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Where do the neutrinos come from?
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Observations of TeV-PeV
neutrinos (overview)



Observing TeV-PeV neutrinos with IceCube
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A flux of high-energy cosmic neutrinos
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IceCube: Science 342 (2013) 1242856; Phys. Rev. Lett. 113, 101101 (2014); update from Kopper at ICRC 2017
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New event classes

Glashow resonance Double bang (v,;) candidates
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Diffuse neutrino flux — observed in different event samples

. Astrophysical Flux l
work in progress (on top of atmospheric) |

e Differential
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Time-integrated 10 year point source searches

* Most significant:

NGC 1068 (3o post-trial) - ANTARES E~? Sensit. | === 90% Sensit. £-3
Starburst galaxy | 107" ] === ANTARES E~3 Sensit. === 5 Disc. Pot. E~3
- . === 90% Sensit. £ 2
Tm 10-° w5 Disc. Pot. E—2
o v 90% Upper Limits £~2
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L f N(;Z»__'?__6_§__—"GB6JI542+6I29
o 10701 e =17 "TXS 0506+056
= e PKS 1424+240 /
EE T g
» The other three are S ]
AGN blazars 1012 -
« TXS 0506+056 is most prominent ]
because it was found earlier 10-13 , | |
through a multi-messenger —1.0 -0.5 0.0 0.5 1.C
follow-up (will mostly talk sin(6)

about that later ...)

IceCube, PRL 124 (2020) 5, 051103;
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Stacking limits ...

Gamma-Ray Bursts (GRBs)
« Transients, time variability
* High luminosity over short time
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| B Global Fit (2015) South v, GRB (5 yr) |3
~ 10-6 North v, (2016) —— Cascade GRB (3 yr) (]
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g
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v Energy (GeV)

 Less than ~1% of observed v flux

IceCube, Nature 484 (2012) 351;
Newer version: arXiv:1702.06868
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Coincidence!

Active Galactic Nuclei (AGNs)

(Source: NASA) o Steady emission with flares

* Lower luminosity, longer duration
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IceCube, Astrophys. J. 835 (2017) 45
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Conceptual challenges

Gamma-ray diffuse flux
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Constrains spectral index for non-AGN
contributions (starburst galaxies, ...)

Bechtol et al, 2017;
Palladino et al, arXiv:1812.04685
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Multiplet or point source limits

Non-observation of multiplets limits
source density of powerful sources

log(ne®™ Mpc®))
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[if they are to power the entire
diffuse flux]

Kowalski, 2014; Ahlers, Halzen, 2014;
Fig. from Murase, Waxman, 2016;
see also: Dekker, Ando, 2018

Other challenges

« Observed through-going muon
flux harder than HESE

A muon track with a reconstr.

muon energy of 4.5 PeV
Aartsen et al, ApJ 833 (2016) 3

Primaries with E > 100 PeV?

* Anisotropy for HESE events with

> 100 TeV deposited energy.
(data: Aartsen et al, arXiv:1710.01191)

Evidence for Galactic
contribution (25)?

Fig. from: Palladino, Winter,
A&A 615 (2018) A168
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Multiple contributions to diffuse flux? A possible scenario.

. . HESE tracks + TGM
Also: DM interpretations S o fracks 1T

Sk les): e.g. Chianese, Miele, Morisi, 2017 Atmospheric (fracks)
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m Description/examples Neutrino prod.

Atmosph. Residual atmospheric backgrounds (atmospheric muons or neutrinos) p, K decay,
passing the veto systems charmed mesons

Neutrinos from Milky Way, e.g. from cosmic ray int. with gas or point sources pp interactions
Xop EXtragalactic neutrinos, e.g. starburst galaxies, ~E-2 spectrum (Fermi acc.!)  pp interactions
Xoy EXtragalactic v with hard (~ E-') spectrum; highest E; UHECR connection? py interactions
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Conclusions for different event samples

Through-going muons are most promising sample for extragalactic origin

HESE cascades HESE tracks Through-going muons
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A different ansatz

« Take confirmed neutrino-source associations
as a proxy, include redshift distributions and
typical luminosities

« Large uncertainties, no spectral information,
possible atm. background contamination:

Type Flux / ¢1c
warm-up | simple full

AGN 0.34 | 036351
blazar 0.1 0.05 | 0.06790
TDE 0.55 026 |0.32%2%
GRB < 0.01

CCSN o]

other g8t

DESY. | Prague 2021 | Winter Walter

other

Xpp?
Galactic?
Atm.?
CMB?7??

AGN
Similar
to Xpp/
soft?

blazar

Very similar
to Xp,

TDE

Another X, peaking
at lower E?

Bartos et al, arXiv:2105.03792
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Multi-messenger follow-ups

» Global alerts initiated by neutrino events

« Especially tracks with good directional information,
high enough energy

« Other instruments triggered, who search for counterparts

* Prominent examples: TXS 0506+056 (AGN blazar),
AT2019dsg (Tidal Disruption Events), but several
other associations as well

DESY. | Prague 2021 | Winter Walter
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PeV neutrinos
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Physics of neutrino production



Particle acceleration .

Example: Fermi shock acceleration

« Energy gain percycle: E>nE
« Escape probability per cycle: Pgg.

In Pesc

* Yields a power law spectrum ~ =55

* InPgs/In M ~ -1

(from compression ratio of a strong shock),

and E-2 is the typical “textbook*

spectrum

DESY. | Prague 2021 | Winter Walter

M«"

.. @ pragmatic perspective

—1

Lorentz force
= centrifugal force
2> E..x~ZcBR

* Enmax ~ 300,000,000 TeV.

» Theory of acceleration challenging,
but we do observe power law (= non-
thermal) spectra in Nature

* For multi-
messenger
perspective:
adopt pragmatic
point of view!
(we know that it

works, somehow ...

-1

2
Ep2~de/dEp [GeVem™ s sr

1

~ ~ ~
S S S

~
S

10—-20/m?/yr 4
b o HRes

AGASA
[ ®™ KASCADE/K—Gronde
[ Yokutsk

| = P‘ro(on—‘sat N L N “:.____:" .;]1_;:
8 9 10 11 _12
log10(E /GeV)




Secondary production: Particle physics 101?

« Beam dump picture (particle physics)

Beam of p, A, ... -
—_——

* Interactionrate TI' ~c N[cm3] o [cm?]

Target density (e.g. N,) = Key challenge:

critical for production! Need volume
1000 S—
[ total ]
—_ direct ------ 1
c multi-pion -------- ]
© diffraction ----- ]
-Qé resonances -

total cross section

100 : =
(py from Miicke, Rachen, Engel, ]
rotheroe, Stanev, 2008/ SOPHIA; |
for pp seg e.g. Kelner, Aharonian,.

CElL N Bugayov, 2006)
0.1 1' ) """';'0 ‘. 1(I)O I‘ 1000
g (GeV)

(Photon energy in nucleon rest frame)
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« Astrophysical challenges:

« Feedback between beam and target (e.g.
photons from n° decays)

» Need self-consistent description called
radiation model

« Density in source, in general, not what you
get from the source

Here: typically a spherical blob in
relativistically moving frame Page 20



Global radiation models (theory)

« Time-dependent PDE system, one PDE per particle species i

ON; O N;(E)
s — —b E Nz E)) — E
5 = a5 CUEIN(E) — ==+ Q(E)
Cooling (continuous) Escape Injection
b(E)=-E t0ss “radiation processes”

Q(E,t) [GeV' cm3 5]
N(E,t) [GeV-T cm-3] particle spectrum including spectral effects
Strongly forward peaked

* Injection: species i from acceleration zone, and from other species j: v _
spectra in interaction frame

Q(E) = Qz(E) -+ QJZ(E) (e.g. blob frame)
dn!” L .
il — dE: N.(E)TM (E. J—” E B, — Re-distribution function
Qﬂ( Z> / d J( ‘7) J ( ‘7) dFE; ( ) narrow + peaked
Density Inter- Re-distribution
other action function Eg.E,~025E,
species rate +secondary ~0.25x0.2xE,=0.05E,

multiplicity
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Radiation processes

 These processes lead to
cooling, escape (— leave
species), and re-injection terms

» Other processes relevant for
neutrinos: synchroton cooling of
muons, pions

DESY. | Prague 2021 | Winter Walter
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Multiple messengers from photo-pion production

* Neutrino peak determined by maximal cosmic ray energy
[conditions apply: for target photons steeper (softer) than & (and low enough gin)]

* Interaction with target photons

(A-resonance approximation for C.O.M. energy):

p+7—>A+—>{

E, [keV] ~ 0.01 I'?/E, [PeV]
keV energies interesting!
(computed for A-res, yellow) —

(or: E,o [eV] ~ 0.01 (1+z2)?/E, , [EeV])
* Photons from pion decay:

0 — 4+

Injected at E, peak ~ 0.1 Ep max
TeV-PeV energies interesting!

Fr [ubarn]

n—|—7T+—>v
0
P+ T >y

Proton —» " or neutron — 1~

150 -
100 -

50 -

.....................

