modeling

-

o

https://multimessenger.desy.de

Winter, Walter
DESY, Zeuthen, Germany

Cosmic Rays and Neutrinos in the Multi-Messenger Era
Paris, France (online)
Dec. 7-11, 2020

HELMHOLTZ &5 cisienees



https://multimessenger.desy.de/

Contents

* Introduction

» Lessons learned from TXS 0506+056

« Diffuse neutrinos or UHECRs from AGN jets (unified models?)
» Do the neutrinos come during (electromagnetic) flares?

« Summary

DESY. | CRs and neutrinos | Winter Walter, Dec. 11, 2020, Paris, France Page 2



Multi-messenger modeling
of AGN blazars



AGN blazar
basics

Estimate for accretion
power ~ physical jet power:
Eddington luminosity
Logg ~ 1047 erg s Mg /(10° M)

relativistic jet

broad-line region
. dust torus
CR acceleration

External/ — ~
radial&%’ \
{ \
/ \

accretion disc\

Two populations:

FSRQs (Flat Spectrum Radio Quasars):
higher luminosities and additional spectral
features compared to BL Lacs
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Non-thermal emission toy model (FSRQ)
Rodrigues et al, ApJ 854 (2018) 54; Murase et al, 2014



Electromagnetic picture of blazars

« Exhibit a typical two-hump structure 9 . . . . . .

* Measured over extremely large
range of electromagnetic spectrum

» Often observation campaigns at
similar time, or follow-up searches
of neutrinos

_10 4
Optical

Inverse Compton

« Vanilla explanation: scattering

SSC - “synchrotron
self-Compton model”

But: No connection with
neutrinos or cosmic rays’

oY, o[ E°dN/dE (erg cm™ s7)]

e

Electron 10 15 20 25 30
synchrotron

log,[Frequency (Hz)]
DESY. | CRs and neutrinos | Winter Walter, Dec. 11, 2020, Paris, France ~ Credits: VLA, ASAS-SN, Swift, Fermi, MAGIC, DESY science comm. lab., Pian 2019, Gao et al, 2019



Hadronic models

« Solve the PDE system for all
involved species (e*, e, p, n,v, ...)

* Include relevant processes —

« Neutrino production rate ~
Proton density x Radiation density

* Proton density ~
Proton injection (compare to Lggy?)
x confinement time

« Radiation density given by source
luminosity, size, geometry
(R, T, L,..)

« Systematic scan over source
parameters (including injection
spectral properties)
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Typical SED models (qualitatively)

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

: 31\ v/

\‘;’-\’\’\N
Electron Inverse Compton
synchrotron scattering

N4 N4
* Proton synchrotron models (require large B’)

N N

Electron P
synchrotron roton
synchrotron

~ L
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* Pion cascade models

Photopion

(11° component)
B e 1n / X)
Electron 5
synchrotron

» More exotic hadronic models, for example:

\ fr B P
Bethe—HeltIer
pair production Proton
e‘ej Y synchrotron

/A




Multiple messengers from photo-pion production

* Neutrino peak determined by maximal cosmic ray energy ~

* Interaction with target photons

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

p+v—>A+%{

E, [keV] ~ 0.01 I'?/E, [PeV]
keV energies interesting!

1000

(ubarn)

» Photons from pion decay:

total cross section

) — 4+

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

(but: electromagnetic cascade in source, EBL attenuation!)

DESY. | CRs and neutrinos | Winter Walter, Dec. 11, 2020, Paris, France

n+77+—>v
p+7TO — v

S
-
|

[\S]

[E—

<
p—
W

10—15_

E: Q,/(N, N, GeV cm™s™1)
S
=

10—16 4 L L L L L
10° 10* 10° 10 107 10® 10° 10'

From u decay

- — SOPHIA

AGN prototype neutrino spectrum

--- From m decay
From K decay Ev,peak ~0.05 Ep,max
— Combined

E2 Q ~ E—(x%BH

E-«: protons, AGN
E-f: target photons neutrino
spectra are
“peaky”

|

E,/GeV

From: Hiimmer et al, Astrophys. J. 721 (2010) 630
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Lessons learned from
TXS 0506+056



One zone model results (2017 flare)

Leptonic models

a eV ke MeV GeV TeV PeV

-9 t t } } t t
Leptonic

= -10 A

T Optical

£

o

D

o TeV-
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No neutrinos

-13

10 15 20 25 30
log,o[Frequency (Hz)]

