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Astroparticle Physics

» Measurements: photons,
cosmic rays & neutrinos

= Modeling:
Multimessenger approach
—> explain all signatures at
the same time

= Theory: Microphysics
(hadronic
interactions/radiation),
Macrophysics (cosmology,
plasma physics)

Figure: JBT & Merten, Phys.Rep. (2020)
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* Part I: Cosmic-ray
propagation —
Plasma Physics

= Part ll: Local source
physics — particle
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Transport: diffusive VS ballistic ~>_._4

on ~
§=\7-(D-\7n)+Q

Merten, JBT, Fichtner, Sigl, JCAP (2017) + 6B

Reichherzer, JBT, Zweibel, Pischel,
Merten, MNRAS (2020)

General rule: system size >> gyro radius: diffusive propagation
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| eaky-Box Modell -§—4

D
: : : . On n
1.) Assumption pure spatial diffusion: = g — pAn ~ Q — —
ot T

esc

. D
Disk =2
: on
2.) Assumption of steady-state: | —~0 | 3 @ =) e
Jat D(E,S6B/B)
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Source spectrum Q(E): stochastic acceleration -;4

* Fermi 2nd order,
= Acceleration by surfing from one magnetized cloud to the next

= efficiency ~ (vd%“d)z ~1078

ﬁo + 63'\ /\/'\ﬁy
| L — "I

3 L_____/ \Bo+4B) -

i, .

A S
— ]l &‘2
By @,+B
+ 4B .
2o+ o8 \/;\/J‘.
K_; _@7“5 ; |
- uq :
. % |
R e N |
\ — ' S .
) ) \BUMQ |
D Nl A XL
v 1 BotdB S |
|
I
[

Fig: JBT & Merten, Phys.Rep. (2020)
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Source spectrum Q(E): stochastic acceleration -;4

= Fermi 1nd order

= Acceleration by playing
pingpong at shock
front

= Efficiency ~
vshcock ~10—2

Downstream Upstream
U] = —Ush
.................. e
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Fig: JBT & Merten, Phys.Rep. (2020)



Spectral behavior for stochastic acceleration

~%é

= Test particle, accelerated at magnetic field inhomogenities 5B

= Energy gain: fraction of initial energy AE — E _EO — é: . EO

* n acceleration cycles g —(z+1)-E,|

» This leads to a power-law energy behavior

NGE)=Y(1-P.)

n(E) _

o E77
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Quasi-Linear Theory | ;4

Injection
g = Diffusion coefficient;
‘/ v? ol 1 — ,ug
q D) = —[ dpt
log W(k) 2 Jo 2 Al
T N = Scattering rate

Fros W (kres)
- ~ 2 lg o Tes res

" Kres ~ (1] rg)-1 ~b E"
O Viscous dissipation - Vl/(k)"’k_/1

|
|
|
|
|
|
L W(k) ~ k-
| Kolmogorov (A =-5/3
| Kraichnan (A = -3/2)

| Bohm (A = -1)

|

|

|
Kmin kmax

2 (b\" % 12
D~E*H(3) ~ ~E3
(Kolmogorov)
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Measurement of the parallel diffusion coefficient D

Measurements suggest a diffusion coefficient D ~ E'3
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Fig: JBT & Merten, Phys.Rep (in prep)
Julia Tjus (RAPP Center) @ Lofar MKSP



H?
"n~ . ~ [ ~Ytot
" D(E,68/B) Q(E)~E™ "t
IQ(E)NE_Vsource :
»D(E)~EYdiff |
"Ytot = Ysource * Yaiff~2.4+ 0.3 @*” AN

Ok, that seems to work well —so can we go home now? No! (Sorry...)
Fig: JBT & Merten, Phys.Rep. (2020)



Simulations of the diffusion coefficient -;4

Diffusion equation: L L B B N A B B
D(t)An(x,t) = %-Q(X,t) o _

For the Green’s function of the _
source term (Q(x,t) = 6(x)d8(t)), o
solution is known to be a Gaussian:

2 -20

exp(— SxxJ

n(x,t) = 2;

TTDy o t

_40 1 1 1 | 1 1 1 1

Schlegel, Frie, Eichmann, Reichherzer & JBT, ApJ (2020)
Reichherzer, JBT, Zweibel, Merten, Plischel, MNRAS (2020)
Reichherzer, Merten, Dorner, Plischel, Zweibel, JBT, Nature Appl. Sci., invited (2021)



Simulations of the steady-state diffusion | )
coefficient -y

Idea (Taylor Green Kubo): 100000 TeV : Ry = 108,101 pe
calculate diffusion coefficient 102 — rizsn-owsa o —
. — 1F033 kR = 002200 i'
from numerical results: o msmemms e
LS e S ||
E 100
+ 00 = Z
2\ _ 2 _ S
((Ax)*) = j dx x“n(x,t) = 2tDy,(t) £ 10 B
— 8 IR :
8 102 ! HIWM\ ‘"
- {@w)? e o T
D,, = lim u=const in diffusion limit © ___, '
t—oo 2t E 10
a‘i’- 103 10-1 10! 103 10° 10’

Schlegel, Frie, Eichmann, Reichherzer & JBT, ApJ (2020)
Reichherzer, JBT, Zweibel, Merten, Plischel, MNRAS (2020)
Reichherzer, Merten, Dorner, Plischel, Zweibel, JBT, Nature Appl. Sci., invited (2021)



Calculation of the diffusion coefficient for different -

b/B

RAPP
Center

=== upper RSR 1 v b/B=0.452
10361 & b/B=0.067 ® b/B=0.727
» b/B=0.108 < b/B=1172
A b/B=0.174 v b/B=1.887
¢ bB=0.28 b/B = 3.022
1034 4
—
E %} 1032
Q
e
Q
1030 4
1028 p
101

Schlegel, Frie, Eichmann, Reichherzer & JBT, ApJ (2020)
Reichherzer, JBT, Zweibel, Merten, Piischel, MNRAS (2020)

Reichherzer, Merten, Dorner, Plischel, Zweibel, JBT, Nature Appl.
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= Simulations show strong dependence on b/B

Sci., invited (2021)
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Part Il: Local cosmic-ray sources §—4

Example
Looking through the Galaxy

Starlight towards a supernova remnant
Dust

Bremsstrahlung
Pion-decay

—_—
>
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Inverse

Synchrot
ynchroton A

Optical X-ray

log
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Powerlaws: How do they come about? -;4

| e
Electrons Hadrons
= Synchrotron radiation: = Synchrotron radiation: HE
HE e- meet B-field p meet B-field
" Inverse Compton * Pion-decay: HE CR meets
scattering: LE g gas target

(synchrotron/CMBY/...) meet
HE e-

* Bremsstrahlung: HE e-
meet nuclei

Pion-decay

log( E2 flux )

Radio

Rule of thumb: | inject primary power-law spectra = | receive power-law radiation



Powerlaw for proton-proton

~%é

= Pion production rate for power-law injection
spectrum j, = A,E7Y

o Ex) = [ dE Frso(Ed(E) / 4 jp - exp(—T)

Ey
= T = Nyop, (optical depth in column N_H)

" Opp ® konst

Pion production rate per interaction

3
» Delta-Approximation: E,~ < E; >~ E; |
F’,«T = gﬂﬂ:,o . 5(E7r - <Eﬂ'>) -it'.[_'Li[}I]ill
= Rough (!) approximation for pion multiplicity: . et ‘ ;

magnetic

_ E,— FEy, 1/4 N fields " F Halzen (2002)
Erx = 2(1“) Ero = Eqpt/2

Lve

Target:
Protons or Photons

Approx. equal fluxes of

I V.u photons & neutrinos

Equal neutrino fluxes
in all flavors due to
VeVe oscillations



Powerlaw for proton-proton

=

-l
—
Center

= Pion production rate for power-law injection
spectrum j, = A,E7Y

%Ti’o(ETr) = /;OO dEPFWi’O(EW(EP)) ]OT dr’ Jp ' E‘Xp(—’-"—)

