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Multimessenger astrophysics:
combination of astrophysics with fundamental aspects of matter
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Information available today to investigate origin

Direct: cosmic rays

» Hadrons: Spectral
behavior (all-particle and
chemical composition)
MeV - ZeV

= Electrons: primary
spectrum (local)
MeV - 20 TeV

= Anisotropy level
TeV - 10 PeV, EeV

| p = proton

L = muon

T = pion

V = neutrino
et = electron
e” = positron
= photon

Julia Tjus (RAPP Center) @ Erice 2022

p Indirect: e, v, v, ...

= Positronspectrum/ -
fraction MeV - TeV

= Gammas: Sources,
diffuse emission
MeV — 10(0) TeV

= Neutrinos: first
detection
TeV - PeV

-
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Multimessenger astrophysics:
a puzzle from low to high-energy and including vy, v, and GWs
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Particle Physics: Heavens and Earth
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Particle Accelerator

beam dump
on target

neuwtrino
beam

Astrophysical Jet

y black hole,
berging neutron stars, &5

Earth Atmosphere

Primary Cosmic Rays

Electromagnetic
Shower
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Forward cross-section measurements L | g
at heavens and Earth B

Air shower collision systems
initial hadron

p-N and p-O

p-0 collisions mimic air shower interactions




Forward cross-section measurements L | g
at heavens and Earth B
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Collision systems at the LHC
Run3: p-p @ 14 TeV, p-O @ 10 TeV

Air shower collision systems

initial hadron
® p-Pb Pb-Pb ®
100 J Xe-Xe B
planned for 2023/2024
Jpo lo00
101

1{ e PP e 0P Pb-p o

1 30 7 190 p-0 collisions mimic air shower interactions

Fixed target data at sub-TeV (LHCb only)
p+(p,...,O,N,..) @ 0.11 TeV

*  Pb+(p,...,.O,N,..) @ 0.07 TeV

+  0+0,0+p @ 0.08 TeV (in Run 3)



Forward cross-section measurements
at heavens and Earth
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Collision systems at the LHC Air shower collision systems

Run 3: p-p @ 14 TeV, p-O @ 10 TeV

initial hadron

® p-Pb Pb-Pb ®
L ]

100 REE p-N and p-O it

planned for 2023/2024 R 4
‘ neutral
"4 v A
o PO Jo0 | e AR
101
7N and 70
1{ e PP e O-P Pb-p o

A 19 % 90 p-0 collisions mimic air shower interactions

Fixed target data at sub-TeV (LHCb only)

p+(p,...,O,N,..) @ 0.11 TeV
Pb+(p,...,O,N,...) @ 0.07 TeV
0+0, O+p @ 0.08 TeV (in Run 3)
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Atmospheric muons and neutrinos 5—4
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Fig: A. Fedynitch, JKB & Desiati, PRD (2012)



Atmospheric muons and neutrinos
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Flux fraction

g

conv, u

GSF,8=60"
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MCEq 1.3

103 104 10°
Kinetic energy (GeV)

102

: A. Fedynitch, JKB & Desiati, PRD (2012)
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Measurements up to ~PeV energies



Atmospheric muons and neutrinos

RAPP

Center

-40

40

uncertainty (%)

[ muon neutrinos

muons

electron neutrinos

Fig: A.
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Measurements up to ~PeV energies

Predictions depending largely
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o)~

depending on first interaction model
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Large uncertainties from unknown part of parameter space -5—5
e

7
CT18 NNLO
[ gluons
6 u+d
[ a+d
5 [0 strange
H < charm
= Forward scattering (n = ) 3
& 4
= Relevance of parameterspace at | !
= |ar % x 3
ge Q s
= small Bjorken x relevant 2

10°° 107 1074 103 102 1071 10°
X

Fig: J. Albrecht et al., Review, Astroph. & Space Science (2022)