 No neutrinos

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; ...
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Hadronic (r cascade) models

b

log,[E?dN/IE (erg cm™? s7")]

One spherical radiation zone
Fewest assumptions

Hybrid or p synchrotron models

eV keV MeV GeV TeV PeV EeV

eV keV MeV  GeV  TeV PeV
-9 . : } ; : : -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
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Violate X-ray data

log4o(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 more sophisticated sources geometries

Jet-cloud interactions/
several emission zones

Formation of a compact core External radiation fields

Large blob, persistent emission, quiet state

T / Compact core, ignited during flare state
~ojo_s pck
............... > —d . .
§> = o drone CRY ‘\;—’ Leptonic Y VWV
Observer at earth E Jet emission'cr y emission 0PN b
n 2 @ X-rayNM\y Rap
} 10 pe } 1.35 Gpe —>| Sikora et al, 2016 . Broad-Line Region
ey keIV M?V Gele TeIJV PeIV . .
9 . . . ; . - Frequency [Hz]
Loptonic Photons e (R N o (IS .
Hadronic Muon neutrinos 10_9 T T T T T T T T T T T T T T T :I T T T T 1 0 é j " Isulrn (I)f plhol‘tonl ﬂl:lx I(le _l 1 éo)l T j ) " E
- . F s s=16
~104 ‘ GeV-y ) i 10°L — hadronic (n%cas.) - - - U4, i
= Optical y ! E —— blob pri.e (SYN+SSC) —— BLR pri.e (EC) 3
o I —~ B .
5 £ , e 10™°F =
g TeV-y | (&) 3 ,’ E
S ' P : "w s
s _— : | o 107 R
'ﬂc Absorbed ﬁ — 16 \q_'), ]
E— .......... ‘-_“”d::gin; o I Ep, max = 10 > 10-12 L =
—12{ Y i == e-sync. jet = E
=== g@-sync. sheath sl
- - S5C 10 _§ , 3
= = EC a4l / 1
0 15 20 25 80 e yn cascade 10 5 0 Pyl T PPen
log,[Frequency (Hz)] . 2 1 M sync. 1 0- 1 0 1 o 1 o 1 O
MAGIC collaboration, 2018; BH cascade energy (eV)
see also Keivani et al, 2018 == total EM .
— D Liu et et al, 2018;

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

see also Xue et al, 2019;
Zhang et al, 2019



The archival (2014-15) neutrino

| Theo Glauch @ TeVPA 2018,
10710
T-—' ] ~’l llllllllllll
wn J
T 1071 4 %2 ?
g ]
()
?_(0 . .
2. 10-12 4 .
= 10 g %
2 : ..
= 10-134 4 Photon Spectrum, MJD: 56949-57059
1 A v flare, MJD: 56949-57059
1 ! {  HAWC 95% Upper Limits
10_14 — T T T T T
10-¥ 10 10° 107! 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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flare of TXS 0506+056

Theoretical challenge: Energy conservation!

+ Comparable
mn T A%
p+y— AT — { T 0 amounts of
p+T v energy

Options for “hiding” the gamma-rays (+electrons):
Reprocessed into in E ranges without data during
flare? (e.g. MeV range)
— Can this be accommodated in a self-consistent
model? Exotic SED models?
Leave source + dumped into the background light?
Implies low radiation density to have
gamma-rays escape
— Challenge for energetics
(low neutrino production efficiency!)
Absorbed or scattered in some opaque region,
e.g. dust/gas/radiation? More zones?

—  Requires additional model ingredients
Wang et al, 2018; Murase et al, 2018; Zhang et al 2019; Xue et al, 2020

—
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\ relativistic jet

Rodrigues et al,

External radiation field example ApJ 854201854 B g

broad-line region

dust torus [

\

¢ TXS 0506+056 may be aCtua”y an FSRQ “ gg accretiondisc\|
Padovani et al, MNRAS 484 (2019) L.104 1 / |

* Results for TXS 0506+056:

* Photons can be back-scattered into the jet frame. peV. meV eV  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 Lo -—— SED (b) == Thermal (b) === Neutrinos (b)
, ,ﬁ External field - —~ lcelite 2018
VAR jet equivalent (@)
1o-10] SED total ' .11t F (a) NL=4.9
= -
I =
- o % , (b) N|=4.0
€ 1071} = D12+ I
Y I
7 = < 1
) o ©
o » N I
8 q10-12 < W 13+ I
s : ' :
OEbierveld w 8 14 I-' 1 1 .l 1 1 1 1 1 1 !
107 field = %8710 12 14 16 18 20 22 24 26 28 30 32
og‘ logqo[frequency, Hz]
10_14 -5 |—2 ‘1 |4 l7 ‘10 |13 16 (97 . . . .
oo ey e e « Maximally five events; may be consistent with

lceCube result if different spectral shape is assumed
Rodrigues, et al, ApJL 874 (2019) L29; see also Reimer et al, 1812.05654; Halzen, et al, arXiv:1811.07439; Kun et al, arXiv:2009.09792
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Diffuse neutrinos or UHECRS from
AGN jets?



Ingredients: Neutrino production and population models

« Geometry determined by « SED follows “blazar sequence”: » Population model:
disk luminosity: LL-BL Lacs, HL-BL Lacs, FSRQs

SED (jet frame)

PIOC+TIOT ‘T8 19 ofply Aq [opowr uonemdog

BL Lac/ FSRQ 107 50
relativistic jet 10% | log [T LY, (erg/s)] . Low-lum BL Lacs
45 .
\ = 10 49 - High-lum BL Lacs .
CR acceleration 5 10 FSRQs S )
4] g 1043 S P
Q =10
© < —_ -
1 r_’g 1042 n 48 - 8
dust torus ‘ broad-line region E| \: 101 § »
~ 40 ) 1 ;'5
Eﬂ 10 =< 47 =)
B ~/_accretion disc 10%° :"O E
p N 38 =
y \ 10°° 2 46 S|
II \ 1037 1 1 1 1 1 1 1 1 2 e
' 1071071071072 1077107 107* 107" 10" 10 10° 5
HL-FSR
§ Q 1047 45 - . ;a:
relativistic jet 10* W
\ broad-line region __10% 44 - E
7 s
dust t ~ 44
CR acceleration ustiong ob 1043 102 -1 . 0 101 e
& 2w Redshift,z o
£ 3” T 15 =4
N a —— Low-lum BL Lacs ‘;.i.
:Lg 10%° 21.0- —— High-lum BL Lacs o
10 [ —— FSRQs &
1038 \ )
1037 1 1 1 1 1 1 1 1 \ -8 05 -1 ~
1071071071077 1077 107°107* 107" 10" 10* 10° O
E! [GeV] 3
! ] 0.0 . : .

05 1.0 15 2.0 25 3.0
Redshift,z

o
o

 For HL-FSRQs, the blob is

exposed to boosted external fields Hodrigues, Fedynitch, Gao, Boncioli, WW,
P ApJ 854 (2018) 54; Murase, Inoue, Dermer, PRD 90 (2014) 023007;

Palladino, Rodrigues, Gao, WW, ApJ 871 (2019) 41;
DESY. | CRs and neutrinos | Winter Walter, Dec. 11, 2020, Paris, France ~ Rodrigues, Heinze, Palladino, van Vliet, WW, arXiv:2003.08392




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

Ep,max ~1-10 PeV 10-12 Eiﬁﬁﬁﬁiiii
o From K decay
. . « — Combined
Moderately efficient £ 10~ — SOPHIA
>
CR acclerators 8
= 107
2
1) AGN blazars 3 1015
describe neutrino data
10_16103 10* 10° 10° 107 10% 169 10'°

Postulate that
1. The diffuse neutrino flux is dominated

by AGN blazars (such as the o
extragalactic y-ray flux!) P

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

B2 [GeVs™!

10-10
10°

The baryonic loading evolves

1075

E,/GeV

; S 9% — 27
| (1 i TR SRR SO SOOI s £ T 1

e :
S~
I- Astrophysical Diffuse I-']nxi \‘: 7 :
a T T

10° 10t 100 10 10" 108 10°

Neutrino Energy [GeV]

