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What is “multimessenger” astrophysics?

> A buzzword describing any kind of analysis including more than one
messenger?

> A fashion concept, or a truly fundamental philosophy?

> Typically used in approaches involving at least two of the three
messengers cosmic rays, neutrinos, gamma-rays

> But: lately also used in the context of follow-up analyses on
gravitational waves for different messengers

> Sometimes mis-used instead of the word “multi-wavelength”?

> Multi-messenger astronomy = correlate signals from multiple-
messengers?

> Multi-messenger astrophysics = What are the fundamental concepts
describing the emitters of multiple messengers?
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“Multimessenger astrophysics”, definition for these lectures
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Photon observations can be
often described without
cosmic rays

Multi-messenger
relationships, by definition,
involve baryonic loading

DM

(yet
undetected)




> Particle astrophysics of hadronic sources
(basic concepts)

> Radiation models (blackboard)

P

> Meet the messengers:

= Photons
= Cosmic rays

= Neutrinos

(Q\
()
| .
-]
-
(&)
o
—

= Gravitational waves

> Examples for generic multi-messenger approaches
V> Describing interactions (blackboard) >

= Challenges for multi-messenger approaches  <— -

> Energetics of sources (blackboard)

> How to address the key challenges; example: GRBs
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Astroparticle physics of hadronic sources
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The universe in multiple messengers ... a theory challenge

Multimessener astrophysics =
typically deal with sources of
cosmic rays

Multi-messenger interpretations

must rely on theory (acceleration,
radiation processes, particle escape, geometry, ...)

(radiation
model)

Astrophysical
beam dump




A simple toy model for the source

B — pt+e +U. R VAR

=t v+,

Delta resonance approximation:

n n—+ 7" 1/3 of all cases
pry— A _){p+7r0 2/3 of all cases
Cosmic messengers

(Same process during propagation of cosmic
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Typical hadronic radiation processes

> Nucleons (protons, neutrons)

= Photo-meson production, e.g. 670 A = I
DAy — At _){ ”+7T;L " Color coding: >Fe |
p+m 25 [ lifetime ]
u +a- i i [ (red: unknown Z
py & pe‘*e pair production  ark blue. stable ]
= pp collisions 20 |- white: very fast -
[ decay) ]
= Beta decay (neutrons)
N 15+ -
. - []
> Heavy nuclei i
= Photo-disintegration (produces 10 ]
unstable isotopes) ;
5¢ i
= Photo-meson production i
= Beta decay (typically blue), —> (L _'
Spontaneous emission of 0 5 10 15 20 25 30 35

nucleons (most extreme: white)

N
= Ay & Ae*e pair production

= Ap collisions
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Acceleration of primaries (protons, nuclei)

Example: Fermi shock acceleration

> Energy gain per cycle: E> n E | ?p ®
|

> Escape probability per cycle: P,

: In Pegc 1 S l |
> Yields a power law spectrum ~ F "Tnn o @

> In P,./In n ~ -1 (from compression ratio of a strong shock),
and E-2 is the typical “textbook“ spectrum
‘-‘::‘ 1
> Although theory of acceleration at — - ! 7
relativistic shocks challenging, we §107
do observe power law spectra in S0’ ™ UHECRs
Nature Enw 4; >\?¥T1o—2o nUltL%hlgh
: . 107 e sgcrcor Y T energy cosmic
> For multimessenger perspective: SRS .  |rays
adopt pragmatic point of view! ol R et sy,
(we know that it works, somehow ...) . - K

v MSU
A JACEE

m Proton—Sat ey

<
Ees s P MR B | TR B | T B TR w A
2 3 4 5 6 7 8. 9 10 11 _12
log10(Ep/GeV)
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Maximal primary energy (generic concepts)

> Confinement condition in accelerator (R: size): N Centrifugal force
FL=FC > E =qcC B R (V=C) F.=m c?/R = E/R

> Larmor-Radius of a particle R, = E/(q c B)

max

Lorentz
force
v F.=qcB

> Rigidity (stiffness to resist magnetic field)
is defined as R, B ~ E/(q )

> For nuclei at same E: q ~ Z = Rigidity ~ 1/Z
=2 n R/ /c ~ E/(c? q B)

> Acceleration rate with ) = (here) fractional energy
gain/cycle ~ acceleration efficiency:

1 dE dE 1 1 c’qB -
t_ 1 — ~Y — o p— ,,
e E dt E Tcycle 7 Tcycle 7 E '7

> Maximal energy including acceleration efficiency
from t,.=t...~R/c (free streaming escape) => E, ., ,~mMqcBR

acc escC
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> Cycle time T

cycle




Cosmic vs. terrestrial particle accelerators

Lorentz force = centrifugal force  E_ ., ~qcBR

> E__ ~ 300,000,000 TeV >E__~7TeV
>B~1mT—-1T >B~8T
> R ~ 100,000 — 10,000,000,000 km > R ~ 4.3 km

AGN, GRB
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UHECR sources on Hillas plot

T T T T T T

> Sources which can reach the IS Neutron stars ]
maximal energy (necessary | 2 White dwarfs
. 37| Active galaxies:
Cond|t|0n) 10 | 3 nuclei
E...~NqcBR - 4 jets |
max . L 5 hot—spots
[right of lines] _ 6 lobes
_ - 7 Colliding galaxies
2 S 8 Clusters 7
. ] S I 9 Galactic disk
> Complication: Lorentz-boosted == | 10 Galactic halo
on
sources, such as Gamma-Ray = & gggBR: i
Bursts i
I ~ 100 — 1000 :
relax this condition —s - [ bullcLorentz factor -
(interpret R and B in - Lines: n=1, protons at 10*° eV
shock rest frame; primed quantities!) | NeuCosmA 2010 |
E..x~MqcB R'T 5 10 15 20

Log R [km]

. from Astropart. Phys. 34 (2010) 205
> Consequence for heavy nuclei: (from Astropart. Phys. 34 (2010) 205)

E

max ~ Z (“Peters cycle”)
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Other necessary conditions

> The confinement condition
IS necessary, but not
sufficient

> Example: Protons lose
energy by synchrotron

losses. Loss rate §

=

B q4 BZ E 0

bt e = -
synchr = g reomi ¢’

> Limits the maximal energy
for large B + can affect
Peters cycle for nuclei

Bp.max, 720

NeuCosmA 2010 -
10° GeV ]

10 -
107 GeV

A

Synchrotron cooling

N
[ —

10° GeV

10" Gev |

5 10 15
Log R [km]