Pitch-angle averagéd
X-sec x multiplicity |

Multi—nm

Direct

0
00 05 10 145 20

y=(E, €)/m, [GeV]

(but: electromagnetic cascade in source!)
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AGN neutrino spectrum (example)

From pu decay
--- From 7 decay
From K decay E ~005E
— Combined v,peak’ —~ P,max
— SOPHIA

[—

<
[
\]

W

<
p—
(o)

~ E—(x+B-1
E-: protons,
E-B: target photons

E2 Q,/(N, N, GeV cm™s™1)
s 3
s =

[—
O
|

(@)

10° 10* 10° 10° 107 10® 10° 10%
E,/GeV

From: Hiimmer et al, Astrophys. J.721 (2010) 630;

for a more complete view of possible cases, see
Fiorillo et al, JCAP 07 (2021) 028

Page 23



pp versus py interactions

( L .
| | T+ anytthg 1/3 of all cases (Branchings actually
* pp interactions p+p— {7 +anything 1/3 of all cases not exactly 1/3:
. , see JCAP 1701 (2017) 033)
/ X |7 +anything  1/3 of all cases

Spectrum: E non-rel. E*  Examples: starburst galaxies, environments with gas/dust

* py interactions with power law larget: more sophisticated since relativistic target

E?, N, [au]

+ 1072 :
n+ 7" 1/3 of all cases T Neutrino
p —|— ’y — A+ — —I_ 0 / __Neugino —onlyA -
p+n°  2/3 of all cases )
— 107" ‘
Eo E- E-ou+p-1 FR N
E'a Only |f B=1 ' -%10—6 i
Examples: GRBs (B~1), AGN blazars (3>1) N
* pyinteractions with thermal target: | | | 10_8'/ I\ To5.3 ki
Peaked (example: CMB). But: multi-pion prod. < o e \\\
dominates if target photon T high enough. S 100 102 104 10° 108 10'0
4 E' [GeV]
Examples: TDEs, AGN cores Py ¢ Fiorillo et al, JCAP 07 (2021) 028
Ee T
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Decouple the maximal cosmic ray and neutrino energies?

Example: GRB

‘NeuCosmA 2011 (No losses) |

——

« Synchrotron cooling of secondaries (u, ©, K) in 10-22
neutrino production chain:

)
T Ev,max

T — @+ v,

=23 |

W= et+ v+, 10

« Spectra (u, w, K) energy loss-steepend above
critical energy

(synchrotron cooling faster than decay) 107
o Imegmdc’ -
© \| 7e'B”? 1072

%00 (B JEYy, € GeViem'™ 57 1)

Depends on particle physics
only (m, 7o of secondary), and B¢ 10-26

« Points towards sources with strong enough B’
if UHECR connection:
Gamma-Ray Bursts, (jetted)
Tidal Disruption Events, ...

By [GeV
Kashti, Waxman, 2005; Lipari et al, 2007; ...
Fig. from Baerwald et al, Astropart. Phys. 35 (2012) 508
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Summary — part |

« A diffuse astrophysical neutrino flux in the TeV-PeV range
has been detected

« There are at least 3-4 different contributions
« Several point sources become significant other

« Several detections from multi-messenger follow-ups AGN
(tomorrow!)

* The neutrinos spectrum typically
peaks at the primary energy E, peak ~ 0.05 Ep max

« Exceptions: sources with particular target photon shapes
(E-), large T (thermal targets), pp interactions, strong blazar

magnetic fields TDE

 In particular applicable to AGNs, CMB interactions

Bartos et al, arXiv:2105.03792
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Part 2:
Multi-messenger follow-ups



Recap: Multi-messenger follow-ups

» Global alerts initiated by neutrino events

« Especially tracks with good directional information,
high enough energy

« Other instruments triggered, who search for counterparts

* Prominent examples: TXS 0506+056 (AGN blazar),
AT2019dsg (Tidal Disruption Events), but several
other associations as well

DESY. | Prague 2021 | Winter Walter Page 28
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What is an AGN blazar?
(AGN = Active Galactic Nucleus)

Theory basics:

Estimate for accretition
power ~ phys. jet power:
Eddington luminosity
Legg ~ 1047 erg s

X IVIBH/(']O9 IVlsun)
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Electromagnetic picture of blazars

« Exhibit a typical two-hump structure _9 :

* Measured over extremely large
range of electromagnetic spectrum

» Often observation “campaigns” at
same time, or follow-up searches of
neutrinos

.__.10 4
Optical

» Simplest explanation: first peak from
electron synchroton, second from
inverse Compton up-scattering of
these synchrotron photons off the

same electrons
B e H\
=)

oY, o[E°dN/JE (erg cm™ s7)]

Inverse Compton
scattering

(= SSC - “synchrotron
self-Compton model”)

Electron 10 1l5
synchrotron
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20 25 30
log,[Frequency (Hz)]

Credits: VLA, ASAS-SN, Swift, Fermi, MAGIC, DESY science comm. lab., Pian 2019, Gao et al, 2019



Typical SED models (qualitatively) _‘

« Synchrotron self-Compton (SSC) or « Pion cascade models
external Compton (EC) models

Photoplon
11° component)
1 / p
Electron Inverse Compton Electron
synchrotron scattering synchrotron

* Proton synchrotron models (requwe large B’) » More exotic hadronic models, for example:

B
Bethe—HeltIer
Proton palr productlon Proton
synchrotron
synchrotron
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A neutrino from the flaring AGN blazar TXS 0506+056

Sept. 22, 2017: SED from a multi-wavelength campaign

A neutrino in coincidence with a blazar flare
L ‘ log(Frequency [Hz])

8 10 12 14 16 1|8 20 22

s

side view

26 28 30

10-10 = Lw%‘ i '

srsEpreTretliiIBB09:0ss

4
> — 1071F T ]
: 7 i : _
— / 2 . 1
s o | % Flare: -
" 5 | o ————
g o/ L) | !.' 1
iR £ X temporary 3
¥l \ » [} .
3 4 le ] \ top view 0 500 1000 nanOISSg%OndSZOOO 2500 3000 125m %D 10_12 | 5@@ O fl ux Increase + 4
—_— N ]
w ]
O
=
A original GCN Notice Fri 22 Sep 17 20:55:13 UT 10 O bse rved by o
refined best-fit direction IC170922A TJJ

= |C170922A 50% - area: 0.15 square degrees
= |C170922A 90% - area: 0.97 square degrees

Fermi-LAT 1073 g .
and MAGIC : \

Archival SARA/UA —— INTEGRAL (UL) VERITAS (UL) ]

” I
i L = VLA s Swift UVOT H  Fermi-LAT —— HAWC (UL)
< (b|azar ﬂare) i ] e OVRO §  ASASSN ¥ AGILE —— Neutrino - 0.5yr |
E - 10-14k m e  Kanata/HONIR ¢  Swift XRT =+ MAGIC === Neutrino - 7.5yr |
3 TXS 05064056 : v Kiso/KWFC & NuSTAR H.E.S.S. (UL) ]
a [ 1 . L 1 L L 1 . . 1 . . 1 . . 1 . . 1 . . 1
. e 10-° 103 100 103 100 109 1012 101
Significance for Energy [V]

correlation; 3c

PKS 0502+04p

o - nN w > [$] [} ~ [e2] ©
Fermi-LAT Counts/Pixel

Color: coincident with neutrino; gray: archival data

78.4°  78.0° Ri;{isce:s?ifr: 76.8°  76.4° Z = 03365 i 0001 O
Paiano et al, 2018
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Analysis of archival neutrino (lceCube)

A (orphan) neutrino flare (2014-15) found from the same object in archival neutrino data

1C40 IC59 IC79 IC86a IC86b IC86¢
5 | | | | 1 | |
+ IceCube-170922A A fdo
o Gaussian Analysis \
Q'O 3 o Box-shaped Analysis ]\ o R
b‘E .
S o4 3 £ 5 events excess.
| Science 361 (2018) no. 6398, eaat2890 Significance: 3.5¢ : [ 29
1 - f;'- 10-
0 P

2010 2011

During that historical flare:

« Coincident data sparse (since no
dedicated follow-up campaign)

* No significant gamma-ray activity

Fermi-LAT data; Padovani et al, MNRAS 480 (2018) 192
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2013

10

1072 ph cm™2 s~ 1
Ot

o

T e F s 1

2014 2015 2016 2017
2009 2011 2013 2015 2017
Neutrino Flare i
i IceCube-170922A ﬂH
fy yoit
T oottt by st p b AT
+ ++++++ ++++ +,rJrJr ++++++++++ )

At 2014-15 neutrino flare

The 2017 flare rpagess



Number of predicted neutrinos from a theoretical model?