Cross section at the highest energies — - —
comparison with Monte Carlo

Center

= Auger measurements of cross _ ® \ii 017 (G ben g
section at+/s = 6 - 10*GeV 2 100 - ATLAS 2011
. o . = -#TOTEM 2011
= Constrains validity of different S =00
. . £ 80— = CDF/E710
Interaction models 2
= = constraint of physics of hadronic & 60 7 QoS
interactions at the highest energies CH —- Sy
] . T A0 -1 —  Pythia 6.115
= Astroparticle physics e | i
measurements can be used to ! 10t 10
constrain models at the highest Vs (GeV)

energies

P Abreu et al., Phys. Rev. Lett. (2012)



The Muon Puzzle
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Z = Zmass

Az =

EPOS-LHC

000204060810
sys. correlation

i

—

i

A

$  Auger FD4SD L Yakutsk AGASA
1 &  Auger UMD+SD ¢ NEVOD-DECOR Expected from X,
$  TceCube SUGAR === GSF
LR T T U T
EleV

Z — Zmass

Az =

QGSJet-11.04

000204060810
sys. correlation

A

N
$ Auger FD4SD L Yakutsk AGASA
$  Auger UMD+SD ¥ NEVOD-DECOR Expected from X,
4 IceCube SUGAR =+= GSF
[T R T TR TR A

EleV

Excess of muons in the data with respect to the simulations (Az > 0)

Need to understand first interaction vertex in atmosphere to solve puzzle

Affects accelerator data as well




Observables of air showers dependent on first ] B>
interaction models =

FAT 900 T ! | T T

= —_— EPOS-LINC
s 1500 m array e

------ QGSleti 08

o 750 m array

5 2 2
17 17.5 18 18.5 19 19.5 20
log(E/eV)

The Pierre Auger Collaboration, Phys. Rev. D 96, 122003 (2017)

Important to understand first interaction models to disentangle cosmic-
ray composition (p to Fe) and this way to identify cosmic-ray sources




Observables of air showers dependent on first ] B>
interaction models =

o 900 T : . T T —ESEPOS-LHC --EAQGSJetll-04 -+ EMSIBYLL23d o data
5 s 1500 m array _ :x"\);l,:t.
& - 018 4-mass-Xmax-fit+model
o 750 m array
0.16F
0.14F
p
o012k
Ml
< 010k N S ——— ]
@)
0.08F
0.06 -
0.04
. : E=10"YeV
INg e L) | I | | l |
550 ! ! ! : . 0027375 14 16 18 2.0 2.2
17 175 18 185 19 195 20

log(E/eV) <RF‘>

The Pierre Auger Collaboration, Phys. Rev. D 96, 122003 (2017) The Pierre Auger Collaboration, Phys. Rev. Lett. 126, 152002 (2021)

Important to understand first interaction models to disentangle cosmic-
ray composition (p to Fe) and this way to identify cosmic-ray sources
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vN cross section at 10°> GeV with IceCube 5.4

Vertical
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Neutrino Energy [GeV]

Comparison of downward flux with horizontal flux =»
measure absorption = derive cross section




Neutrino cross section measurements

| g
- RAPP
‘ Center

DIS to probe inner
structure of proton —
IceCube contributes
to constrain pdfs by

constraining the
neutrino cross section
at the highest
energies

Neutrino-nucleon cross section, 055 [107% cm?]

Center-of-mass energy /s [GeV]

7 e 10° 107 10° 10* 10°
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A BNLS2 X SciBooNE 11
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Accelerator v

High-energy cosmic v Ultra-high-energy cosmic v

102 3 JeeCube tracks (avg. v+ 7) IceCube-Gen2 Radio (10 yr, projected) -

; (IeeCube 17) Using cosmogenic v flux,

IceCube showers (avg. v+ 7) fit to TA UHECRs (Bergman & van \c’het]

101 3 (Bustamante & Connolly 17) — Using leeCube v flux (9.5 yr), E

F o IceCube HESE (avg. v + 7) extrapolated to UHE 3

i (IceCube 200) Using cosmogenic flux
109 & . 5 from all AGN (Rodrigues et al.) i

Eook = uN DIS prediction bf. -+ 1o (BGRIS) ]

100 10° 100 102 10° 10 105 10° 107 105 10° 100 10

Neutrino energy, E, [GeV]
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Summary Atmosphere + Accelerator -3—4 Rape