(from Astropart. Phys. 34 (2010) 205)
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Less trivial examples: Maximal energy from rate plots

> A more realistic example (Gamma-Ray Burst):
Exercise: 1) Find the dominant process limiting the acceleration, 2) read

off the maximal primary enerqy, 3) check if Peters’ cycle is satisfied

here p
10° ‘
t'dyn-1
t. -1
3 acc
10 _t'PV_1
t'syn"
' -1
S0t oR
'2' t'e“e_'I )
‘7.“ 10~
1073
10_5 3 5 7 9 11 13 10_5 3 5 7 9 11 13
10° 10° 10° 10° 10" 10 10° 10> 10" 10° 10" 10

E [GeV] E [GeV]

L%
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Secondary production: Particle physics 101

1000 ————r————— T —————— T ——
I 1 H C total
> Beam dump picture (particle physics) c | 4y Aes. .-
© E iffraction —-—--
Beam of p, A, ... g | resonances -
§, (Miicke, Rachen, Engel,f
_ S Protheroe, Stanev, 2008;]
> Interactionrate ' ~c¢ N [cm3] o [cm?] 2 SOPHIA)
:§ 10:_ 2 A -
Target density (e.g. N,) critical or 1 1&3 \'/)' e tooo
. ' € e
for secondary production! (Photon energy in

> Astrophysical challenges:

nucleon rest frame)

= Feedback between beam and target (e.g. A Q, out
photons from n® decays); need self-
consistent description called radiation  Q, Qp out
model —_—> _—>

= What you see is, in general, not what
you get in the source

—
Qy,out
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Radiation models: one spatial zone

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

ON; 0O N;(E)
= — (=b(E)N;(E)) — - Q(E
5 = a5 CVMEIN(E) - ==+ Q(E)
Cooling/acceleration Escape Injection
b(E)='E J[_1Ioss

Q(E,t) [GeV-!' cm= 5]
N(E,t) [GeV-!' cm-3] particle spectrum including spectral effects

> Injection: species i from acceleration zone, and from other species J:

QE) =Qi(E)+Qji(E)

anT
— NAFRENTI T (p.) I
QilE) = [ aB; N(B)TI(E) “ - (B, E)
: Density Inter- Re-distribution
~ other action function +secondary
species rate multiplicity
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Steady state solution: dN/dt ~ 0

> System typically reaches steady state very quickly:

0 N(E) One equati
EF) = — ENN(E ne equation
Q( ) 8E (b( ) ( )) + / Loarrﬁslc;h
species!

esc

> Typical “escape” processes: Escape from region, decay, disintegration,
photomeson production (if species changed), ...

> Typical “cooling” processes: Synchrotron cooling, pair production, adiabatic
cooling (by expansion of region)

> Simple case: No energy losses b=0: N (F) = Q(FE) tese

> Special case: t.. ~ R/c (free-streaming, aka “leaky box")
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... can be also more sophisticated: spatially resolved models

(synchrotron radiation,
ionization loss,
reacceleration, ...)

diffusion with diffusion energy losses and convection with
coefficient D; gains velocity O
ON 0 s
ot OF
/
) io; . (E, E") , )
+ (Qi(E,t))—(piNi [ — E ’ Ni(E')dE
m “— dFE
source term loss term k>1
cascade term: feed-down from higher
energies and nuclear fragmentation
I _ wp 1 processes
0ss term p; = oW + v
Exercise:
G. Maier What are the new terms you haven’t seen before?
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Example: Neutrino production from py interactions

Q(E) [GeV-' cm3 5]
per time frame
B N(E) [GeV-!' cm3]
density in source

Dashed arrows: kinetic equations include cooling and escape

Input = Object-dependent
= Astrophysics!

photohadronics [
Q% (E)

(N (E) N’ (E’)
weak decays |~ I
4 A 4
QB [QE) Q.. ()] [z (E)
: E from 7
N, ()

from:

’ ’ ’ ’ /7 ’
QVH (E ) Baerwald, Hiimmer, Winter, Q"u (E ) QG. (E )
Astropart. Phys. 35 (2012) 508

from u*



Secondary (muon, pion, kaon) cooling

steepend above critical energy

. e
NeuCosmA 2011

10° } \(‘}\ésc\:ape”)
97T€0m567 10° -\Decay\\

4
¢ TO€4B/2 10 :

»E', depends on particle physics
only (m, t,), and B¢

ta—l [S—l]

107"}
10—2 L
10—3 L
10—4 L
10~° ISynchrotron cooling N .
10_6./.........\..
10° 10" 10% 10° 10* 10° 10° 107 10° 107 10" 10" 10"

E’ [GeV]
Baerwald, Hiimmer, Winter, Astropart. Phys. 35 (2012) 508;

also: Kashti, Waxman, 2005; Lipari et al, 2007; ...
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Secondary (muon, pion, kaon) cooling

Secondary spectra (u, m, K) loss-
steepend above critical energy

ImegmPe”
c TO€4B/2

»E', depends on particle physics
only (m, t,), and B¢

»Leads to characteristic flavor
composition and shape

E,'*-0,'(E,")/I(C', C', GeV em™ s71)

10—22

10—26

1072}
10724}

1072 ¢

‘NeuCosmA 2011

(energy loss)

- (No losses)

from K

10° 10! 107 10° 10* 10° 10° 107 1
E,' /GeV

Baerwald, Hiimmer, Winter, Astropart. Phys. 35 (2012) 508;

also: Kashti, Waxman, 2005; Lipari et al, 2007; ...
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Example: photo-disintegration of °Fe in a Gamma-Ray Burst

> Challenges: a
251 t =0ms
= Arbitrary target photon spectra [
= 481 isotopes, 41000 disintegration 20t
channels; automatic reduction [
15
= Efficient deterministic computation: _ g _
one PDE per isotope 10} | log1g N [cm‘3]f
= Radiation processes: photo- [ iﬁ
disintegration, photomeson 5} = g
production, beta decays, ; oy
spontaneous emissions, synchrotron N S
cooling, adiabatic cooling 2 & 10 15 20 25 30
> Current questions, e.g. o D
Boncioli, Fedynitch, Winter, 2016;
= Dependence on target spectrum? Biehl/Rodrigues+ 2016+ (to appear)
Results for different object classes? NEUCOS

= Does the neutrino production depend
on the cosmic ray composition?

= How are cosmic rays ejected?