Sept. 22, 2017:
One neutrino observed

Good reasons to expect that the predicted
model neutrino flux should be significantly lower

« Eddington bias:

2014-2015:
13 £ 5 neutrinos observed

Relatively high number, Gaussian statistics
— Model prediction of similar order needed

Trial factor for numerous faint sources (here 10* equal-lumi BL Lacs z-distributed within z<4, 10 events total)

0.10 N P L B L I N 5 5 ! (SR ST P LA | S L PR R T Tom % T LTl y T ' = T T
P : : : : : : :
£ 0.08 - (flux transtates intp source distance) - rc?eas[:tz:%r{ew e 1 1levent |-
Q 0.06 - SUTRSRR SU—— A — SOUrCeCONMPHIS Ly . .
© 0.04] i Far-away, many sourcds contribute | - Lo s S W =t 2CVenisi]
S0 vy, N N— N L - oE R 7] : 3 evenlts ._
QO'OOE'—"""A — 3 K "-2 *dr 1 )
10 10 10 10 10 10 10
flux (expected # of detected events)
Strotjohann, Kowalski, Frankowiack, A&A 622 (2019) L9;
see also Palladino, Rodrigues, Gao, Winter, ApJ 871 (2019) 41
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Multi-messenger interpretation
of TXS 0506+056



One zone model results (2017 flare)

Leptonic models

log,[E?dN/AE (erg cm™2s7")]

eV keV MeV GeV TeV PeV

-9
Leptonic
_10 4
Optical
TeV-
-11 1 i
—12 1
No neutrinos
-13 T T T .
10 15 20 25 30

log,o[Frequency (Hz)]

No neutrinos
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Hadronic (r cascade) models

b

log,[E?dN/IE (erg cm™? s7")]

Gao, Fedynitch, Winter, Pohl, Nature Astronomy 3 (2019) 88;
see also Cerutti et al, 2018; Sahakyan, 2018; Gokus et at, 2018; Keivani et al, 2018

One spherical radiation zone
Fewest assumptions

Hybrid or p synchrotron models
eV kgV MeV GeV TgV PgV EgV

eV keV MeV  GeV  TeV PeV
-9 } . t ; . } -9
Leptonic —— Photons Photons, Low Ep Hadronic, Low Ep === Muon Neutrinos, Low Ep
Hadronic Muon neutrinos === Photons, High Ep ==== Hadronic, High Ep ==== Muon Neutrinos, High Ep
- ‘T GeV-
~10 - GeV-y & -10+ Y
1 Optical
=
o \
9 \
e | eV-
-11 i — 1 ) [ R
o \
= \
Z
© Earth
(?-LI ard A absorption
~ 1
-12 1 2 -12; | i
2 /1
e 2 i
Py—=pD€ i
pair production i
i
-13 . T T T T — 1 3 I I I | i ! I
10 15 20 25 30 10 15 20 25 30 35

log,o[Frequency (Hz)]

Violate X-ray data

log,o(Frequency/Hertz)

* Violate energetics (L.qq) by a
factor of a few hundred or
significantly exceed v energy
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More freedom through multiple radiation zones

Formation of a compact core

Large blob, persistent emission, quiet state

T / Compact core, ignited during flare state
~0.05 pc
L2
|

Observer at earth

|
| 10 pe | 1.35 Gpe —>|

eV keV MeV GeV TeV PeV
-9 t t t + t t
Leptonic Photons
Hadronic Muon neutrinos
GeV-y
-10 e
= Optical
T(I)
«
£
o
=
9 TeV-y
w -11
3
2
c\"O 5, mmmam
=X % Absorbed
87 ........ % during
= - % propagation
-12 4 /-_
-13 T T T A
10 15 20 25 30

log,o[Frequency (Hz)]

Gao et al, Nature Astronomy 3 (2019) 88
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07

E2F(E) [erg cm 2 s 1]

_-'4 Tm———
77777 g E 9 .Hadroni:-c_'{ V== Leptonic YWWay
S . Jet emission'cR YWWw emission
n =5 ® XrayM\y E{)apw
'
Sikora et al, 2016 ® B"i“"e Reg;‘
Frequency [Hz]
D e D N (i (S A (SR VAP S (S i

b—————T7 7 L

T T T T T T T T T T T T T T T T T T il T T T T 10 E — sum of photon f|ux (Xgo' — 1 .60) S_1 6
i 10-9;_ — hadronic (r%cas.) - - U, B i
) —— blob pri.e (SYN+SSC) —— BLR pri.e (EC)
| ‘}'E 1010 ,/_;
: © '/ E
& 10" L
() F ]
Epmex = 10°% | S0 yre ]
— e-sync. jet = 3 3

| === e-sync. sheath .

- - S5C 107k 3
= = EC 10-14 E?Qg "’ 1

----- ym cascade - —L TR b1 —
. ) 10° 10° 10° 10 10"

MAGIC collaboration, 2018; e energy (eV)
see also Keivani et al, 2018 = total EM
g Liu et et al, 2018;
M

External radiation fields

Jet-cloud interactions/
several emission zones

see also Xue et al, 2019



The archival (2014-15) neutrino flare of TXS 0506+056

| Theo Glauch @ TeVPA 2018 n -+t w v  Comparable
10-104 | | | ! p+v— AT — 0 amounts of
‘_l-(—- 3 “L ----------- p _'_ 7T » y energy
°|‘ 10—11 3 ..‘ ] ‘ —
o0 >
L. 10712 5 3
= -
\L‘: i . L L e
0134 4 +  Photon Spectrum, MJD: 56949-57059
.J v flare, MJD: 56949-57059
] f- I  HAWC 95% Upper Limits
107« . .

10713 107° 107° 101 103 107
E [GeV]

» Electromagnetic data during
neutrino flare sparse (colored)

« Hardening in gamma-rays? (red shaded region)
Padovani et al, 2018; Garrappa et al, arXiv:1901.10806
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External radiation field example

« TXS 0506+056 may be actually an FSRQ
Padovani et al, MNRAS 484 (2019) L104

« These can be back-scattered into the jet frame.

Rodrigues et al,

ApJ 854 (2018) 54
Results for TXS 0506+056:
uev. meV eV

\ relativistic jet

PN

CR acceleration

\

broad-line region [

dust torus [

Vol
accretion disc\

|
I

keV MeV GeV TeV PeV

. — -9 1 1 1 1 1 1 1
Example' T == SED (a) === Thermal (b) === Neutrinos (a)
Lo Emission spectra ‘Tlm 10 -—— SED (b) === Thermal (b) === Neutrinos (b)
. ,’ External field ! - - leeUbe 010
— B jet equivalent g v
10| ota v (@) |
10 ;? = -11 'I
T N W !
£ 1071} o D12 ,'
s ~ S ]
L 10712 %‘ W13 I
- =, = 1
= u = I I
OEbierve? g o 14 I' 1 1 I 1 1 1 1 1 1 l
-13| xXterna 19} - - L = -
1072 field 8 10 12 14 16 18 20 22 24 26 28 30 32
logip[frequency, Hz]
10_14 -5 l—2 ‘1 I4 l7 ‘10 I13 16 . . . .
e At e « Maximally five events; may be consistent with

DESY. | Prague 2021 | Winter Walter

Rodrigues, et al, ApJL 874 (2019) L29; see also Reimer et al, 1812.05654

lceCube result if different spectral shape is assumed
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Diffuse neutrino flux
from AGN blazars?



Ingredients: Neutrino production and population models

« Geometry determined by
disk luminosity:

BL Lac/ FSRQ
relativistic jet

CR acceleration\
broad-line region
dust torus | /
~ \accretion disc

relativistic jet

broad-line region

dust torus

CR acceleration

 For HL-FSRQs, the blob is
exposed to boosted external fields
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« SED follows “blazar sequence”: » Population model:

LL-BL Lacs, HL-BL Lacs, FSRQs

SED (jet frame)

=
o
-

1047 50
10% - logy0[T4 L, (erg/s)] - Low-lum BL Lacs
= 102‘;"1 49 - High-lum BL Lacs
" o0 10 FSRQs
o =10%
3 Eﬂ 1042 ”_‘VT 48 T
— 3 41 =
m 510 =
% 40 )
&= 10 =2 47
= g =
38 S
1037 a g 46 |
10 1 L 1 L 1 1 L 1 —
1071070107 10"7107 1072 107t 10! 10® 10°
10%7 45 1 i
1046 N
— 10% 44 -
= 44
s 102 .
8‘ — 10 Redshift,z
x KR T 15
wn = [a)
L \: 104 a —— Low-lum BL Lacs
< 1040 g e o
& 1039 2 1.0 High-lum BL Lacs
10 @ —— FSRQs
1038 )
1037 1 1 1 1 1 1 1 1 \ -z 05 1
107107107 "107?1077107°107* 107" 10" 10* 10° O
E! [GeV] 3
k & 0.0 ; :

0.5 1.0 1:5 2.0 2.5
Redshift,z

o
o

Rodrigues, Fedynitch, Gao, Boncioli, WW,

ApJ 854 (2018) 54; Murase, Inoue, Dermer, PRD 90 (2014) 023007;
Palladino, Rodrigues, Gao, WW, ApJ 871 (2019) 41;

Rodrigues, Heinze, Palladino, van Vliet, WW, PRL 126 (2021) 191101

angoeyed HV'IE S,IULID] WOIJ SIIINOS
PIOC+TIOT ‘T8 19 ofply Aq [opowr uonemdog

(4
.