Primary Cosmic Rays = Cross-section
measurements start to
constrain models at the
highest energies & reveal
problems (Auger/lceCube)

beam dump
on target

= (Observables can be used
to tune MC and to improve
theory

neutrino
beam

= QObservations might reveal
BSM physics in the future
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Part Il Accelerator and Astrophysics ->—4

Particle Accelerator Astrophysical Jet

black hole,

beam dump
on target

neutrino
beam
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Sources of cosmic rays
Interstellar medium R Galactic Cores, Jets,
(up to ~1el7eV) ~ _- BT S Clusters
| . g oy e ML A (up to ~1e20eV)

o,
v

25
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Sources of cosmic rays

Interstellar medium e T
(up to ~1el17eV) |

Supernova Remnants
Pulsar Wind Nebulae
Superbubbles ¢
Binary Systems

N CEHETRNITITS

Galactic Cores, Jets,
Clusters
(up to ~1e20eV)
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Sources of cosmic rays

Interstellar medium

(up to ~1el7eV)

Supernova Remnants
Pulsar Wind Nebulae
Superbubbles *
Binary Systems

N CEHETRNITITS

Galactic Cores, Jets,
Clusters
(up to ~1e20eV)

- Jets in active Galaxies

s RO & Core of active Galaxy
ey - AEFe S - ¥Gamma-ray bursts
it - - - Galaxy Clusters




Sources of cosmic rays

Interstellar medium AP Galactic Cores, Jets,

(up to ~1el7eV) , R Clusters
. ' i (up to ~“1e20eV)

- Jets in active Galaxies
#  Core of active Galaxy

- Supernova Remnants
- Pulsar Wind Nebﬁuﬂl“ae

- Superbubbles e G - *Gamma-ray bursts
- Binary Systems i T - - Galaxy Clusters
- Stellar Winds ' j

Here: test of CRs from ISM and AGN cores/jets by multimessenger detection

28



starburst galaxies

Cosmic-ray secondaries from ISM:

RAPP

Center

. NGC253

Milky Way
o :“:}g;rm

v 10°;
°§ NGC4945
:lf 102+
NGC1068
- []
10 M82 NGC253
o Milky Waj
10-1F
-8
102 - , —————
102 10! 10° 10! 102

Vulcano Conference 2011

Lsauz [10°8 erg/s]

Fig: JKB, Multifrequency view of starburst galaxies,

}NGC4945 iha

E.

NGC1068




Cosmic-ray secondaries from ISM: - —
The Milky Way

Fig: NASA & H.E.S.S. Galactlc Plane Survey



Cosmic-ray secondaries from ISM: Wl >
RAPP

The Milky Way
Diffuse emission from CRs m__
relatively well-described (p, IC, e
brems)
BUT:

= Central region still mismatch
(astrophysics VS Dark Matter)

= Many details that are in need of
explanation (Fermi Bubbles, GC
PeVatron, CR Gradient, ...)

Problem with Milky Way: sitting
in the middle of the system

makes observations (& e
interpretation) somewhat difficult = s

Fig: NASA & H.E.S.S. Galactlc PIane Survey
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Spiral galaxies — the starburst part _}_,é

NGC253 M82 NGC4945 NGC1068

NGC 253 M B2 NGC_ 4945 NGC_1068
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Spiral galaxies — the starburst part

NGC 253 M 82
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Cosmic rays from AGN cores -
The case of NGC1068 = .
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NGC1068: 1 )
~‘§f.—é

neutrinos in the multimessenger picture o

» Multimessenger fit: combination of starburst + corona contribution

102 */
— a2 A

rd \\ lf ===y (corona)

10t 4 / =y (starburst)

— y(total) {Ofili§ aceretionidisk corona black hole

o] ===y (corona)

10 \ == = y (starburst)

\ —-—= v (total)

T -I- \ IceCube

VLA

E2® [eV s~ em™?]
=
<

[ ]

¥ ALMA

A Chandra

10—2 4
4 INTEGRAL

®  4FGL

HH

MAGIC

0 10 10°  10° 109 10° 10
E [GeV] Eichmann, Dettmar, JBT, ICRC2021, 2108.06990
Eichmann, Oikonomou, Salvatore, Dettmar, JBT, A&A (Nov 2022)