. . . Walter Winter | Astroteilchenschule 2016 | Oct. 2016 | Page 22
Talks by Xavier+Daniel this afternoon



Radiation models (blackboard)
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> Particle astrophysics of hadronic sources
(basic concepts)

=

> Radiation models (blackboard)

> Meet the messengers:

= Photons
= Cosmic rays

= Neutrinos

= Gravitational waves

> Examples for generic multi-messenger approaches

> Describing interactions (blackboard)

> Challenges for multi-messenger approaches <— -

> Energetics of sources (blackboard)

> How to address the key challenges; example: GRBs
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Meet the messengers
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Meet the messengers: Photons at multiple wavelengths

emission from high-energy charged particles

(Ly-ray ) Gamse]

... targeted by a variety of instruments
(not possible to review all of them here)
G. Maier Walter Winter | Astroteilchenschule 2016 | Oct. 2016 | Page 26




High-energy photon propagation/attenuation

>Attenuatedby T 1 |- U I I T
= Thomson scattering (ye > ye), often in source
Density of electrons matters!
Concept of photosphere

protons

nearest BL Lac

= Pair production (yy & ee), e.g. on cosmic
backgrounds
Distance and energy matters —_

> Pair production on CMB (~0.2 meV):

s=(P,+P,)%=P 242 P, P+P,2  "®a—
=2P1 P2=2E1 E2_2p1 pzcosez _3 111‘H511|1T1|111111ﬂ§1111i|>11

4 E.E 10 12 14 16 18 20 22 24
1 2 o Iogm(EfeV)
(photons, center-of-mass frame, heads-on collision)

- arXiv:0901.4085
=m2 +2m,m,+ m.22=4 m.? (electrons at rest)
3E,E,>m2> E, > 1015 eV

Walter Winter | Astroteilchenschule 2016 | Oct. 2016 | Page 27
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Gamma-rays: Key experiments

CTA; MAGIC, VERITAS,H.ES.S.

Fermi-LAT

-8

107 after Funk et al (CTA, 2012) and Abeysekara et al 2013
= - 4 bins per decade energy
7)) . (equal bin size on log scale)
o 10°%
e O
o - _ HESS/
2 101 — LAT - 10yrs (inner Galaxy) VERITAS -
§ = 100 hrs
Nu 10-11 =— N HAWC 4
- - > 1 yrisyrs ‘
5 r ~.
L a2l
5 07E
S n LAT - 10 yrs (extragalactic)
—
& 10 . .
5 . .

N CTA-1000hrs "~ _

10'14 11 lllllll 11 lllllll 11 llllIII 11 llllllI 11 lllllll 11 llllllI L L L Ll
3 5 6 8
102 10 10* 10 10 107 107 ;. ge 23
Photon Energy (MeV)



Current theoretical paradigms S

Example: Multi-wavelength campaigns for AGN blazars /

Model 1st hump 2" hump

Leptonic e synchrotron | Inverse Compton (ey)
on synchr. or ext. y

Hadronic Proton Hadronic process
synchrotron (e.g. n® decays)

Lepto-hadronic e synchrotron  Mixed processes

eV / keV MeV GeV T<7J</ PeV EeV

" -8 S o A o

cI\IVJ —— photon * IC-3yr o B}/rst - A 2LAC

! — ——-neutrino° A S S

e - .

2 —10

O

5

=2

Z,  _19.

c:]O 12 (from Gao, Pohl,
o Winter, 2016)
S

%{) Oct. 2016 | Page 29
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Meet the messengers: Cosmic rays

> Charged particles, proton or heavier nuclei

> Spectrum with breaks (knee, 2"9 knee, ankle)

> Composition non-trivial function of energy

1 IIIII:II T IIIIIIII T IIIIIIII T IIIIIIII T IIIIIIII T T TTTTIT LI 4_ H 5 I : :
. : : -
104 E_.“..,,.‘sxslﬁ&i ....... Ga|acﬂc_ = , 5: GalaCtlc CeS Peter
- L Tend extragalactlc : - s ' | |
= [ . Knee ! ﬁ*t%ansmon? - N
2R Sa g ——ryy ?vt 3 C
(\'IE E —=e— Casa-Mia ; E 25 —
© — Tibet 11l 2008 . A C
% — | —+— Kascade 2005 kr ee? ] < ) .
g. 1 02 | — Kascade-Grande 2012 TC/
L - —k— IceTop-26 E B ? :
g = GAMMA 2008 3 1.5 - : :::::cn;?
S | | —e— Tunka-133 2011 - - . —e— Tunka-133
wx - | —+— AGAsA n N ; ~o- HiResMia
NI;U 10— —*— HiRes 1 .- - 1 :_ AAAAAAAAAAAAAAA F : :IL:::
— | —=— HiRes 2 IEIR= - - TA
E | —+— TA201m : %L 3 0.5 i M
~ | —x— Auger 2011 : UH ;ECRS (ol B . 2I3:bal Fit g ;
B ¥ | - : —— Global Fit with Population 4 | :
1 LU | L Nt ““i L IIIIIIIi NN i L | 0_ 1 |l|||||| | |||III|| I |||I|II| 1 |||III‘ I 11 Ili L 11 III]| Ll
106 107 _ . 188 89 1010 10M 106 107 '|08 109 1010 1011
Primary Energy, E } ev] Primary Energy, E [GeV]
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Ultra-high energy cosmic ray (UHECR) experiments

Auger

am

Va. Veranic
Clud de pesty Son i

Telescope
Array
(TA)

Scintillator Surface
Detectors
Asua ot C
a
1786 _

"

Malargue 1!
N ©
: i,
} Marinero,
an-m;‘ Exfon o

W abMe h

o .
A\ 4 ElSalitral-Pro
Py L "W, Virgen del Carmen
s l \ a. "T:‘
XA ; ~Aag 'ro,hn. > El Salitral-Pro
p i -4 Co. de las Cabras
Py Ea. Las L/.lancan; o
* » Chacras 0. TREPAL &4 155

L -J

B
w0




Key issue: Cosmic ray transport. Example: UHECR, protons

> Kinetic equation for co-moving number density: [here b=-dE/dt=-E t",,.]