Recap: AGN neutrino spectrum ...and two hypotheses
Ev,peak ~0.05 Ep,max

E, max ~1-10 PeV

10712

Moderately efficient
CR acclerators

E2 Q,/(N, N, GeV cm s
=
=

1) AGN blazars

describe neutrino data

10~16

Postulate that:
1. The diffuse neutrino flux is dominated

From p decay
--- From 7 decay
From K decay
— Combined
— SOPHIA

103> 10* 10° 10° 107 10® 10°

E,/GeV

by AGN blazars (such as the T
extragalactic y-ray flux!) 5 w0

&
% 1078

2. The blazar stacking limit is obeyed —> <
IceCube, Astrophys. J. 835 (2017) 45 E,

o
=

10-10

_\: {1z IO PR .-, A e, o SO

.
I- Astrophysical Diffuse I-']an \‘: ’ :
T T T

3. The baryonic loading evolves

100 100 10 100 10° 100 108 107

Neutrino Energy [GeV]

over the blazar sequence (depends on L,); the one of TXS
0506+056 is in the ball park of self-consistent SED models
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1010

There is no
unified (v, y-ray,
UHECR) one
zone model!

Ep,max ~1-10 EeV
(Rmax ~ 1-10 EV)
Very efficiency CR
accelerators

2) AGN jets describe

UHECR data

Postulate that:

1. AGN jets (can be misaligned!) describe

Auger data across the ankle
(spectrum very well, composition observables roughly)

2. The injection compositon is roughly
Galactic

3. Different classes
(LL-BL Lacs, HL-BL Lacs, FSRQSs)
can have a different baryonic loading
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Conclusions for different hypotheses

1) AGN blazars describe neutrino data 2) AGN jets describe UHECR data

More in part i

1. Unresolved BL Lacs must dominate the diffuse 1. UHECR description driven by LL-BL Lacs because of
neutrino flux * Low luminosity — rigidity-dependent max. ener
y gidity-aep ay
2. The baryonic loading must evolve, as otherwise - Negative source evolution
efficient neutrino emitters (esp. FSRQs) stick out
— a 10774 -|—+HESE W
Boage] o2 il . 7 107
. ™ e ous I TS oo |7 T {\/
TN e @ O g° ¢ & IR S e A O VU s \
== == FSRQs (resolved) Q’Q Q/Q ‘19\ NU .......... \'\ % —10 | d N \Lzﬁig'%\&?;ac
_ ~== Other components - 107E 3 E N x ;A E’ 10 '/ '/‘/ = .(N‘Sm . !
T - ,_|'_H 10k — Palldinoetal. 2019 = 10° | ;;25 Sl S T '\.\' \ \
::"’ g E w TAH‘;' rrrrr ‘E — Cosmogenic \‘\ \ \
5 10°} R e o B e TR AT
2 ’ 0 ] EGeVI E GeV1
e(llzw 100 L7 4 \‘, ;& 0% 3
W) T e “‘\‘;‘ 10°F 2. Neutrinos mostly come from FSRQs, peak at high
-~ \\ 107 energies, and may even outshine the cosmogenic
1071} Wk i
o - \,‘ ‘ . 101044 0% 10° 10" 10° 10° flux there _ 1071
0 10 10 10 Ly lerg S"] 7
E [GeV] F 10-8 1
fr: 1074
Palladino, Rodrigues, Gao, Winter, ApJ 871 (2019) 41; Rodrigues, Heinze, Palladino, % 1010
Right Fig. from Petropoulou et al, arXiv:1911.04010: same behavior also van Vliet, Winter, 2 o1t
found in multi-epoch description of TXS 0506+056 PRL 126 (2021) 191101 % - m Source (Sl os
W Cosmogenic neutrinos
10713
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Blazars coincident with high—-energy neutrinos

Several dozen associations so far:

lceCube sends public alerts since 2016
Fermi-LAT follow up: 6 blazars in 23

; : follow-ups (S. Garrappa #812)

PKS 1502+106 ‘ Telamon (M. Sadler #1320)
o 3HSP J095507.9+355101 lceCube flares - X-rays (Sharma #299)
Antares flares - radio (llluminati #1137)
radio blazars + Antares (Aublin #1240
IACTs: (Satalecka #907)

4FGL J0658.6+0636+IC201 | [4A:
(de Menezes #296, Rosales de Leon
#308)

3.30 lceCube Coll |10yr
Point-Source Analysis (3 blazars)
Franckowiak et al Ap) 893 (2020)
Giommi et al MNRAS 497 (2020)
Hovatta et al A&A 650 (2021)
Plavin et al Ap) 908 (2021)

TXS 0506+056

Evaluating the significance of
coincidences: Capel #1346

11 PKS B1424-418+IC35 Kadler, Nat Phys 12 (2016), Gao, Pohl, Winter, Ap) 843 (2017)

F. Oikonomou @ ICRC 2021
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Observation of a neutrino from AT2019dsg

a . '
£ UVW2 (193'nm) L U@46nm)
] } UVM2 (225 nm) } g (464 nm) /
- # UVW1 (260 nm) ¢ r(658 nm) ~F 10*
T 107" 4 . - <
¥ ] : . & 5
g . o 153 I @ 10 7]
9 : Mgy L - e I 6
3 + }f“‘w-_—m‘a o,
usa 10—12 = . ¢ ¢ Ll [ ] E ~
14 . O(e""f‘:
=
T — 1042 :é
£ x
E i
[ ] ’ [
| t : : = 10%
£ 1072 4 i ¢ : :
£ LT O - -
: sy ¥ 'y -2
& ] : = 102 o,
L 4018 : F et
g 3 t
1 & 0.3-10 keV (XRT)
ol % 03-10kevV(xmMm) Ty ~0.06 keV
E T T T
0 50 100 150 Frequency (GHz)
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Time since discovery (d)

Stein et al, Nature Astronomy 5 (2021) 510
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SY Science Communication Lab

How to disrupt a star 101

Force on a mass element in the star (by gravitation)
~ force exerted by the SMBH at distance

oM\ /3 M 1/3 -1/3
re=(2=) R ~88x10%cm £ (m B
m 106 Mg Ro \ Mg The accretion disk

Has to be beyond Schwarzschild radius

IMG . M
R, = =5~ =3x10 cm(mGM@)

» From the comparison (r; > R;) and TDE The super-massive black\holé;(ZI(/IBH)
demographics, one obtains M <~ 108 Mg

Hills, 1975; Kochanek, 2016; van Velzen 2017

« Measure for the luminosity which can be re-

 Schwarzschild time indicator for time variability processed from accretion through the SMBH:
of an engine? Eddington luminosity
Ts ~ 2TR,/c >~ 63s (106]\/IM ) Lgaq ~ 1.3 10* erg/s (M/(106 MG))
©

(TDEs are often Super-Eddington at peak)

— Fastest time variability ~ 100s « Measure for the maximally available energy:

Emax ~ 10%4 erg (half a solar mass)
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- g X-rays seen early-
A TDE unified model on: probably look

close to/into funnel!

« Matches several aspects of AT2019dsg very
well (Lyo, Reg, X-rays/obscuration?)

« Supported by MHD sims; Mgygn = 5 106 Mg
used; we use conservatively Mgygy = 106 Mg

* Ajetis optional in that model, depending on
the SMBH spin

« Observations from model:
« Average mass accretion rate M ~ 10°Lgaq
« ~20% of that into jet
* ~ 3% into bolometric luminosity
» ~ 20% into outflow

» Outflow with
v ~ 0.1 c (towards disk) to
v ~ 0.5 c (towards jet)

Dai, McKinney, Roth, Ramirez-Ruiz, Coleman Miller, 2018
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A jetted concordance scenario

... based on TDE unified model

N Observer b

A4 Early:
$y 2‘(/;@7’ t-tpeak < 17 d

Observer

Late:
t-tpeak >> 17 d

No neutrinos
at tpeak

(no intense 5
target) 5 Production radius

decreases with
Rgg (observed)

X-ray
back-scattering
in outflow

(may also be

5 e reason for
< S 10 obscuration)
g ©
L 1 e
5 Particle £
3 acceleration in

internal shocks

0P 0% g0k A0 o iR At 10° 10" 10 10® 10" 10" 10%

Length scale (cm) Length scale (cm)

Winter, Lunardini, Nature Astronomy 5 (2021) 472;
DESY. | Prague 2021 | Winter Walter see also Liu, Xi, Wang, 2020 for an off-axis jet Page 50



Results for neutrino luminosity lightcurve and spectrum

(black/thick purple: follow data; red curve:
computational result; others: model ingredients)

\\ B r
46 . GFU, N,~0.05 ]

___—-~.

_____ t_tpeak21 00 day

Lo i\

417\\ TR R I ST TR TR TR \\7 T Y Y S B SO L I
-50 0 50 100 150 200 250 300 3 4 5 6 7 8

t‘tpeak [days]

Log1o Ey [GeV]

Winter, Lunardini, Nature Astronomy 5 (2021) 472
(slightly modified figure)

