20
ol regime iregime -
. | 15
5 15l GDR | A resonance
£ 5 A
< 10 '
| | logy¢ Eiso [ergl
. 48
: 47
. 5 — 46

\\_

u 45
0 iiﬂ 44
107 100 ot 0 5 10 15 20 25 30
€ [GEV] N

(photon energy in nucleon rest frame)

Boncioli, Fedynitch, Winter,
L. Morejon et al, in prep. Scientific Reports 7 (2017) 4882
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Example: low-luminosity Gamma-Ray Bursts

"_:' ~— = Galactic comp. ¢ Auger, ICRC2015 ‘T1O 7E
> 38 - extragal. comp. === total %) + \7_0\6\
10 E \\‘l
L g
G\"oe‘
\c®
0@0@\1
\
: \ 00*'29\‘
- —+— lceCubg/I¢H{C2017, HESE o
IceCybe, JCRC2017, TGM
E_ LLGRB
10_12 —lcmolg CV”ll TS WA W A
3 4 q 6 7 9 10 M
log, (E/GeV)
60E.I....I....I....I....I.... 1 SN R BN BN B PP
18 18.5 19 19.5 20 20.5 18 18.5 19 19.5 20 20.5
Iogm(E/eV) Iogm(E/eV)

Boncioli, Biehl, Winter, arXiv:1808.07481; injection composition/escape from Zhang et al., 2018;
similar example: Tidal Disruption Events in Biehl et al, Sci. Rep. 8 (2018) 10828, see Poster D. Biehl



AGN blazar

v
Active Galactic Nuclei (AGN) blazar flares

... indicative for the origin of cosmic rays?

IceCube-170922A & TXS 0506+056

TITLE: GCN CIRCULAR
NUMBER: 21916

SUBJECT: IceCube-170922A - IceCube observation of a high-

energy neutrino candidate event
DATE:
rrom: £| Fermi-LAT detection of increased gamma-ray activity of
TXS 0506+056, located inside the IceCube-170922A
error region.

First-time detection of VHE gamma rays by MAGIC from
el @ direction consistent with the recent EHE neutrino
Extremely | Subjects: Gamma| event IceCube-170922A

narmal an
Referred to by A ATel #10817; Razmik Mirzoyan for the MAGIC Collaboration
10844, 10845, 10! ondOct2017; 17:17 UT
Credential Certification: Razmik Mirzoyan (Razmik Mirzoyan@mpp.mpg de)

ATel #10791; Y4
K

Subjects: Optical, Gamma Ray, >GeV, TeV, VHE, UHE, Neutrinos, AGN, Blazar
We searched for

neutrino event ¢{Referred to by ATel #: 10830, 10833, 10838, 10840, 10844, 10845, 10942
10787) with all-s| Y ’

and sk inluged| Il

After the IceCube neutrino event EHE 170922A detected on 22/09/2017 (GCN circular #21916),|
Fermi-LAT measured enhanced gamma-ray emission from the blazar TXS 0506+056 (05 09
2596370, +05 41 35.3279 (J2000), [Lani et al., Astron. J., 139, 1695-1712 (2010)]), located 6
arcmin from the EHE 170922A estimated direction (ATel #10791). MAGIC observed this source
under good weather conditions and a 5 sigma detection above 100 GeV was achieved after 12 h of]

September 22, 2017: a neutrino alert issued by IceCube
Fermi and MAGIC identify a spatially coincident flaring blazar (TXS 0506+056)




A flare model for IceCube 170922A /| TXS 0506+56

> Leptonic model

5 eV keV  MeV GeV TeV PeV
- t i t } 1 t
Leptonic
Inverse Compton
~10 e'synCh rotron GeV—y (Fermi-LAT)

Optical (ASAS—SN)

(VERITAS sen.)

(HESS sen.)