Y, = 9g (HEY,) + O (bt~ V) + 95 (b)) + Lo

Blumenthal, 1970 e.g. SOPHIA

> |Interactions with CMB and cosmic
infrared background (CIB)

> Attenuation
= UHECR must from
from our local
environment

(~1 Gpc at 10'° GeV,
~ 50 Mpc at 10" GeV)

NeuCosmA2012

=
=
s
23
&
=
&
=
&




Current theoretical paradigms (UHECRS)

TA (Telescope Array) VS. Au g er

24.8 =10 ¢
246 | Pair s b, otal
- prod = sop e Q
= 244t . - . E r .
5 dip Nt = L Sy, =
e 242 s \ T @ 5 - =
= & - BT A B A<4
5 ol GZK S 07 — ®
[y r = =
B sl cutoff | i = g @
»n
w b A i W
> 23.6 B L
2 2 0
23.4 r 1 [y 1036 N
Uniform — . . N E =
23.2 v v e N e N —
18.5 19 19.5 20 20.5 18 15 19 19.5 20 2bf5 u]
log(Energy[eV]) logm(E/cV)
Middle Drum Hybrid
—900r —_
g | T8
S [ e MDHybrid Dota E
~850
H - — Proton
> LT Q
P — Nitrogen 8
Seool —iwon 20
=" - ed
/\§ 7
o<
~ 7
B Solid = QGSJETI—03
650 Dashed —> QGSJETII—04 650 ‘ | |

182184186 18.8 19 192 19.419.6 1Ig'gs(E2(I%v§§}'2 18 185 19 . 19‘5 e 20
loglo(E/eV)
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Meet the messengers: Neutrinos

> Neutral particles, extremely small mass, weak interaction

= Come in three flavors: v, v, v,

Neutrino propagation: E >> 10 TeV:
Absorption/regeneration

=

The standard case:
decoherent neutrino
oscillations/flavor mixing

3
Pag = 3 Uail*|Upil*
i=1

Source vgiv,:v, = 1:2:0 =» Detector 1:1:1
+ redshift of energy if cosmological distance

Walter Winter | Astroteilchenschule 2016 | Oct. 2016 | Page 34




Neutrino telescopes

IceCube

S(]m'

lqsom

245
Om 324m

Eiffeltornet

See lectures C. Finley Walter Winter | Astroteilchenschule 2016 | Oct. 2016 | Page 35



2015: 54 high energy cosmic neutrinos

- mostly extragalactic sources
with hadronic loadings

51 , :

+ 29
1800 . The Earth + .
2 c Ddl el :

E >> 10 TeV.

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

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

Galactic

+ Casoades | I
X Muon tracks 0 TS=2log(L/LO) 10.9

IceCube: Science 342 (2013) 12428565 Phys. Rev. Lett. 113, 101101 (2014); Halzen at WIN 2015

el
Walter Winter | Astroteilchenschule 2016 | Oct. 2016 | Page 36 DESY
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Neutrino spectrum: Power law fits (E, )~

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

. IC cascades

W
Ky

W
v o T -

a— IC HESE (4yr) .
L..r....lc.comblned .....

™
w -

g
o
-

=
o
—_

® o 107 GeV 'em 2s tsr!]
[
5}
1

O
U
o

'_A..‘.—.....ICtracks(Gyr) .........

E.>190 TeV IceCube prellmmary

O

8 20 22' 24' 26 28

Normalization

3.0

M KOWﬂlSki @ Neutrino 2016 Walter Winter | Astroteilchenschule 2016 | Oct. 2016 | Page 37

> Tension in
different data
sets?

> Flattening of
spectrum?
Different
components?

> Softer galactic
component,
together with
harder
extragalactic one?



Neutrinos: Flavor composition

> Measurement > Standard Model expectation
VoV, : v, at source o Std. mixing Vary GU’SCP
W 0:1:0 % 00 —20  NH 0.1 f.s=0 f.s#0
o 1:2:0 ° i ].8 . BF
M 16

W 36

~

~

//'/////’ 777 7 0

[TTTT T T T T T T T T T T 7T T T 77
0O 01 02 03 04 05 06 0.7 08 09 1
fe.0
IceCube measurement Bustamante, Beacom, Winter,
Astrophys. J. 809 (2015) 1,98 PRL 115 (2015) 16, 161302

(there is a marginal tension ... hint for new physics??77?)
Walter Winter | Astroteilchenschule 2016 | Oct. 2016 | Page 38



Meet the messengers: Gravitational waves
: GW

Fluctuations of metric tensor — general relativity. Black hole merger:

SXS Collaboration/Canadian Institute for  waiter winter Page 39
Theoretical Astrophysics/SciNet




Key experiments: Advanced LIGO

e Hanford, WA
N\
\
\
\\
[
)
: v
t —
|
\
\
\\ 'I
“+” polarized GW \ ﬁ '
propagating \ '
orthogonal to the \ P 4
screen N ~ "
] -
Giacomo Ciani - - -

Livingston, LA g




Experimental results

> Currently two evident events, from black hole mergers:
GW150914, GW151226

Hanford, Washington (H1) Livingston, Louisiana (L1)

H — L1 observed
- H1 observed (shifted, inverted)
1 1

[ = H1 observed
1

Strain (1072%)

Ll — Numerical relativity L{ — Numerical relativity -

Reconstructed (wavelet) Reconstructed (wavelet)
I Reconstructed (template) I Reconstructed (template)
1 1 1 1

Ligo/Virgo, PRL 2016 x 2, Figure: GW 150914

> First estimates for BH-BH merger rates ~9-240 Gpc-3 yr! arXiv:1606.04856
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Multi-messenger follow-ups ... found nothing!

Bartos @ Neutrino 2016




Theoretical paradigms?

Observer ?

neutron star

/ gravitationa,
waves /
/ neutron star

merger,

massive star

ar "V’tatfona\
Waves
, ]
black hole accretion disk

core collapse

jon disk b bioct. 1A \

gravitati
wave

/

Walter Winter | Astroteilchenschule 2016 | Oct. 2016 | Paae 43 ( DE.SY

Bartos+ 2016; see e.g. arXiv:1602.06961, arXiv:1602.06938, arXiv:1609.09832 for theory papers



Examples for generic
multi-messenger approaches

v
@ﬂ\O
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Observational strategies: Transients

> Example:
Astrophysical Multimessenger Observatory Network

> Triggers from observatories watching large portion of sky
N

© Cosmicrays
O Photons

@ Grav. waves
@ Neutrinos

Walter Winter | Astroteilchenschule 2016 | Oct. 2016 | Page 45



Waxman-Bahcall argument

> Neutrino flux ; '§ f_— (I': _'LAT)' oCin (/ipd 2615) '

' H - F imuse ~ (rermi cetLupe
compatible with 107§ Gosmic rays (Augen) ]
expectation from — : ¢ rays g '
UHECR injection +e.., B Cosmic rays (TA) |
. . . E 10_6 = ...'. ~]
(if efficient © : Y ... V "'L CR :
secondary . \ e L @ 3
production) ~ 10 F 2 3
Waxman, Bahcall, 1999 . JETTCIIE, "SPPRLRN B T : {..... .......................... :
- | e, '
& 0L 13 1

= : Pair :
= 0ol production ‘
X 3 <
> Caveats: 2 - onCMB ;
« Extrapolation over 10-10 [ Similar energies in gamma-rays, neutrinos §
many order of E = & cosmic rays injected into our Universe!