DESY. | Prague 2021 | Winter Walter Page 51



X-rays observed!  jotted models

» Choked jet: probably too low luminosity

Challenges
and comparison
to alternatives

 Jet breakout model: where are
other non-thermal signatures? (see backup)

Core models

» Corona model: parameters guesstimated

from AGNSs (where large assumed B for efficient

stochastic acceleration is potentially in conflict with radio
data ... Inoue, Khangulyan, Doi, arXiv:2105.08948)

0 J
. Core (Corona) GFU . RIAF phase:
10~ Core (RIAF) typically many years after peak
Hidden Wind PS ypically many y p
& Hidden Jet . . _
5 102 idden.Je PS: 0.05 yr Hidden wind model:
~ . .
> 108 » Large uncertainties from geometry
O, : : :
Os Alternatives to jetted models have in common:
Sk 104 :
h « Lower neutrino event rate
< : . :
107" « No late-arrival prediction for neutrino
. . . . . i 7
10° 08 T8 106 T 708 Require large SMBH mass > 10" Mo
E[GeV] (— energetics problem, see backup)
Murase et al, arXiv:2005.08937; see also Hayasaki, Yamazaki, 2019 * Do not explain why X-rays seen
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v L, [erg s71]

Part ll: Outlook

| {AT2019fdr

f."é“-‘ o

$
!
¢
¢
&

1044 -

10% 5
- ®

| [AT2019dsg \'\ + _
oQe :

1 X R

IceCube-191001A I(‘(‘,Cllb9-2()05301@

58500 58600 58700 58800 58900 59000 59100 59200
Date [MJD]

F. Oikonomou @ ICRC 2021
Blazars coincident with high-energy neutrinos

Several dozen associations so far:

IceCube sends public alerts since 2016
Fermi-LAT follow up: 6 blazars in 23
follow-ups (S. Garrappa #812)

PKS 1502+106 ; Telamon (M. Sadler #1320)

IceCube flares - X-rays (Sharma #299)
Antares flares - radio (llluminati #1137)
radio blazars + Antares (Aublin #1240
IACTs: (Satalecka #907)

3HSP J095507.9+355101 N

4FGL J0658.6+0636+IC201 | 14A:
M (de Menezes #296, Rosales de Leon
#308)

3.30 IceCube Coll 10yr
(o0} Point-Source Analysis (3 blazars)
Franckowiak et al Ap) 893 (2020)
Giommi et al MNRAS 497 (2020)
Hovatta et al A&A 650 (2021)
Plavin et al ApJ 908 (2021)

TXé 0506+056

Evaluating the significance of
coincidences: Capel #1346

11 PKS B1424-418+IC35 Kadler; Nat Phys 12 (2016), Gao, Pohl, Winter; Ap] 843 (2017)

From: Robert Stein & Simeon Reusch @
Cosmic Rays and Neutrinos in the Multi-Messenger Era, Paris, Dec. 7-11, 2020;
Reusch et al, in preparation
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Part 3: UHECR connection



Energetics: The Waxman-Bahcall argument

| | | | | | | | | | |
$ Diffuse ~ (Fermi LAT) IceCube (ApJ 2015)
¢ Cosmic rays (Auger)

* Neutrino flux matches UHECR injection

Waxman, Bahcall, 10-° L
Phys. Rev. D59 (1999) 023002 :

10-6L e,

%«&:} CR
10-8 L
? Pair

100 L production
‘ on CMB

10-10 | Similar energies in gamma-rays, neutrinos 4
- & cosmic rays injected into our Universe!

... and diffuse y-rays
see Fermi-LAT, Astrophys. J. 799 (2015) 86

« Caveats:
« Extrapolation over many order of E

« Energy imbalance
if softer than E-2

g r _ — - -2
E? x @ [GeVs~lsrlecm™?

10 10! 10?2 10° 10* 10° 105 107 10% 107 10'Y 10!
E [GeV]

Mohrmann, Kowalski
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UHECRSs: Spectrum and composition

« Charged particles, proton or heavier nuclei

» Spectrum with breaks (knee, 2"d knee, ankle)

« Composition non-trivial function of energy

T T IIII;II. T T IIIIII! T T IIIIIII T T IIIIIII T T IIIIIII T T Illlll!
- : % &
- 5 ? ?g*e agalactlc
o I Knee nsntlon’P
510" E"T—— hecna ’?'vi'
C\'JE E —=o— Casa-Mia :?nd ++ E
© - Tibet 11l 2008 e 44 §* e
o [ | —* Kascade 2005 knee ! ‘Yl ﬁ 1
G402 .| —— Kascade-Grande 2012
L E | —*— IceTop-26 ? ‘Fél
g | —%— GAMMA 2008 An kle it
T [ | —e— Tunka-133 2011 :
w.x - | —+— AGAsA i i
c\ﬂu 10 p—+{ —*— HiRes 1 L. TP DT i
E | —— HiRes?2 Ultra- hlgh
— | —— TA201 ! energy cos
: —¢— Auger 2011 rays_ UHEC
1 11 Illllli 1 ||||l|li 11 IIIIIII 11 lIIIlIi 1 Illlllli 11 1111 I

%

*

10°
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3 9
Primary1 Energy, E}geV]

10'°

10"

Observables:
1) Spectrum
2) Composition: <Xpa>
3) Composition: o(X;ax)

<InA>

- tra |to

1 5 Lo T A ........ —H— IC40/IT40
: —4— Kascade
i —®— Tunka-133 \J
; —©— HiResMia *
.................. . R — Hines [YTTRRRRRPPRRY B . (S
: —%— Auger :
4 TA

— H4a
........................... — H3a
—— Global Fit i
—— Global Fit with Population 4 |:

0 | IIIIIII| | IIIIIIIi | IIIIIII| | IIIIIII 1|

er 90f AP 1@ w0 e
Primary Energy, E [GeV]

Gaisser, Stanev, Tilav, 2013

Scintillator Surface
Detectors

Lorentz force =
centrifugal force =
Enax~ZCcBR~Z

(Peters cycle)
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60

Description of observables
(a typical example) T w
)
J‘:‘ ~ = Galactic comp. ¢ Auger, ICRC2015 ::’é 30 -
> . A38 - extragal. comp. === total wE
= IO 25
L 5 20
(7)) |
25 107 —— Sibyll 2.3
0- — Epos-LHC
ol —— QGSjet04-Il
10 *Fe Si —— Auger ICRC 2017
305 20 0 20 40 60 80 100 120
Iogm(E/eV) (Xmax) — (XF,) [g/cm?]
e 79
S T
o 60_
":‘5505
e F
< 40f
© F
30¢
2 E
e e I T E

log, (E/eV) log, (E/eV)

Biehl, Boncioli, Lunardini, WW, Sci. Rep. 8 (2018) 1; Upper right plot from
DESY. | Prague 2021 | Winter Walter PhD thesis Jonas Heinze, https://edoc.hu-berlin.de/handle/18452/22177 Page 57



Transport of UHECRSs

Transport equation similar to radiation models (solved in co-moving density Y), for species /:

8,Y; = —0r(badY;) — OF (bete-Yi) — LY + ) Qji(Y;) + J;

Adiabatic losses Pair production Interactions  J Injection Injection
(expansion of Universe) losses (escape term) (interactions) (sources)

Nuclei subject to disintegration. A nuclear cascade develops!

wavelength A [nm]
107 106 105 104 103 102 6 Nitrogen (14N) (example)
R P S v D stV S S P 10 —
104 4 microwave infrared visible UV R LT .
: P 3708 ] ' Neutrino
3 .
1074 g L production:
] s 3 .
& 107 ot £z ~1 photohadronic
IE : Cosmic: B 165 ] _ :
S 10'{ Microwave 2=2 S N~ interactions
2| i Background . 2 102
¢ 100 4 S e Extragalactic : < 10 n
w .. Background : 2 Ly AT n+m
1071 z=1 Light g 10! adiabatic p / P+ 70
4 —— pair-prod.
102 10" 5 photo-hadr.
—— photo-disint. z=0...2 NB: UHECRs
103 ——rrr————— T P i 101 T —— . _ A
104 107 0= 101 100 10! 108 10° 1010 101! 1012 1013 cannot travel
photon energy ¢ [eV] energy [GeV] further than z ~ 1

DESY. | Prague 2021 | Winter Walter From PhD thesis Jonas Heinze, https://edoc.hu-berlin.de/handle/18452/22177 Page 58



https://edoc.hu-berlin.de/handle/18452/22177

The proton only case

1

(observationally disfavored now!)