= T = Nyop, (optical depth in column N_H)

" Opp ® konst

Pion production rate per interaction
3

Delta-Approximation: E,~ < E, >~ Eg
Fr = &z - 0(Er — (Ey))

gﬁi/Q

Rough (!) approximation for pion multiplicity:

n —4/3 (a—1/2)
T G- F,
] 9 (pt = 20 - JF\’H Ap Opp m

= Neutrino & y production:
u; (E.v,,;) = (rt (E?r)dEfr/dEua =4 rx (4EI}@)
= =» Neutrino and y spectra:
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=>» Neutrino & y spectra %

24 . F,\ ~le/A2/
qu tot = q}Ei) + qui} + qye ~ 300 . i'?\rH ' A'p ) O-'IJP ) ( Ce\/}rlj)

r

) 12 . E. —4a/3+2/3
q'}-':tot = 2. qﬁr’ ~ 5l - J\H . Ap . gpp . (w)

= =» for o ~ 2, these spectra follow the primary distribution
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Photohadronic interactions

Fig: Dermer&Atoyan, New J Phys (2006)
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Frequenzspektrum fur ein einzelnes Elektron

Center

* Frequenzspektrum: Leistung pro Frequenz:

AV _ pw)=c. F[zj

dtdw
= mit der von einem Elektron gesamt abgestrahlten Leistung

C

i -
I)synch o IP(CO) dw | Fl)=a Ky, (p)dp

* Frequenzspektrum -

° 029 1 2 3 x 4

Ginzburg & Syrovatskii, ARAA 3:297 (1965)



Frequenzspektrum einer Teilchenpopulation dN/dE~E™P ~>_-_4

= Elektronverteilung dN/dE = A*E-P zwischen E, und E,
= =» Von allen Elektronen abgestrahltes Synchrotorn-Frequenzspektrum:

})tot,synch (Cl)) - _[C . F(ac;) j . dN dE OCJ‘ F(gj . E_pdE

c dE c
. 3 3
0} -:5'0)3 -y -sIna
: q-B 1
= Gyrationsfrequenz: ;= oc —
y-m-c y

= = Kritische Frequenz: @, C 7/2

Substitution: E = ymc? = x = /o, = o/o(y) =




Synchrotronstrahlung fur dN/dE~EP

o 4

tot ,synch

() a)_(pT_l] . J- F(x)- x_[%%jdx o @

})tot,synch (C()) W

-
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Example: active Galaxies B 9—4

= Radio emission from Core of Galaxy NGC 426l
gigantic jets Hubble Space Telescope

Wide Field / Planetary Camera

Ground-Based Optical/Radio Image HST Image of a Gas and Dust Disk

= =» Synchrotron
emission with
powerlaw behavior

W = ik
380 Arc Seconds 17 Arc Seconds
88000 LIGHTYEARS 400 LIGHTYEARS




'
Aktive Galaxies: FR-II _‘»_-_4-

= <a>~0.8

source counts
('S
[
1

> <p>=2*<a>+1 ~ 2.6

= Steep spectra — why? 10
= Intrinsically steep spectra of s E
electrons? ) b .

= High synchrotron losses steepen the
spectrum?
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Example: Supernova remnants _,b_"é