= If not E-%, imbalance 10° 10t 10% 10° 10* 10° 10° 107 10® 107 10' 10!
in energy

E [GeV]

Mohrmann, Kowalski
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Constraints from diffuse y-rays (Fermi) Q )

> Recall that n° (& y) and =t (» v) are produced together.
Model-independent constraints? [works well for pp sources] >

> Saturate diffuse extragalactic y-ray background:

hadronic y-ray emission normalized to best-fit non-blazar EGB

10-5 L L L L R L
: Fermi 2010 +—+—
R Fel’ml 2012 —t— — v (per flavor)
6 — totaly
‘_I|._. 10 - f { _§ = - directy
- ]
0 . — =+ cascadey
— [ Atm. v, . HH EGB (Fermi)
Nm 10—7 s - n "i" I'I'I IceCube combined |
5 : { _ T
2 108 | NI T sl dudceCube 2013] >
E ~ 3
2 : Vi N = 1
& i cascade Qn NG £ T
o~ N
w909 L BGs 3
- E 10_9 I N
| 2FHL rang'é.: So combined fit range
10‘10 0I py lI ~ 2I = 3I ~ 4I py 5I ~ 6I ~ 7I R 8 ld_z 0‘1 1 - 10 162 163 164
10° 100 102 10° 10* 100 10° 10 10 | E [TeV]

E [GeV]

Murase, Ahlers, Lacki, 2013 Bechtol et al, arXiv:1511.00688

> The problem is actually more severe: the non-blazar contribution to the
extragalatic y-ray background is small (e.g. from starburst galaxies)
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Cosmogenic neutrinos

n+n" 1/3 of all cases
cuB p+ "  2/3 of all cases

10°° ,
> Neutrinos probe the Universe beyond Protons
the local environment —> ol only
> Example: ‘L
1078 *

E dip model,y =2.5, GRB, CIB1

Ep max= 1077 eV

E,~%02E,~005E,
v p p \
E ~%02E,~0.10E, °

Attenuation length (z=0):
vy ~1 Mpc, Proton ~1 Gpc (z ~0.3)

107%F

10710}

(all flavours) [GeVem 2 s sr7']

— 05=<z<15
—_ 15=<z<25
— 2.5<2<4.0
— 4.0<z=<60

X
-
8
Rs
o

% 11
qoo7t

s 0—12

log ,, (L/Mpc)

M. Bustamante

] \\ ete” “\ /'/
; 7 H b TS \
i ofons : i ] \
i i i ;
: n 0 “\
ne; ns E ‘\\
o - .
T T e
a1 TR SR N S R A B L | L] a : ’ * g
ooorom e e o 2 A £ ter | Astroteilchenschule 2016 | Oct. 2016 | Page 48
log ,, (E/eV) log Gov




Neutrino bound on proton dip model o C—

24.8 T T
> Re-call proton dip model paradigm —> =26} palr <
Berezinsky, Gazizov, Grigorieva, ~2005 T 244t pdip ' % % E.
-‘E 242 - . ®
5 24l GZK a
. . . fr i cutoff | 1
> 3D fit of 7-year TA data in tension o == N 2
; ) S 236 1
cosmogenic neutrinos = sl ] S
Heinze, Boncioli, Bustamante, Winter, gy g | MIONTIY = : : W
. 18.5 19 19.5 20 20.5
Astrophysical Journal 825 (2016) 122 tog(EnergylsV])
10° — 1074 s :
Fit region ‘Tw 10_5; lceCube 2014 _ What doeS |t
= 2 gl | mean?
(%] 1
. 5 |
i TAT=yr > : . Heavier
& 10° » O, 1078 TA fit min - composition?
& — Best fit g 10_9
o == 68.3% C.L. é 10-10 _ ::‘;"C.L Transition at
W = 95.4% C.L. 3 1 —95.4% C.L. ankle?
99.7% C.L. — 10 - 99.7% C.L.
M0t 0 0™ 10" 10" T I 108 10 10 10"

E [GeV] E [GeV]

> Similar arguments from y-ray BG e. g. Supanitsky, 2016
. | C Walter Winter | Astroteilchenschule 2016 | Oct. 2016 | Page 49



Describing interactions (blackboard)
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> Particle astrophysics of hadronic sources
(basic concepts)

> Radiation models (blackboard)

P

> Meet the messengers:

= Photons
= Cosmic rays

= Neutrinos

Lecture 2 >

= Gravitational waves

> Examples for generic multi-messenger approaches
V> Describing interactions (blackboard) >

= Challenges for multi-messenger approaches  <— -

> Energetics of sources (blackboard)

> How to address the key challenges; example: GRBs
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L



Challenges for
multi-messenger approaches
(including special feature on stacking analyses)
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Challenges for multi-messenger analyses and models

Key challenge 3:
Secondary production
very sensitive to
geometry estimators

Key challenge 1:
How do cosmic rays

f)
e.g. SFR escape from the source”

evolution

Key challenge 2:
Baryonic
loading?

Key challenge 4:
Self-consistent
description?

Astrophysical
beam dump




Neutrinos from CR interactions in our galaxy ° —

> If the protons deviate from E-2 (as we ok | M
observe), the neutrino spectrum strongly o t* N |
depends on composition asf Lt LA
ézf “J"g‘/ I \\ / pd
vms%’// :;:::;“ M\ / %‘+
o2 %: P:g‘: %UQlECR’;
ot Ll | .