E
24.8 T T T T >
S
24.6 Pair - ?
g 24.4 ] <
5 )
N n - ~
E 242 GZK 4 o
E o4 |- cutoff i i
(TT) (P *+ Ycms)
- 23.8
n
w
ig 23.6
23.4 —
Uniform
23.2 1 1 1 " B
18.5 19 19.5 20 20.5
- Jui @ ICRC 2015; talk by D. Ivanov B
2.
2
N
|
1l
~

Berezinsky, Gazizov,
Grigorieva, 2005
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From: arXiv:1401.1820
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wavelength A [nm]

= 107 108 105 104 103 102
A Slde note on the CVB 10% 4 Imicrowave I infrared I Iv:isiblze UVI
103 5
1075 .-
18 Ig 10! Mi(i?f,:,'v'fée
10 C T T I T I T 1 T T |%I% ot Backgrougld ., Extragalacticé
B w f Background : :
= 101 4 Light PG
T 10nE Sojar (nuclear) 107
o - Solar (thermal) i T e B
- photon energy € [eV]
£ L tat all -
| S— - ? —
o 107 re” -
L] : se BG ]
a B tars ../ ]
= 100 .
o E §
o) - -
= - Atmospheric .
C 1 0—6 L N\ —
@) B N -
£ - . lceCube data -
£ F . (2017)prom
o 10< S, / Fas ]
Z C RS
» CosmogenicT >
10—18 1 L L | L L1 L L | L L | L L | L L L l L
1076 1073 10° 10° 10° 1012 101° 1018
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Energy E [€V] ;i.iiano. Tamborra, Raffelt, 2020
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The future: Radio detection of cosmogenic neutrinos
Example: GRAND

Others:

RNO-G
ARA/ARIANNA
lceCube-Gen2

g 22
£ |

_ Sci. China Phys.Mech.Astron. 63 (2020) 1, 219501
DESY. | Prague 2021 | Winter Walter Page 61



Baseline UHECR transport model (Peters cycle model)

Parameters: 1 o0 1 5
« v: E7is the injection spectrum from sources - 10 3D fit
101! - Heinze et al,
Riax: Sources have E...=Z X R.« (Peters cycle é 8 Astrophys.J. 873 (2019)
a a a
_ ] . 1,88; see also
* m: Sources evolve (1+z)m 3 - ~E  Batista et al, JCAP 01
(SFR evolution: m ~ 3.4 for z < 1) ~ 1070 5 1 (2019) 002
(Recap: UHECRs do not travel farther than z~1) o ; >
. . . . TALYS
* Free injection fractions for five mass groups: )
— = SFR sources, SIBYLL 2.3
T peaky spectrum:
T, 102 6 GRB, AGN? 6
Best-fit I§ ] 4 SFR evol. SFR evol.f- 4
o 10! 1
spectrum 8 2 -2
“ 0' £ 0 flat evol. 0 &
T e T 1om
E [GeV] ) e 255
900 T y
& He 9 60 gy _ o
: £ 800- Fe & He 4 4
Best-fit 2 [ 2 401 N _o 1B . I
compositon '] £ 201 e -1 0 1 R 10° 100 10M
"~ 600 +———rrr—— S o ¥ Rmax [GV]
10° 1010 101t 10° 1010 10!t
E Lgevl & LGevI More typical acceleration spectrum,

DESY. | Prague 2021 | Winter Walter negative source evo|uti0n_ TDEs’) Page 62



E2 ) [GeVem2s 1 gr 1]

Cosmogenic neutrino flux post-diction from UHECR fit

10—7 -

« Cosmogenic neutrino prediction from fit to UHECR flux

* Depends on extrapolation for z>1 (UHECRSs not sensitive there!) 5 10
« Conclusion: No cosmogenic neutrinos in baseline model! m
‘?E 1079 -
>
(]
10= Q
510—10_
— = 20
1070 EE 1o
wn 10-—11_ - . /I'\ :
o 10° 106 107 108 10° 1020
ka E [GeV]
lE 1079
>
source evol. .
) o e However:
1079 5 ~ 107104
e v —pi - UHECR data allow for a sub-
+z)™
at injection 3 flat i i
e —ti dominant light component
—11 ] -11 .
e TTos 107 108 100 1o® O e 107 1oP | 100 10w « That potentially produces
E [GeV] E [GeV] . .
cosmogenic neutrinos
Heinze et al, Astrophys. J. 873 (2019) 1, 88 efficiently

van Vliet et al, Phys. Rev. D 100 (2019) 2
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How about the proton dip model?

Composition fixed to protons, fit beyond ankle

3D fit with fully marginalized parameters: TA 7-year meets IceCube 2014
Heinze, Boncioli, Bustamante, Winter, Astrophysical Journal 825 (2016) 122

10° — 107
T | E
Fit regi : :
reaien - % 107°_ lIceCube 2014
‘—:_' . Iq) 61
g - % 107
0 5 .
(7)) 7 —
o TA 7-yr > 107"
© 10 ] » ~. 10 TA fit min
> : ~~ \‘\
O : 2 107°
— — Best fit g > i — Best fit
> = 68.3% C.L. ] wc:—u 10_10; w—68.3% C.L.
w w= 95.4% C.L. | S, 4 4.9 events m= 95.4% C.L.
99.7% C.L 107 95% CL 99.7% C.L.
70 U.L. ) C
1 NLLI 10_12ﬁxq|qq.gq\ T B R W R T R SR R ETY S
008 908 1o o 0% 105 107 10® 10° 10 10"
E [GeV] E [GeV]

« Baseline interpretation: The proton contribution must be constrained by cosmogenic neutrino flux!

 What can we learn about the cosmogenic and source neutrino fluxes for specific astrophysical source
populations?
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GRB 910503 ) GRB 910711 ’ ff‘ GRB 9202168 Several popul -

trig #143 2 trig #512 trig #1406

 Long-dura

<« (~10 - 1008) * Neutrino staeking searches:

a 'y 0 [ L]
from collapses | <~1% of diffuse neutrino flux
trig #1425 1 ! '.“ ’lef\‘ trig #1974 ) . ¢ _ N 5
A massive stars. HL GRBS' Il Clobal Fit (2015) South v, GRB (5 yr)
4 : ¥ North v, (2016) —— (Cascade GRB (3 yr)
k Short duratlon bu P, | 0 — Combined Analysis === North v, GRB (7 yr)

GRB 930131A - GRB 921008C

i | from neutron star merg - | |
y Low total energy output! 20 e

w0  Low-luminosity GRBs E :
cRassceio | from intrinsically weaker & [ e e S R

trig #2812

engines, or shock RSttty R
breakout? Ty TV TR TiL
Potentially high rate, longer v Energy (GeV)
duration (but only locally

observed)

W&J me ok

e

Source: NASA



HL-GRBs: The vanilla one-zone prompt model
IceCube 2017

1702.06868

UHECR fit / excluded; arXiv:

e (Can describe UHECR
data, roughly

—_

%

T IIIUII|
i

 Scenario is constrained
by neutrino non-
observatons

E% [eVZ km?Z sryr]

_.
A
Q

T IIIIIII|

Point A

Recipe:
 Fit UHECR data, then

CompUte predICted I1|8I — I18|.5I — I19I — 19.5I — I20
neutrino fluxes

1 036

IIIIII|

. @ .
IIIIII|IIII|IIII|IIII

& 900F = /. Brrsnnnnss

EPOS-LHC H g 70F . o

* Here only one example; E oook
extensive parameter =jooof-
space studies have been =S

700F

performed + energy cuts esok

E 1 1 1 1 E 1 1 1 1
600—~g 185 19 195 20 0™ 85 19 195 20

49 49. 7
Iog (L /erg/s)
« Conclusion relatively log. (E/eV) log, (E/eV) . 10 -7
robust for parameters Log4q fs (baryonic loading)

typically expected for HL-
é EB s y exp Biehl, Boncioli, Fedynitch, Winter, arXiv:1705.08909
Astron. Astrophys. 611 (2018) A101;
DESY. | Prague 2021 | Winter Walter Baerwald, Bustamante, Winter, Astropart. Phys. 62 (2015) 66 Page 66




Back to the roots:

Bustamante, Baerwald, Murase, Winter, Nature Commun. 6, 6783 (2015);
Bustamante, Heinze, Murase, Winter, ApJ 837 (2017) 33;

M u Iti -Co I I i S i o n m o d e I S Rudolph, Heinze, Fedynitch, Winter, ApJ 893 (2020) 72

Collision model, illustrated

- . ] 9 : !
central
emitior

o plasma shells propagate at different speeds

. 3 : :

e two shells colide

N
N

AN
NVM

e the shells merge and parficles are emitted

Bustamante, Baerwald, Murase, Winter, Nature Commun. 6, 6783 (2015)

DESY. | Prague 2021 | Winter Walter

see also Globus et al, 2014+2015;
earlier works e.g. Guetta, Spada, Waxman, 2001 x 2

Multi-messenger emission Observations
[ T e The neutrino emission is lower
1052k | aaiases o2t unecks 1 (comes from a few collisions

“: =3 Neutribos close to the photosphere)

. 1+ UHECRSs and y-rays are
5 501 1 produced further out, where the
@ L0 1 radiation densities are lower
= lodgf E > Releases tension with
X 3 neutrino data
1048. % E .+ The engine properties
2 g ‘ determine the nature of the
1047 e, | (multi-messenger) light curves
108 109 101 1011 1072 |
Re [km] * Many aspects studied, such as

impact of collision dynamics,
interplay engine properties and
light curves, dissipation

efficiency etc.
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A new (unified) model with free injection compositions