(MAGIC sen.)

loglo(Esz/dE / erg cm 257

hard

NuSTAR
r( . ) No neutrinos

~13 Target photons py (see p.17)

15 20 25 30
log,,(Frequency/Hertz)

> Fits electromagnetic
observations, but no neutrinos

> Hadronic model

0 eV keV  MeV GeV TeV PeV
-— } i 4 4 It }
Leptonic Photons
Hadronic s Muon Neutrinos
GeV-
-10 °* )

One v, in IceCube
during flare

\

7 cascade \

Overshoot X—ray
Observation -"

=
I~
=1
(=%

loglo(Esz/dE / erg cm 257!

/ wpTyopTe
pair production

-13

15 20 25 30
log,,(Frequency/Hertz)

> Describes neutrinos, overhoots
X-ray data

Gao, Fedynitch, Winter, Pohl, arXiv:1807.04275; _ ,
Walter Winter | Zeuthen @ Mainz | Sept. 17-19, 2018 | Page 22
see also: Gao, Pohl, Winter, ApJ 843 (2017) 109



A hybrid model for IceCube 170922A / TXS 0506+56

> Hybrid one zone model

eV keV MeV  GeV TeV PeV

-9
Leptonic Photons
Hadronic s Muon Neutrinos
GeV—
-10 )

i propagation

-----

- N,
-------
/

—_
IV) .

o Optical One v, in IceCube
8 during flare
Q
bn 1

\ TeV-— l
5 A,

g ]

m —11
= E
Z p Aboroed,

N-U : during”

S}

S
a0
o

p—

-13

15 20 25 30
log,o(Frequency/Hertz)

Gao, Fedynitch, Winter, Pohl,
arXiv:1807.04275

> Flare my simultaneous increase of
electron and proton injection:
Evidence for cosmic ray injection

100

-— Injection boost ~ — <—— Return to nominal inject. —

Neutrino

10

Amplitude relative to quiescent state

0 23 .. 7 35 .. 91 93 .. 98 136 .. 182
t/day

> X-ray and TeV-data are the EM
counterparts for the hadronic loading!

> Flickering in IACT data expected
because of EBL attenuation
(threshold effect)

> Drawback (this model): L. 44 exceeded
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Lessons learned from TXS 0506+056 - IC170922A (theory)

> X-ray and TeV gamma-ray data limit the pion induced cascade; rules out
standard hadronic model (second hump from n® decay)

> A conventional one zone lepto-hadronic model is feasible, if one accepts
one of these two compromises:

= There has been super-Eddington injection during the flare (by a factor of few hundred)

= The neutrino spectrum peaks at much higher energies; allows for the connection to
UHECRSs (works in lepto-hadronic and proton synchrotron models)

> If these are not acceptable, more complicated (multi-zone) models are
required:

Large blob, persistent emission, quiet state

= A more compact production region
. p p g T / Compact core, ignited during flare state
during the flare — ~ogsoe
= |nvoke external radiation fields, & & W e >
boosted back into the jet frame Observer at earth
= Hadro-nuclear interactions with a l 10 po sh—— 1356p0 ——]

Gao et al 2018; Keivani et al, 2018; Sahakyan, 2018; Gokus et at, 2018; MAGIC collaboration,

2018; Cerutti et al, 2018; Padovani et al, 2018; Zhang et al, 2018; Liu et al, 2018; ...
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Historical flare: 15+-5 events during 5 months 2014-2015

1C40 I1C59 IC79 IC86a IC86b IC86¢

5 1 L 1 1 L

v IceCube-170922A

= 4o

4 = . . Science 361 (2018) no. 6398, eaat2890
= (Gaussian Analysis
2 3 Box-shaped Analysis o B
o0
i

= 20

= lo

0 = T T T Y T
2009 2010 2011 2012 2013 2014 2015 2016 2017
. v [Hz]
> More questions than answers: 010 108 101 1019 102 102 10%  10%
= From same blazar? Or even nearby | Theo Glauch @ TeVPA 2048
blazar PKS 0502+049 (which was flaring _ 10"
at the time) L. “L
= Situation on data during that period? 0 ] %
X-rays? e R
= ] - ’ :
= Different origin of neutrino signal? LI B P e e R
Jet-cloud/star interaction? 1] I HAWC 95% Upper Limits
1014 — T T T T T
Wang et al, 2018; He et al, 2018; Padovani, Giommi, - 10 1000° 107" 10° 107
Resconi, Glauch, Arsioli, Sahakyan, Huber, 2018 E [GeV]