= Blue: X-ray

= Red: Radio

= Yellow (top-right):
optical




Example: CasA (SNR) - —

Center

Radio Infrared (850 micron)

www.astro.cf.ac.uk/groups/cosmo/SNe/sne.html
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Observed frequency spectrum -;4

soma T .;;,.--"1 - C
E 850 mu t__,l'r! E ﬂ’ —
x V
ﬂ"f‘f/
-~
3 P (l) oc 1*
d
“10 100 1000 0 0 10°
Wavalangth (um)

www.astro.cf.ac.uk/groups/cosmo/SNe/sne.html



- -
Without Synchrotron yg

450 Micron without synchrotron 850 micron without synchrotron

. Contours: 450 micron
Dust regions

www.astro.cf.ac.uk/groups/cosmo/SNe/sne.html



Spectral behavior - —

Center

p—1 w S0
o =—- 2 - Green Catalog (2009) > >170 SNRs

2 g0 F
2‘ 3
= <g>~0.6 60 |
50 F
= = <p>~2.2 :
40 r
= 2 Kompatibel mit 30 ¢
Schockbeschleunigungs-Szenarium 0 b

| s

0 bl om0

0 01 02 03 04 05 06 07 08 09 j
X



SN 1006: 1 )
Observed energy spectrum ——
Emax(e)

Synchrotron radiation

(Power law) IC/brems/m0?

2 8‘1]

m

-

Q
3

High-energy emission:
spectral behavior?

10-11

E? dN/dE [erg ¢

10—12

10—13

104

107 ,'
P AN AN AN N T SN NN AN N AN | S A AN I I A A e

10" 10" 10°® 107 10° 10° 1@ 10 10° 10° 10" 10°
E [MeV]

o
(8]

100




General differences in different y-ray spectra

~%é

Prozess dN/dE ~ Anmerkungen
Synchrotron E-(P-1)2 Polarisized
radiation (energy-
independent)
Inverse Compton | E-(P-1)/2 Thomson (n << 1)
scattering E-P Klein-Nishina (n >>
1)
Polarisized
(energy-dependent)
Non-thermal EP
bremsstrahlung
n0-decays (pp) EP Emin ~ 280MeV
no-decays (pY) E-*1 E< Ebreak
E® E> Ebreak

------ Synch
q e Brems
IC
T e LY
1077 e no L .
] 4 \
= 3 4 \
— {in=5cm ! \
w ! \
*  {B=10G \
[v] -11 ] - i \
o 10"1p = 2 I ‘\\
2 T / I P .
2 1f /f =100, g *.
o pte < !
> ;. < I |
z 4 ; g 1' !
< 10712 . 1
< m ¥ ]
w ] Emin‘," ,'
4 I
d !
/ I
4 I
i
1013 / I
m !
7 T 'I T T I 1 T T 1 I II - 1 T T I Il 1 T 1 I T T T
10713 10710 1073 100 103
E [MeV]



Brems — IC — 70

= Assumption:
= E-2 spectrum
= Synchrotron spectrum

fixed by observations (i.e.
product n, B?)

= =» dominant contribution
at highi energies changes
depending on gas density
and B-field of the system

Mandelartz & Becker Tjus, arXiv:1301.2437

1000

100 -

n, [cm”]

10




Part lll: Multimessenger Modeling

~%¢

sy
Source Region
(acceleration/interaction)

pions— neutrinos,/gammas

H2+ -»chemical network
“—=vibration/rotation lines

_J

~

Photon, Neutrino and Hadron )
Detection Region

protons and other
charged particles o

interstellar

—» Photons
— Neutrinos
—= Protons etc.

radio

telescope — Myons

E;::__,, Pions

) %3 —= Kaons
& )G n . a2 — Nolecules
Milky Way S @éﬂ‘ —» Electrons/

Positrons

Here: focus on

= Active Galactic Nuclei as
extragalactic ...

= Supernova Remnants as
Galactic ...

(diffusion/advection/interacti on}_J

- _/

... Cosmic-ray sources




. . ] V
AGN with structure relevant for cosmic rays ;4

1/ N\
101 Torus
1 —
10-5__ 1 line
10 regior
-3 . - o ORI = S a2
31 “stial helical field Jativistic AGNjet ____..-----
o R i shock(s) -
12‘5 o moving|stri
0 -L-sSM(B)BH @ e
ial field (7)
r(pc) ‘ bulk plasma coniczf(1 helical field torodial fi
| ; hoc!
acceleration % -« tubulentfield
\ (pc scales)
| | 1 1 | 1 1 | 1 | 1 ~N
1 1 1 1 1 I ~