RN 1 L1l 1 1 1 IR 11
10° 107 108 10° 10 10"
Primary Energy, E [GeV]

Gaisser, Stanev, Tilav, 2013

Dashed —dotted: Hypothetical Joshi, Gupta, Winter, MNRAS 439
: (2014) 3414

Solid thick: Gaisser et al 2013

10% 10° 10° 107 108 10° %
steilchenschule 2016 | Oct. 2016 | Page 54
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Multimessenger stacking analyses

(Source NASA) SR

A ' \ Coincidence! h
GRB gamma-ray observatlons

(e.g. Fermi, Swift, etc)

A) B)

(3qn)HdI] :33.an08)

> Constrain the flux in messenger B) for individual
similar-type objects observed in messenger A)
(typically photons in different energy bands, such as X-rays, y-rays)

> Use timing (transients, flares), directional or energy
information to reduce backgrounds and filter out the relevant
information from messenger B)

> Effective background reduction techniques e.g. for neutrinos
(Atmospheric backgrounds are suppressed by “duty cycle” of
observation, energy cuts or directional cuts)
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Stacking analysis, illustrated (e.g. neutrinos, transients)

> Expected number of events 10°f
from one transient:

N, = / AEF;(E)Aug (E)

***************** T S |
10} Séiéﬁéé"3'42'"(2'0'1'3')'”1'242'856 """"""""""" L """

Neutrino Effective Area [m? ]
=
o
o

Effective area A typically includes
analysis cuts; fluence (time-integrated flux ol i i i
from a transient) F; in units cm2 GeV-' o **Neutrino Eneray (Tev] 0

> The fluence F,; typically has a specified shape and a free normalization,
e.g. _ —2 (if all sources are alike
g F. =K -FE ( )

> Expected total number of events [N = g N; can be translated into a
limit on K (e.g. N=2.44 for 90% CL with 0 BG) (Feldman, Cousins, 1998)

> If a prediction or I|m|t for F; exists, one can convert that into a quasi-diffuse

flux ¢qp = (47) ' F; ", where 7 is the expected number of transient
events (observable in messenger A) per time frame (year)

> Exercise: How do prediction and _ |
. . . B B Walter Winter | Astroteilchenschule 2016 | Oct. 2016 | Page 56
limit scale with observation time?



Real-life example: AGN blazars

> AGN blazar e e
search with [| 2LAC Blazar Upper Limit - - éequal we;ighting ]
ond Fermi-LAT ._I'.—' 106 H=—— T'si=—25,E, > 10 TeV |..i-..coovns ~y~weighting - ;
atalogue - | —— Ts=-22,E,>10TeV | ¢ ; 1

g CTE i . . .
- Power law E 1O~ Th i
shape @ ; g | - - 5 5 |
| Z 108l qppsr.{...é. e pe |
> Different limits L :
tc_Da L : e, ;
assumptions: . 5 % D il [9% - 27<7j
. AllF. alike 2|v 1079k i R Tl T ]
s | T S z
= Ry~ R 10-10 " | Astrophysmal Dlﬂ'use Flux | % E
AR NN NN A Sy PRI R deddddad e e - Y |
> However: 102 103 102 10° 106 107 108 109

wouldn’t one
expect FY ~ (FY)??
(Secondary production ~Density?)

Neutrino Energy [GeV]

(Thorsten Glisenkamp, arXiv:1502.03104;
Kowalski@Neutrino 2016; IceCube to appear;
for the experts: see also talk by

M. Peptropoulou at TeVPA 2016)
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Gamma-ray bursts (GRBs)

Most energetic electromagnetic
(gamma-ray) outburst class

Several populations, such as

Long-duration bursts (~40 — 100s),
from collapses of massive stars?

Short-duration-bursts (~0.1-15s),
from neutron star mergers?

Typical redshift 1-3
(cosmological distances)
Useful as "standard candles™?

(!bservii light™s
Jeurves come
In large

GRB 2105023 GRB 210711 GRB 920216B
trig #143 trig #512 trig #1406

GRB 220221 GRB 221003A GRB 221022B
trig #1425 trig #1974 ¢ trig #1997

M@MW

GRB 230131A GRB 931008C
trig #2151 trig #2571

N

GRB 240210 X GRB 990316A GRB 291218
trig #2812 ' trig #7475 trig #7906

MNJN’J

time (sec) 40 ( E time (sec)

M"%"""ﬂmw

time (sec)

Source: NASA




GRB stacking analysis

> More sophisticated stacking: Use spectral information and measured
properties of GRBs to predict individual GRB expectation

> Need Density ~ Energy / Volume in source
Geometry estimators (from time variability, I') used to compute volume

> Strong limit, "Wy Observed
IceCube, Nature 484 (2012) 351; oA N N predition 110
see arXiv:1412.6510 for update (;’IiB:kawn £50
not the dominant source '

of observed diffuse v flux!

astrophysical
1C40+59 uncertainties

—

+20]

—
<
Nl

(from: Hiimmer,

2 9,(E) [GeV ecm™2 s~ sr71]

. Baerwald,

> Current limit close to Winter
prediction from gamma-rays; PRL 108 (2012)
however: many ey 231101)

assumptions
(e.g. baryonic loading f,1, T, z, t)

016 | Page 59




Neutrino production in AGN

> Re-call connection: p+ v — AT — {

> Assume that 2" peak from hadronic
y-rays (from n® produced with xt*)

> One neutrino event from blazar PKS
B1424-4187

n+7n" 1/3 of all cases
p+ "

2/3 of all cases *

1049
10%®

1047

[;_s810] "I

igh-fluence outburst
Short flare

Probem: cannot describe 2" peak 310"
. . T T O T ) I T |
by hadronic processes only in self- § I
consistent model 4 B E e v ™y £
T T I O A T Y N TN NN NN SR A SR
10° 10'2 10%® 108 10%* 10%
Frequency [Hz]
keV MeV GeV TeV PeV EeV
! N | }' o Kadler et al,
- Burst4e) arXiv:1602.02012,
o Nature Physics
~ Blue/green:
Ieptonlc Orlgln GaO, POhl, Winter, 2016;
' Red /drénge: for working examples: see
‘hadronic origin Petropoulou et al, 2015+
------ -~ 1= | | Astroteilchenschule 2016 | Oct. 2016 | Page 60 QEQSQ



> Re-call connection:

pta— At =

n
p

+ 77 1/3 of all cases '
+ 7 2/3 of all cases

~ T T T T T T T T ! ! ! ! ! ! ! ! !
'(/L) - GOF 99% E>4 EeV 7 10-6 SFR evolution cosmogenic | |
() = ]
v © Auger K _ toyn < Layn
B 7 | 10_7 » VlOIat 3}5,0,;),’:1;::,",0,4\:3 data tdyn < tSyn @ i
n
O Y V' n 0000’0‘:‘:‘:’:‘:2:2:::‘:':‘\‘\ ]
~ R
‘% J 1 ! = ,.:.:.:2:::2:2:2:2**&6_&:0;3.\\
o S

O 102 _
~ 3 % 10—8 .
@ 2 &L
= | CPE:
"

L . 1079 .