NGC1068:
Contribution from interactions with the disk Corona ~

%
Comptonized X rays
CR-induced cascade Y% gv’
g CRg optical/UV

mi- @

sraion Eﬁé biack nole é é

Murase, Kimora & Mészarosz, PRL 125:011101 (2020)
See also further work by Kheirandish, Murase & Kimura, ApJ 922 (2021)



NGC1068: | g
Contribution from interactions with the disk Corona ~Ef E‘:,‘,fe'i

10°®
F NGC 1068
y . Ly=10" erg/s
-7 L \ d=12.7 Mpc i
10° E \ 3
Comptonized X rays 'T'—I C
CR-induced cascade 35’ Nw [ JeeCube
1 -8 _
é CRg opticallUV g 10 :
B :-: @ )
: ool S o
accretion &
disk ;‘ g -~ B |\ R 3
‘ Fermi LAT E
L ‘ o
1 0-1 0L ‘ =
|
41 | ‘
10 11 | h

104102102107 10° 10" 102 10° 10% 10° 10° 107
E [GeV]

Murase, Kimora & Mészarosz, PRL 125:011101 (2020)
See also further work by Kheirandish, Murase & Kimura, ApJ 922 (2021)



Cosmic rays from Jets of active Galaxies ;4

Ground based HST Image of the Torus
optical/ radio and the core

380 arcsec 1.7 arcsec
88 000 ly 400 ly

NGC4042, Credit: Hubble



Cosmic rays from Jets of active Galaxies E!é

Ground based HST Image of the Torus
1/ optical/ radio and the core
10T Torus i p
1 4
10
10+
1 O 3

initial helical field
10'4—- (rotation & outflow) relativistic .
plasmoid(s)/shock(s) AGN jet

helical field  toroidal field (7)

10T
10--SM(B)BH
r(pc)

bulk plasma  conical
acceleration shock
«—— tubulent field (pc scales) —>

] | | | l | | l [ | LN

[P IR B B R RN U I R I R
z(pc)=0*"16° 10° 10" 1 10' 10" 10° 10° 10° 10°

380 arcsec 1.7 arcsec
88 000 ly 400 ly

JBT et al, MDPI Physics (2022)
NGC4042, Credit: Hubble



Multimessenger emission with TXS0506+056

-t mm

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

Neutrino excess @ ~3c in 2014/2015 1.4x107 —7 ‘ ,

1.2x107
1oxio” | Fermi (300 MeV — 300 GeV) i

8.0x10°® o b
-8 .
6.0x10
4.0x10°® Wyt PR 0
2.0x10°® P .“o’.o“ 5 ‘..‘o' u‘ AR
0.0x10° —-—== W

2012.5 2013.0 2013.5 2014.0 2014.5 2015.0
L i L L 1 o L " 20

4 4 = Best Fit: Box I_l' N 10

= = Best Fit: Gaussian . 5

[N

57000

Flux (Fermi)

3.0

25 o L. ‘ .
. 0o *
20 Mﬁ‘ ¢“0’¢..»0+"o+ 0‘%‘,’ '+"“+.1 f " R 0'+ ot “‘+¢‘

15 ' }{
1.0
05 Fermi (300 MeV — 300 GeV
0.0 — -

2.5 T T

o OVRO (15GHz) P ,i‘
£

log 9 Event Weight

Gl oy (b

56600 56800

00 56400

Spectral Index

Aartsen et al (IceCube Coll), Science (2018)

Flux (radio)

15 )
1.0 ",g?'
L daiulh PSR R, |

0.0 - - -

10.0 T T T T T
9.0

7.0
6.0
50
4.0
3.0

20 v -
54500 55000 55500 56000 56500 57000 57500 58000 58500 59000

Time (MJD)
Fig: Emma Kun, Budapest

=» 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

Optical brightness




Time-domain of AGN
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T (x 108 cm? s

<
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1.6
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1.2

0.8
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0.4

PKS B1424-418 ("Big Bird")

[
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Fat

e

L1 ®

TXS 0506+056 (IC-170922A)

.