Model description Description of UHECR data

» Lorentz factor ramp-up from 'y, SR-05 SR-LS
ici ib i T
to T'max, Stochasticity (Ar) on top Describes E e, perzonr | £ [, J—
SR-0S SR-LS UHECR data ! f
Strong (engine) ramp-up, Strong (engine) ramp-up, % 100 %
G} o
no stochasticity low stochasticity over a Iarge = 25 = = =
v 1T 5 — ness
range of 10 Rz . . oy = . .
° o 10° 10t 101 10° 101 101
iy iy E [GeV] E [GeV]
5 5 parameters! S L
8" g7 % /He EOTT . /“9 TS "
~ N £ 800 A Fe © He 5 800 Fe © He
= = ] . X 700 1 50 +—re % 700 g 20 E=— 13
i (systematically SR 1 B 1
= Bx.o z Bk.o . 10° 10%° 101 10° 1010 101 10° 1010 101 10° 1010 101
= —_ = L o StUdled) E [GeV] E [GeV] E [GeV] E [GeV]
8 RN R SRt R 9 O N S NP R
1 b [ -y 40" AL 1 S [N ? 40" A1 . 5
Initial Radius Rg, o [cm] Initial Radius Ry, o [cm] 103 WEMS 10° WR-HS
WR-MS WR-HS T“ - PP, Auger 2017 f & [oeeeent, Auger 2017
Weak (engine) ramp-up, Weak (engine) ramp-up, w: 7;
medium stochasticity high stochasticity - //~ s
104 104 g ] Z;l § ] z=1 9=7=20
O_ q 'a _Z;Z — 21=7=28 'a Z;Z —21_52_528
|:( I:( 100 — 3sZs8 100 — 3=7Z<8
5] 8 . ° ° '9 '10 '11 IQ ‘10 ‘ll
% 103 ‘g 10% 4 Helnze, Blehl, FedynltCh, 10 1OE [GeV] 0 " 1OE [GeV] °
N Y
% % BOHCth’ RUd()lph’ T 200 He § o0 v Ho & 0 He € 60 9 o H
S 5 Winter, MNRAS 498 = % ol e % *fa 9
= 5 ’ = = S ) SN =2 = 4L N
2 P = 7001 % on o — % 700 4 3 504 C [
e e conssm, © I | WSS DB | ST
T T T T T 10 T T T T T ° T T T T
e IRCAIRC AN IR S O a0 487 (407 40T (a8° a8 arXiv:2006.14301 10° 10%° 101 10° 101 101 10° 101 101 10° 10%° 10%
B\ 3 S Y [GeV] [GeV]
Initial Radius Ry, o [cm] Initial Radius Ry, o [cm] E foev] £ [oeV] £ foet £ foet
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Inferred neutrino fluxes from the parameter space scan

1077 '
= SR-0S
. - = SR-LS
o — - WR-MS
% . WR-HS
q__l 10_ 3 range from 30 region
| -
8_ IceCube GRB ‘
- (1172 bursts) GRB-UHECR
.—I'u_' 10-94 paradigm compatible
= with current data
T
0 s IceCube-Gen2 GRB
o 10-10 et ety \\ (5000 bursts)
= : T ] ] |
v 1 S AW
> | .":/ ________ ~ ‘i.
U 1n0-11 ﬁ_é—‘ S ",
o 107" == . A
(\T b ChER B
L

106 107 108
E [GeV]

o 1o

E2) [GeV cm~2 s~ sr71] (all-flavor)

1077 3
1 — SR-0S
] == SRS IceCube cosmogenic
]l =- WR-MS
| AERERE WR-HS
Heinze et al. (2019)
10—8 i GRB evolution )
~1 this work, 30 region Sub-leadlng x
protons s
Q
10_9;
10—10 i
104 10> 10%® 107 10® 10° 1010

E [GeV]

Heinze, Biehl, Fedynitch, Boncioli, Rudolph, Winter, MNRAS 498 (2020) 4, 5990, arXiv:2006.14301
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One alternative: a population of LL-GRBs

Galactic comp. ¢ Auger, ICRC2015
extragal. comp. == total

185 19 195 20 205
Iogm(E/eV)

~20 205
Iogm(E/eV)

Stacking limit does not
apply, describes
neutrino data at high E

The radiation density
controls the neutrino
production and sub-
ankle production of
nucleons

Subankle fit and
neutrino flux require
similar parameters

Boncioli, Biehl, Winter,
ApJ 872 (2019) 110;
arXiv:1808.07481

Injection composition and
escape from Zhang et al.,
PRD 97 (2018) 083010;
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Expectations for EeV neutrinos? summary with examples from this talk

* Low-luminosity GRBs: « Standard GRBs:
T10-7§ 10-7 -
n - { — SR-0S
‘Tw10‘8; - 1 == SR-LS
‘}‘E _95 c>> 1 —: WR-MS
510 q-"—E |- :V:n:: etal. (2019)
>1 0_10‘ o 10—8 i GRB evolution
8 : © ] =0 this work, 30 region
=101 -
W e
107456 7 8§ 9 10 11 o 10-9
log, (E/GeV) « AGN jets: Im §
Boncioli, Biehl, Winter, BT _|_+HESE PR B
ApJ 872 (2019) 110 0 € ear v
Tm 10-8 GRAND % 10—10_E
Nm 109 e Stack'ng Mm: 2 ]
| -
£ W
b -
%) 10 10 —11 _ “ . e . VAI B X W O
2 o 104 105 10° 107 10%® 10° 10%
s . E [GeV]
S 10712 W Source neutrinos .
W [ Cosmogenic neutrinos Heinze et al
P MNRAS 498 (2020) 4, 5990
E [GeV]

Rodrigues et al
PRL 126 (2021) 191101
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E p,max

lefuse flux model: Consequences for TXS 0506+056

TXS 0506+056 is, in that picture, not a special

Many similar sources, each producing

<< 1 v event/year

Consistent with expect. from Eddington bias

About 0.3 flare associations/year expected if
blazars 10% of time in flaring state (duty cycle)

® 0.012 < Nygar< 0.017
47 ® 0.017 < Nyeqr< 0.025
¢ 0.025 < Nyeqar< 0.05
4 Nyear= 0.05 .
% year .'
D 4| @ TXS0506+056 ‘%
qh, average lum. B ok o
S %
> Y ¢ omueg
=, 324 sources e T
o A A AA‘ ‘: ‘
o seie BF
2 45 A %:A’:":ﬂ
A . :‘f.‘
R A%i“:‘f:ﬁ;"
jﬂ éi’g‘ '0';
.6.0”. 4
¢ U /4
44 %‘2:==:’l'
0.01 0.1
Redshift, z

DESY. | Prague 2021 | Winter Walter

~1-10 PeV

source, is close to the “sweet spot” (by construction)

Archival 2014-15 flare cannot be explained (a

special event?)

0.05

z=0.3365

0.04

o
(=)
@

Events/year
o
=
N

Not visible

e TXS 0506+056
average luminosity

45

46 47
log4o[L, (erg/s)]

Palladino, Rodrigues, Gao, WW, ApJ 871 (2019) 41

48
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One zone description of spectral energy distribution

SED components
—— primary e~ (syn+IC)

ueV meV eV keV MeV GeV TeV PeV — Bethe-Heitler e (syn+IC)
1 ] | 1 1 1 1 1 p,n+y-n* -e*(syn+IC)

-9 — 9

— N(v, + D) . —— y+y-ete~ (syn+IC)
L « historical data < 14/15 flare data From Ph_D thesis protons (syn+IC)
~ 10k 0.0 2.0 o~ Rodrigues SED total bon4y o0 yy
IE IceCube 2018 c

(@) @]

2 -11r ,,\\ T 11

_ K, “. N,=1.8 & .
L ! o W
S -12f B R
S h S D
o ’l : %
ILI_.l‘ - - I, 1 —

= 13 | " : 81 -131

o Y. \ 1 -

(@] o/ 1 |
- 14 1 1 1 1 ] 1 ] 12 ] ! 1 \

8 10 12 14 16 18 20 22 24 26 28 30 32 -14 -

ueV meV eV keV MeV GeV TeV PeV

logiolfrequency, Hz] log10[E]

Energy deposited in MeV range and absorbed in EBL Primary electron processes (synchrotron and inverse
(here about 80% absorbed, 20% re-processed for E, > TeV) Compton) dominate nowhere in this model!

From: Rodrigues, Gao, Fedynitch, Palladino, Winter, ApJL 874 (2019) L29; see also Halzen, et al, arXiv:1811.07439
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Comparison: transient UHECR and neutrino sources

HL-GRBs
 Well-studied source class

« Can describe UHECR spectrum
and composition Xp,ax

* Multi-collision models work for a
wide range of parameter sets

» Neutrino stacking limits obeyed

« Light curves may be used to
further narrow down models

e Cannot describe diffuse neutrinos

« Composition variable ¢(Xmax)
requires some fine-tuning

« Energetics in internal shock
scenario is a challenge; more
energy in afterglows than
previously thought? VHE y—rays?