2

] ] ] ] ]
z(pc)=0“"10° 10° 10" 1 10' 10° 10° 10* 10° 10°

= B-field structure (blue/red): acceleration (shocks/plasmoids), propagation
dominantly along fieldlines, diffusion and energy dependence sensitive to 6B /B

» Gas structure/Photon fields (yellow/red): interactions, relevant for y-ray & neutrino
production, gamma absorption



Multimessenger emission from TXS0506+056 —

energy domain

~%¢

1010k

E2 dN/dE [erg cm™2 s71]

10~13

10714

log(Frequency [Hz])

10~

10-12

Energy [eV]

14 16 18 20 24 26 28 30
T T T T T T | — T
—_— g ,.+.¢
§ +
v
T E
1
i
“
‘7 3 't +
% \ 3
Archival * SARA/UA  —— INTEGRAL (UL) —— VERITAS (UL) ]
= VLA a4 Swift UVOT +  Fermi-LAT —— HAWC (UL)
e OVRO #  ASAS-SN AGILE —— Neutrino - 0.5yr
s  Kanata/HONIR ¢ Swift XRT 4+ MAGIC === Neutrino - 7.5yr _|
v Kiso/KWFC &  NuSTAR H.ES.S. (UL) E
1 1 n 1 1 1 1 n 1 I
100 103 100 10° 1012 1015

Aartsen, ..., JBT, ... et al (lceCube/Fermi/MAGIC Coll), Science (2018)

®

Blazar TXS 0506+056



Multimessenger emission from AGN at the example of -
TXS0506+056 — time domain

4FGL J0509.4+0542 (TXS 0506+056)

Neutrino excess @ ~3c in 2014/2015 1.4x107 ‘ ‘
~ 124007 | Fermi (300 MeV - 300 GeV) . :
@ 1.0x10° L 4 B
2012.5 2013.0 2013.5 2014.0 2014.5 2015.0 Ng 8.0x10°8 |- .t R
+ . ! 4 4 ! 20 £ 60x10° |- . 5 ’++ o .
£ 4+ = Best Fit: Box I_l 10 @ 5 40x10° o * o oe® CUR .
5 = = Best Fit: Gaussian ! \\ 5 = Xe [V S “.“.*‘.-0.’ *e ‘- u’ s ,’”,‘uQ ey
2 ,' \ g 0.0x10° ‘ . ! ‘
g 37 ' & woT ‘ -
[ \ q >
0 B 05 2 25 |- ot + + I i
. ‘ H ' ‘{ N ool | @ B ] ++ e o,
S 1 i “‘]L hl ! l I\I II 1 |I1LI J.|L1| 1 s 0.1 g % 15 + + 1
00 56400 56600 56800 57000 2 T 10
MJD 05| Fermi (300 MeV - 300 GeV) 1
0.0
Aartsen, ..., JBT, ... et al 25 ‘ Y
(IceCube Coll), _ 20| OVRO (15GHz) &
Science (2018) Z st £
N0 .‘:"-f i
s % 2 VI st PO "'w"’\#
=» Two potential neutrino flares of very different nature: -
=>» 2014/2015: ~100 days long, ~10TeV in energy, no MM activity = ]
=>» 2018: 1 neutrino with ~300TeV energy, coincident y-ray flare g
5 o

.0 M—t
54500 55000 55500 56000 56500 57000 57500 58000 58500 59000
Figure: Emma Kun (Budapest) Time (MJD)



Flares due to jet precession?

~%é

Animation: NASA

[\
-

Britzen et al, A&A (2019) t,
Gergely & Biermann, ApJ (2009)
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Prediction of upcoming v and GW flares =>=4

GW-signature during LISA uptime (?!)