Covvnnl oyl
9 .10 11 : SRR )
10 10 10 10 ‘
10 10* 10° 10° 107 10% 10° 10'° 10"
E(GeV) E [GeV]

Ahlers, Gonzalez-Garcia, Halzen, Astropart. Phys. 35 (2011) 87

e.g. Baerwald, Bustamante, Winter,
Astropart. Phys. 62 (2015) 66
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Neutrinos from protons escaping AGN blazars

> Neutrinos from pion production on external photons may dominate over
neutrinos from blazar zone if the cosmic rays can efficiently escape

Can the primaries efficiently
escape from the blazar zone at
108 GeV (here: black hole frame)?

dust torus
‘VVV\;. . (|R)
accretion disk . |
(UV' X) . | I E:LR/DustlTorus '
‘ ®ro N Blazar Zone -« -
_/ P .
.................................................
> 47 ----------- \\ ‘:}.‘ 7]
\ ‘ cosmic ray ._Iﬁ 46 T ‘ |
\ /i I E b (iuasar—hosted "'_- .
— l‘."'> 44 L blazars 4
blazar zone broadline region w sy & ) AN
(broadband) fopt, OV e N B N
41 i i
‘ aor- S ol R
3 ...._.....-_-;:;}}':‘:'::::“‘ He
38 ..................... e \
3 4 5 6 7 8 9 10 11

loa(E ., [GeV1)

Murase, Inoue, Dermer, 2014
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Impact of assumptions on cosmic ray escape

= The authors assume escape fraction f . =(1-min(1,ty,./t;o0))
What fraction of cosmic rays can escape at 107 GeV (shock frame)?

Murase, Inoue,
Dermer, 2014

0

| g
.

.
.
.
o
.
o
.
P

photohadronic
Bethe-Heitler

12

““““““““ Syn femsssssnanns
“““““““ o J—
) acc - T

I ! I ! I ! , |

4 5 6 7 8 9 10 11

log(e, [GeV]D  (shock frame)

Effective
direct
escape
rate

> Assume that the protons are magnetically confined and only the fraction

fesc=min(1,c R /ty,,) can escape (escape from edge of region within R )
What fraction of cosmic rays can escape now at 10" GeV?
Consequence? Walter Winter | Astroteilchenschule 2016 | Oct. 2016 | Page 63



Energetics of sources,
geometry estimators
(blackboard)

Example: GRBs
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Towards addressing the key challenges in multi-
messenger models

Example: GRBs
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Challenges for multi-messenger models

Key challenge 3:
Secondary production
very sensitive to
geometry estimators

Key challenge 1:
How do cosmic rays

' ,dlst utlon :
& escape from the source?

e.g. SFR
evolution

Key challenge 2:
Baryonic
loading?

Astrophysical
beam dump




GRB - Internal shock model

> One zone model: All collisions <I'> ~ 100-500
assumed to occur at same radius: - =0
RC ~ 2 FZ C tV/(1 +Z) T, Py Tao La0 '

requires “machine-gun* precision vl WA WA ‘
( ; b anv Ny Y Y
T

emitter

Volume ~ R:? t, estimated from T,
t,; therefore strong dependence of
pion production efficiency on

geometry estimator }

(key challenge 3)
Guetta et al, Astropart. Phys. 20 (2004) 429

> Multi-zone model: Distribution of
collisions depending on properties
of the central engine

(needed to dissipate initial kinetic
energy efficiently)
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Key issue 1: How do cosmic rays escape from the source?

Three extreme cases:

> Neutron model "
Neutrinos and cosmic rays (from neutrons) [P+ 7 — AT — p 470

produced together
(depends on pion prod. efficiency, blue curve, softer)

(pure neutron model excluded in 10~ Lo S0 eres ) n=034
IceCube, Nature 484 (2012) 351) w0 L
. 10_4 7 p.max
> Direct escape (aka “high pass filter”, “leakage”) o] S lmap
Cosmic rays can efficiently escape o] s escapine p hard
. . . . . - ar
if Larmor radius reaches size of shell width Y S B2 ___ =t B

E*F"GeV-cm™

(conservative scenario, green curve, hard) 0S|
(from:Baerwald, Bustamante, Winter, ApJ 768 (2013) 186; |
same argument used for nuclei in Globus et al, 2014)

softer

10—10 L

> “All escape”: magnetic fields decay quickly ™
enough that charged cosmic rays can escape ' . 1o o o 10t 107 10 se 100 on

(most aggressive scenario, dashed curve, ~ E-) E/GeV
(without prop. effects)

> Diffusion (need spatially resolved models ...)
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Dependence of escape mechanism on shell parameters

> Escape
mechanism
depends on
shell
parameters

> Direct escape
dominates if
neutrino
production is
inefficient

> In fact, same
model, only
different
parameters!

1000

800

600

Optically thin to
py, but neutron
escape
dominates

400

Baerwald, Bustamante, Winter, ApJ 768 (2013) 186

n=0.1
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Key issue 2: Baryonic loading. UHECR fit to TA data

> Baryonic loading (f,"") is obtained by the fit to UHECR data (no input!)

> GRBs can be the sources of the UHECRs for reasonable f_

10* 1073

== CR (neutron dominated (#1)) NeuCosmA 2014\  [C (2()1() ' 12) - _ -
I'=300 x*/dof.=253 A 107 ¢ diffuse UHEv, _~ ;
= flavor limit  _ ~
. = = CR (leaka e dommated #2 — 1077 P
T 2 10 stacking
o~ = g~ « ORB Jimit
| (\l.
Ng 102 g 100
% E 10—11
Tﬂ _; 10—12
O 10l ~
i w01
1071412 s’ = prompt GRB v,+v,
10° - , ~ NeuCosmA 2014 10-15 ( . 4 — COSInogenlc Vy+V,1 |
107 10% 10° 1010 10! 10° 10* 105 106 107 10® 10° 10% 1011
E [GeV] E [GeV]

Baerwald, Bustamante, Winter, Astropart. Phys. 62 (2015) 66; here figures with TA data
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UHECR fit of ankle model: the power of (future) v data
UHECR fit (TA)

1000

.32%23‘0 2 {/dof = 3.86/6 A
logof” \ @ 10g10(Liso) 3 52- Direct
800 escape
IceCube significant
cosmogenic
searches 6066 5
(15 years)  — 1 | S -
lceCube GRB 400
stacking ——— Netétr?n
(15 years) MO _e
200 dominates
lceCube v
excluded
(current) 109 10 10°' 10  10%
Neutron Liso [erg s7'] _
model Baerwald, Bustamante, Winter, Astropart. Phys. 62 (2015) 66 =0.1
ruled out! Neutrinos test
UHECR escape meChanism! Walter Winter | Astroteilchenschule 2016 | Oct. 2016 | Page 71
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Key issue 3 (sensitivity to geometry estimators)

Back to the roots: use multiple collision zones

> Set our shells with I" distribution

> The light curves can be predicted
as a function of the engine
parameters

> Consequence: Collsions radii are
widely distributed!