DESY. | Prague 2021 | Winter Walter

LL-GRBs

Potentially more abundant than
HL-GRBs

Can describe UHECR spectrum
and composition even across the
ankle

May at the same time power the
diffuse neutrino flux

Less established/studied source
class = more speculative

Radiation modeling subject to
discussions

Progenitor model disputed

UHECR+neutrino energetics
point require relatively long
“standard” LL-GRBs, may be
challenged by population studies

TDEs

The only transient class from which
neutrinos have been observed from
— Must accelerate cosmic rays

Have potentially negative source
evolution, which helps UHECRs

A lot of recent activity in
astrophysics; many new discoveries

Observed TDEs are very diverse
Models have a lot of freedom

Local rate and demographics may
have to be re-evaluated

Energetic events, such as the jetted
TDE Sw J1644+57, may be rare
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Neutrino energetics for TDEs

(flgure for aII fIavors typlcal spectral shapes)

1 O PKS 1502+106, hard flare—proton synchrotron model 22> E

« Upper limit for average neutrino luminosity 105
(4r solid angle emission, for pp similar):

—— Neutrino Telescope

1055 ----- Neutrino Radio Array
X — — 1053§ E, ~ 10%"erg per
verage raction ptica i
mass in outflow, thickness Per 10 ﬂavor:,for one event
accretion BB, jet, ... <=1, but flavor *-‘ 1052;
rate (0.03-0.2?) typically << 1 51 g
Accelerated fraction 7 10
into non-thermal PeV (!) ad 1050 -
energy protons (<< 0.2?) 10 9 GRB (UHECR connectiony;

* Yields EV ~ 200 days x 0.1 Ledd ~ 2100 erg (MSMBH/1 06 M@) 1048 § v
— 0.2 events for Mgygy ~ 106 Mg — 1047§ g & é

; — vy v
L . . E = (e} —

* Conclusion: Estimates for SMBH mass 1046. > % %
either Mswgn > 107 Mo and S, PV P
siher M > 107 Mo and 02 102 100 108
super-etiicient energy ~ 2107 McConnel, Ma, 2012
conversion, 7
or the outflow must be 310°...107 Wevers et al, 2019 (conservative)
a)llimated with 6 << 1 1.2-1.4 106 Ryu, Krolik, Piran, 2020 Fiorillo, van Vliet, Morisi, Winter, arXiv:2103.16577

such thatL, — L,/ 02 2.2-8.6 106  Cannizzaro et al, 2021

« For arelativistic jet: second option with 6 ~ 1/T
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Diffuse neutrino flux from TDEs?

» Diffuse flux from a population of
AT2019dsg-like TDE consistent with
current bounds

« Expected contribution to the IceCube
diffuse neutrino flux at few percent level

« The typical neutrino TDE is probably less

luminous than SwJ1644+47
(used in Lunardini, Winter, Phys. Rev. D 95 (2617) 12,
123001 as prototype)

* Could neutrino-emitting TDE also power

the UHECR flux?
Biehl, Boncioli, Lunardini, Winter, Sci. Rep. 8 (2018) 1;
see also Zhang et al., 2017, Guepin et al, 2018

Note especially recent indications for
under-estimated white dwarf TDE rate by

factor of 50! (was most critical factor?)
Tanikawa, Giersz, Sedda, 2021

DESY. | Prague 2021 | Winter Walter

Logyo[®, (GeV s' em™ sr)]

~11!

IceCube Coll., ApJ 809 (2015) 98

[ Stein, 2020, PoS, ICRC2019, 1016

LW2017

———
- -~

WL2020 ~

Logqo[E/GeV]

Winter, Lunardini, PoS ICRC2021 (2021) 997, arXiv:2107.14381
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Neutrino production efficiency in GRBS (as example) Ko =
n'y Opy
* Need photon density, which can be obtained from energy density; generically: <A_d:
L Ad,/C L VoVt
U, = f g N (&)de = =% = y PPV
Y Y L T2VE Arcl2R? B
Y

VI =4x R - Ad’

Internal shock scenario: e.g. Guetta et al, 2004 1SO
Ct Cly 4
R=~2T% — Ad" =T » Jpy < Ly [Tt €y 1)
1 + Z 1 + Z !/ / !/ /
(fm x Ad /)\mfp ~ Ad amu,y/(e%br/F))

Magnetic re-connection models: est. for R from pulse timescale (larger)

Scales ~1/R? from simple geometry arguments

Photospheric emission: R corresponds to photospheric radius
Multi-zone models: R and Ad'’ individually calculated for each collision

Production radius R and luminosity Ly are the main control parameters for the neutrino production

[t, does not vary as much as L]
e.g. He et al, 2012; Zhang, Kumar, 2013; Biehl et al, arXiv:1705.08909 (Sec. 2.5) for details
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Interpretation of the results (GRB multi-collision model)

« Light curves may be used as engine discriminator

* The required injection compositon is derived:

more that 70% heavy (N+Si+Fe) at the 95% CL

90%

95%

heavy mass fraction

99%

=
)
1

°
>
1

mass fraction

o
[N]

90% 95%

99%

« Self-consistent energy budget requires kinetic
energies larger than 10°° erg —

probably biggest challenge for UHECR paradigm

SR-0S

SR-LS

WR-MS

WR-HS

By
Efircr (escape)
EZg (in-source)

E¥f g (in-source, UHECR)

14

Eyin init(isOtropic-equivalent)

6.67-10°% erg
2.01-10°3 erg
5.11-10%% erg
3.70-10%3 erg
7.81-10%% erg
2.90-10%% erg

8.00-10°% erg
2.10-10%3 erg
5.13-10%% erg
4.46-10%3 erg
2.18:10%0 erg
3.03-105% erg

8.21-10°% erg
1.85-10%3 erg
4.62:10%% erg
3.97-103 erg
1.28:10%1 erg
4.50-105% erg

4.27-10°% erg
1.69:10°3 erg
4.36-10°% erg
3.57-10%3 erg
1.79-10%1 erg
7.81-10%° erg
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» Description of 6(X,ax) IS an instrinsic problem
(because the data prefer “pure” mass groups, which are
hard to obtain in multi-zone or multi-source models)

Heinze, Biehl, Fedynitch, Boncioli, Rudolph, Winter, MNRAS 498 (2020) 4, 5990, arXiv:2006.14301
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Transients which can power the UHECRSs

from Baerwald,

« Required energy per transient event to power UHECRSs: Bustamante, Winter,
Astropart. Phys. 62 (2015) 66;
165" 16"~ -3yl Fit energetics: Jiang, Zhang,
110771077 _ 1053 ero - 5£3R | Gpe™ yr Murase, arXiv:2012.03122;
CR B S 1044 eroc M C_3 r—1 7 early args: Waxman, Bahcall, ...
g VP Y ERB..-4
Required energy Liang, Zhang,
output per source Fit to UHECR data Source density Virgili, Dai, 2007;
s:;e also: Sun, Zhang,
10 12 i
- Connection with gamma-rays: E.p '* ) ~02f1E, 18 et s . L1, 2015|
if all UHECRSs can escape, and 20% of the CR energy is in = 1000 = — 3
UHECRSs (typical for E-2 spectrum). 1k ' ]

f-1: baryonic loading (Ler/Ly)in

10° k
« Examples in this talk: can all sustain this energy (roughly) —
* HL-GRBs: E, ~10%erg s"x 10 s ~ 10% erg, rate ~ 1 Gpc= yr
w Ok for f,1> 10. Seems widely accepted mainstream ...
* LL-GRBs: L,~10% erg s™, rate ~ 300 Gpc™ yr 10°
== Ok for Duration [s] x f,! > 10°;
duration disputed (closer to typical GRBs, rather than 10% s?) =
 Jetted TDEs: E, ~10*" erg s™" x 10° s ~ 10° erg (Sw J1644+57), rate 10 ol sl sl s sl sl

01 L vt vl N
5 1 1 . 10*10° 10% 10" 10° 10" 10® 10° 10* 1E-3  0.01 0.1 1 10
0.1 Gpc yr' = Ok for f! >~ 100; /ocal rate + L, disputed L [10%ergs’
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LL-GRBs: Systematic parameter space studies

Nuclear cascade and E, .«

12
10 05 0 N11 3
10" Empty 0
Cascade \0g0E™
— 10 }
g 1010 ’Z o‘b&o -
= > -
& G
X n S
Q&"’ B £ VS
10° C Ax 0% . 3
o Optically Thick
e Case
8 9 & 85 g
10 75 s T Py
10 10 10
Ly [erg/ s]
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UHECR and neutrino fits

UHECR fit

107 108
Ly [erg/ s]

&a: Baryonic loading (log+o Lcr/L,)
(here: Tgp = 2 10° s fixed; energetics!)
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Example: jetted Tidal Disruption Events (TDE)

+ Auger, ICRC2015, shift -20%

]

—

(@]
D

Trrm)

—}— IceCube, ICRC2017, HESE

- = = = other contr.
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2 Fe
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Biehl, Boncioli, Lunardini, WW, Sci. Rep. 8 (2018) 1; arXiv:1711.03555
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