Next neutrino flare before 2021 - stay tuned
for unblinding

M]JD

58750 59250 59750 60250 64000 65000 66000 67000
0.30- i
=0.25- i
S i
50.20 :
= :
w
20.15- V.. U 04/10/20
B ? signal uncertainty
0.10- | :
! —— mergertime
0.05- i 77777 LISA window
\ 2020 2021 2022 2023 2024 2035 2040 2045
Date

de Bruijn, JBT, Bartos, ApJL
accepted (2020), arXiv:2006.11288



Galactic cosmic-ray gradient: 101

4 -
. . . . . 7 \'\\ ------- Ackermann+ (2012)
local change in diffusion coefficient? = | N "+ e (ot
£ 2y / .
— Lo, .
dB S [P B
d_N~ Q(E) . E—Vtot ~ 7 E‘Ysource_ydiff(?) ~n E‘Vsource_Ydiff(T) 0_'/ R S
dE Dy(E) P P P |
\ #  Yang+ (2016)
x \
e e
BtOt X T_B < .\'\ ,,.ﬂ'#*é— ! *
D 8 B]/ 8 —'*t!,—
D tot ‘L2_
I Brimvy) S
DJ_ < —— mod. Kleimann+ (2019)
>
2 40l
g 1.0 D" >> DJ_
3
E 0.51 /\,,
= Influence of parallel component increases with galactocentric radius 2 '
= Spectrum becomes steeper
i M YL
o) 1.01
£
c
'9 .......................................................................
Reichherzer, JBT, Zweibel et al, Nature Appl. Sci. (invited, 2021) 205 e
s |7
0 5 10 15

galactic radius [kpc]



Galactic Center: first PeVatron in the Galaxy ->=4

—

~10"
[
o
3
E
[
X -1
i 10
~
. . ~
1072
[ Diffuse emission (x 10) ——
—— Model (best fit): Diffuse emission
— - Model: Diffuse emission Ej;-"" = 2.9 PeV
- - Madel: Diffuse emission Ejyr. - = 0.6 PeV
wonen Model: Diffuse emission Ej,- ™ = 0.4 PeV
3] i
1077 [ Hess Ji745-200 v
IIII\\Il II\\IIIl | L1 1 11
1 10
Energy (TeV)

Abramowski et al (H.E.S.S. Coll), Nature 531:476 (2016)

Galactic latitude (degrees)

01.0 00.5

Lo g g g |
00.0 359.5 353.0
Galactic longitude (degrees)



3-dimensional transport in the Galactic Center

-
region S—————

» CR transport sensitive to

0. eagetic e Sy eI G aiby  1.e404 = gas distribution (direct
measurements)
= B-field (no direct
measurements)

= =» build B-field model from
gas distribution & theoretical
arguments:

= poloidal diffuse & NTF

[Ferriere (2009), Ferriére & Terral
(2013)]

= horizontal MC [Euler Ansatz]

Giindiiz, JBT, Dettmar, Ferriére, A&A
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Center

Cosmic-ray transport: influence of B-field structure - —

—100-

GBDF2020 Field

—200- B o ,

—200 —-100 O 100 200
y in pc

Jansson-Farrar Field (halo component, no disk component)

=>» distribution becomes significantly broader in realistic field configuration

Giindiiz, JBT, Dettmar, Ferriére, A&A, accepted (2020)



Apidl DjiisAGRB/RAPP Center)

Galactic Center — model & measurement

pustriage Cliouds (A-F)

= H.E.S.S. data (color-contours 6 5
can be explain(ed well ) 10” 10

= Somewhat too steep decay >
toward outer edges — possible T 0.4
contribution from diffuse cosmic- =
ray flux? g 02
£ 00
= CTA: will be able to resolve 2 -0.2
illuminated MCs to_high degree g
=» understanding PeVatron, © 04
diffuse component and this ©  £-0.001 1.0 0.5 0.0 -0.5
way being able to detect dark Source model: 3sr  Galactic longitude in deg

matter?

Simulation smoothed to CTA resolution

Giindiiz, JBT, Horbe, A&A in prep (2020)



We are on our way of solving the puzzle of the non-thermal Universe...
stay tuned!
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