> Neutrino flux not directly
proportional to gamma-ray flux!

— gammarays
neutrinos (all flavors)

i " HIAl (T 1]
i R SRR E AN R R
" . P N i (T
bR i wR o Wil
S AEERE TR AR T A SF A
pou o §h v E'R_:‘.' F,

e ] ) 1‘ i g

log,o(F/GeV cm™ s7")

81N, 21000, Ny =990, Steng=0.018;.4,=0.06s
% 20 40 60 80
tobs/S

Central
emitter

r

1T

Bustamante, Baerwald, Mcurase, Winter,
Nature Commun. 6, 6783 (2015)
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Consequences for multiple messengers from one GRB

neutrinos cosmic rays gamma rays
1073 g e Subohotosmhene: 1014 108 g
1074 o o :)pt:-:ktzt:,.s 10%¢ 4 UHECR - 10% CTA |
105 Wi - 10"} ; 104 .
D) : " sk e o direct p escape - : :
£ 10° S 10" S 10
> 107 1§ 100 & 10%
O 1078 ¢ T 109 > 10'¢
= 1079 T B0t . £ 10° LAT
{.ﬁ 10710, Mo Haot _
1071¢ 10° 10725 7"
1072 a 10 1073 ¢ GBM%
107 os ‘ 10 6 10
10° 107 108 109 1010 1011 1012 108 107 108 10° 107 10" 1012 108 107 108 10° 10% 10" 1072
Rclkm Rc/km Rc/km
- . 0.30— — .
> The different messengers originate from _ p nescape i
. . [ : i L E
different regimes of the GRB ogs | rectescape 5
y: . - : : 0
where the densities are very different 3 e neutrinos {E
3020 2| £
> Observables from y-ray observations may 5 g UHECRS =
: 2 : D
not be representative for the other 5015 £ / e S
(o] [ H P -~ - i
messengers Sot0 e |
Bustamante, Baerwald, Murase, Winter, : -1
Nature Commun. 6, 6783 (2015) 0.00- é:-'”' v ; 1‘2'

log1o(Rc/km)



Consequences for neutrino production

I is0= 53
> Logic: can only use observed Eis,=10° erg per GRB

. 11 . . 11 _8 FET T TTII T TTT700 TTTI T TTI T OO0 T Ty T T T T AT T T T TS
gamma-rays to predict “minimal 107 b C40+59 stackin :
neutrino flux. These come from 10~ GRB limit
beyond the photosphere s 10-10 . Subphotospheric Standard B;Jerg?cqii:')%l

< = extrapolation _I. ]

S . o a1l N .

Therefore, this minimal neutrino flux « 107" - evolving

is dominated by a few collisions just § 10-12 | fireball \ -

beyond the photosphere (red) g ol g

Z 1077 ¢

> E2¢~10" GeV cm2 s sr S : :

o 107

> This prediction is robust v E

(hardly depends on T, baryonic loading) 10

because Thomson scattering 10-16 £ |
(>photosphere) and py scale in 10° 10’ 1021031041051061071081091010

same way with particle density (for E | GeV
fixed E'SO) Bustamante, Baerwald, Murase, Winter,

Nat. Commun. 6, 6783 (2015)
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Key challenge 0: What if ... Auger is right?

> By the same logic, UHECR nuclei can escape from regions where
photon densities are lower (relevant R, somewhat larger)

1014 e rr——r
1013
1012
1011
1010
10°
£ 108 .
107

10°: .
105E b :

TOF g g g
10 10 10 10 10 10 10

Rc / km

ax | GeV

T 1T

E

EFe,max (GeV)

1014
1013
1012
1011
1010

100

108

107

106 .
/\ Photodis. limited

105 E O Adiabatic limited I',=500, (I')=369

104 EEETT AT AR WA 1] AT
106 107 108 10° 1010 10" 1012
R (km)

Bustamante, Baerwald, Murase, Winter, Nat. Commun. 6, 6783 (2015); arxiv:1409.2874

> Can describe Auger observations: see Globus et al, arXiv:1409.1271;

arXiv:1505.01377
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GRBs with central engine ' ramp-up and slowdown

... first steps towards multi-messenger — multi-wavelength approaches

> Fast variability + ?18- R = ———
pulse structure %8: MFerml—GBM GRB 3
Bustamante, Murase, g 18' - A T —
Winter, — 50 . . S
arXiv:1606.02325, § 40 Fermi-LAT
ApJ (to appear) o %8 M Delay ~ few s
S 0 ' ' -
" _ " " _ o 50
> 'IIE'|rbne gelays mthl(?hf £ ‘3‘8i cTA
ands expected | 20 W Delay ~ 10 s
there is a correlation 18‘ _ , , | “;
0 20 40 60 80

between R, and t_,:

tobs [S]

> Time delay from suppression of high-E signal
by vy interactions from early collisions at low R

06 7 8 9 10 11 12 Walter Winter | Astroteilchenschule 2016 | Oct. 2016 | Page 76
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Summary and conclusions

> Multi-messenger astronomy: use observational arguments
(timing, direction, energy, anisotropies, multiplets, ...)

> Beyond that: analyses typically rely on a theory for the source, which may
be sometimes hidden; assumptions have to critically reviewed, and may be
over-simplified

> Bottom-up models predict different production regions for neutrinos,
gamma-rays, cosmic rays; consequence: difficult to relate messengers to
each other in model-independent way.
Advantage: clues how to search the haystack > FhSss

> Discussed key challenges: Cosmic ray
composition, cosmic ray escape, baryonic
loading, geometry estimators, self-consistent
description of emissions

> Multi-messenger astrophysics can address these questions!

[but we are not yet there ...]
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