-60-40-20 0 20 40 60
Time (MJD-56265.13)

i

-10 -5
Time (MJD-58018.87)

15 20

C PKS 1502+106 (IC-190730A)
| | | | | |
— 1.5 —
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A
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P~ M~
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x X | |
a0 S 3 +
00 —
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Time (MJD-58694.87)

Neutrinos arrive in gamma-minima? Possible if gas density extreme: photon absorption

Kun, Bartos, JBT, Biermann, Halzen, Mez "o ApJL (2021)



RAPP

Center

Charm-quark physics in astrophysics? - — ‘

Precision measurements of hadronic interactions at the highest energies needed
to understand particle fluxes from dense environment in the Universe

Density of Earth atmosphere (~¥1e17 cm3)

AGN disks (A5, A6, A7)

Plasmoids in AGN jets (A7)

Starbursts (A3, A4, A5),
Milky Way (A1), Dwarf Galaxies (A2)

T T | T | T | T T
1072 1071 10° 10! 102 103 104 10° 106 107 108



] . 5 1
Charm-quark physics in astrophysics” ~_§_:-4

Precision measurements of hadronic interactions at the highest energies needed
to understand particle fluxes from dense environment in the Universe

Density of Earth atmosphere (~¥1e17 cm3)

10° ‘

103 -aSL disks (A5, A6, A7)

IlEE  Plasmoids in AGN jets (A7)

Critical density:

)

o
1010¢p—3

1
C-V-Tni>lmfp=ﬂ

log (
=
9

= 1 absorption

=» charm-flux revealed 10-©
(as in Earth atmosphere)

Starbursts (A3, A4, A5),
e Milky Way (Al), Dwarf Galaxies (A2)

T T | T | T | T T
1072 1071 10° 10! 102 103 104 10° 106 107 108
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Example PSK1502+106: a curved, precessing jet”~ é.é

accretion disc
Illustration of different components gypermassive black hole nearly face-on view)

Y
M LIL BLR clouds
curved jet £e f f

shocked NLR clouds £y 2 /7
emitting synchrotron emission X o

forming the ring-like structure
during the precession period

“@outflowing HIL BLR clouds
! (CIV)

Narrow Line Region

‘.ﬁﬁhrrow Line Region clouds

ring (shocked material, formation with time)

Britzen et al, MNRAS 503 (3): 3145 (2021)



PKS1502+106 — v, v, radio, polarization

| g
- RAPP
‘ Center

Relotive Declination (mas)

T T
[ 1502+106, 2010-08-27, VLBA 15.4 GHz
MOJAVE Pgpgrom
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o}l A Ao
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Britzen et al, ApJ (2021)

[1502+106, 2019-10-11, VBA 154 GHz

MOJAVE Program f

Relative R4, (mas)




Example TXS0506+056: L I )
another precessing jet system? h.—?.:-é

Clean 1 map. Array: BFHKLMNOPS
0506+056 at 15.352 GHz 2015 Sep 06
T T
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Relative Declination

Right Ascension (mas)

Map center: RA: 05 09 25.964, Dec: +05 41 35.334 (2000.0)
Map peak: 0.254 Jy/beam
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FWHM: 0.942 x 0.406 (mas) at —0.996°

Britzen et al, A&A (2019)



TXS0506+056 — a precessing jet?
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deBrujin, Bartos, JBT, Biermann, ApJL (2020)
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TXS0506+056 — a precessing jet” _5_:_4
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What if? — Gravitational Waves from TXS b.é
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v/y-GW-connection for more SMBBHS —
a future perspective
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Summary Astro + Accelerator -;4

g rcsiron siams Consistent picture: astrophysical
‘ neutrinos >> astrophysical y-rays

=>» Requires environments of y-ray
absorption = extreme densities

beam dump
on target

=> Particle fluxes with short decay
timescales become relevant

'
! neutrino
+ beam

=>» Future opens up for particle
physics with cosmic accelerators




Multimessenger astrophysics:
a puzzle for physicists
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Multimessenger astrophysics:
a puzzle for physicists
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