0@
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Historical flare: One zone example

> Difficult to hide =«

o eV keV MeV GeV TeV PeV
cascade (X-rays) Shan Gao
Hyb-HE Neutrino flux estimate et al.
> Hardening at Gev ‘T(/; (Padovani et al, MNRAS, 2018) (in prep.)
energies possible P |
5 Blue: Leptonic Total
> Here:excessofLyygy =2 | o /A A\ | - syn+SSC
3 BH
v [Hz] L _1 1 g
1010 103 106 10° 1022 102 1028 103! Eo) “ ----- JT cascaae
2 v\ / | | psyn+plC
10710 5 (\-,c P 4 \ pair-prod
= LLI / 1“ ll
% ‘l' ~ lo0 1 VitV
7107114 it o_12 Jooa) Al
g ; - /
8 AE S PRV /4 T cascade
8, 19-12 sheo: / ’ | a) [] .
= R . i,.' - / P)Ir/,'.e I I(lm" partlally EBL
B 1013 4 ~| Photon Spectrum, MJbz 56949-57059 I,J ‘-|/ ',* }\ absorbed
b v flare, MJD: 56949-57059 1
; I HAWC 95% Upper Limits _13 | / W !
v 107 100 100 10! 10° 107 10 15 20 25 30
plee] log,o(Frequency/Hertz)
é . ] Ny
LRy i Ves b ic ! 5 ~
Model | Features | (aﬁloln(ll_szco':e); B'/G : ODoppler (e:,a;l{lcp) | 1231?:: Ljet/LEdd Ey,peax/PeV :ex.pect.ed during
: ; : ! : ; : historical flare
hybrid model i
Hyb-HE high Ev.peak 100 :0.005: 70 0.1 1080 1045 0.81 8.8
low cascade i




Conclusions for the whole AGN population

> Stacking from Fermi 2LAC-

catalogue limits contribution - Bt oot % cecube ToM x 3
from resolved sources == BL Lacs (resolved) + lceCube HESE
|| FSRQs (total) — Stacking limit
IceCube, ApJ 835 (2017) 1,45 == == FSRQs (resolved) o
-=== Other components
> Self-consistent picture with <~ -
baryonic loading changing <" 10®
. . . (7]
with luminosity: o
Eddingtonluminosity (2.
108 ‘S-I w 10°°
> -UN T
B w
% 104
% 100
m
AN 1010
1 ® TXS 0506+056 fﬂaring Iuminoésity) : ———— ‘
[ Eddington Iumi?osity, M=[1o'?,1o‘°1 M.é,.,,,r=40 ! \
oot — Baryonic Ioading 1 05 1 06 1 07 1 08
44 45 46 47 48 49 50 E [GeV]

logyolL, (erg/s)]

Palladino, Rodrigues, Gao, Winter, arXiv:1806.04769;
> Predicts ~0.4-1 assoc./year based on Ajello et al, 2012/2014
Walter Winter | Zeuthen @ Mainz | Sept. 17-19, 2018 | Page 27



Summary and conclusions

> Multi-messenger models include different versions, such as

» Propagation/transport models (cosmogenic neutrinos/y-rays)
= Source-propagation models

= Multi-messenger-multi-wavelength source models

> Cosmogenic neutrinos can test certain composition models; the Auger fit
rather points towards cosmogenic neutrinos being background rather than
foreground (from sources) at highest energies

> The combined interpretation of diffuse neutrinos and UHECRSs requires
sources with strong magnetic fields and radiation densities, such as LL-
GRBs, TDEs

> Interpretations of multi-messenger-multi-wavelength observations of
cosmic-ray accelerators, such as TXS 0506+056, need to rely on

theoretical models
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