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

The injection compositon is roughly
Galactic

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

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. energy
2. The baryonic loading must evolve, as otherwise - Negative source evolution
efficient neutrino emitters (esp. FSRQs) stick out L /M
s Multi-component model ::«n - g\é"%/- <O N .,++ ';; o ’,Ctgkagm’ GRAND
w0 e e — § 095 XA R e v
TN EEEsr s o & & E TR - (g )
=== Other components - 1077 E m: 1075 =X glo—ll e S:urce -~ \‘\‘ \‘ \
F": = i — Palladinoetal. 2019 ] “ e Auger20n 'E — =~ Cosmegenic \\ \ \
< 10 [ 10° 3 o 10° 1010 i o A PN P
3 : ] E [GeV] E [GeV]
¢E, - 105% _§ rT900 + Auger 2017 H & 604 + Auger 2017
s(%m 10-° ,,// . \\‘ E; 104%— f gsoo- _._7’// E: 240 E‘i‘ o, + R X
.U"ﬁ.n-u // e “~Jh 10°F ] 5750—*_ 3 \-H . y
TN i\ ; : x 7004 S0 —.
’,¢/’ \\\ ‘\‘\\ 102;7 — 00 100 101 10° 101 101
10-10 \ \‘ N 1015 | | E E [GeV] E [GeV]
‘ ‘ N m 45 16 47 48 49 . .
10° C o LA 2. Neutrinos mostly come from FSRQs, peak at high
energies, and may even - -
. H f 1078
Palladino, Rodrigues, Gao, Winter, ApJ 871 (2019) 41; outshine the cosmogenic - */
Right Fig. from Petropoulou et al, arXiv:1911.04010: same behavior also flux there § 1010
found in multi-epoch description of TXS 0506+056 S o
ROdI‘igueS, Heinze, Palladino, % 10-12 s Source neutrinos
w Cosmogenic neutrinos

van Vliet, WW, arXiv:2003.08392
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Do the neutrinos come
during (gamma-ray) flares?



The “flux versus fluence” problem

Neutrino observatory Electromagnetic instrument (e.g. y-ray, X-ray, optical)

« Long-term monitoring, all sky » Typically no short-term monitoring, targeted “snapshots”
» Low statistics, typically (at most) one event « High statistics, typically many photons during pointing

» Sensitive to fluence = flux x time » Sensitive to flux. Flare = significant increase of flux

Example: Assume flux ¢, = K ¢, Flaring duty cycle (DC) = AUT
(I)y At Neutrino fluence F — event rate
4 - * Flare:F1=K ¢/ At=K ¢,/ DCT
(I)yﬂ /  Quiescent state: F,% =K ¢,9 (T-At) ~K ¢,9° T (for DC<<1)
Ratio neutrino fluence flare vs. quiescent state:
« F,/F,%=DC ¢,"/¢,%¢ for DC << 1 (rare/short flares)
« F/F %~ ¢.1/$,9 for DC closer to 1 (frequent/long flares)

Consequences:

0,5

A , « A priori not clear that neutrino comes during flare (depends on DC!
(S p g (dep )

» T + Short flaring periods (DC ~ 0) do not matter. Flare fluence relevant!

T - Similar argument for ¢, = K ¢,%, where a. < 0 possible
DESY. | CRs and neutrinos | Winter Walter, Dec. 11, 2020, Paris, France (I'e'! DC Of antl-ﬂare or SuppreSSIOn matterS) Page 19



Flare-response model for TXS 0506+056

Flare DC small, ~10%,
perhaps (?)

eV keV MeV GeV TeV PeV

_9 ; 100 Neutrinos: ~ L, Le.
I Injection boost —><«— Return to nominal inject. — (L InJeCtlon IumInOSIty)
Need to ramp up product
_10t GeV-y

at least by factor of ten
to satisfy F fI/F,ac > 1

101

Amplitude relative to quiescent state

log o (E2dN/dE / erg cm™2s™1)

il TeV-y T Here F,fI/F ¢~ ¢, f/,ac
, ~ satisfied by construction.
— o 7 et e 12 L,additional degree of
tday freedom (often ~ L,)!
-12¢ , < Time-response:
i , | Synchrotron with L, inverse Compton with ~ L2

o/ \ Supports argument that conventional

/ Synchrotron? V Inv. Compton?i SSC model dominates!
o 15 20 25 30

logqo(Frequency/Hertz
gro(Freq y/ ) Gao, Fedynitch, Winter, Pohl, Nature Astronomy 3 (2019) 88 (Figs. from Suppl.

Materials); see also Mastichiadis, Petropoulou, Dimitrakoudis, 2013 + others
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A test case for a large duty cyle: PKS 1502+106

Classification
scheme:

Three periods

1) y-ray quiescent
(blue)

2) y-ray hard flare
(yellow)

3) y-ray soft flare
(pink)

2009

2011

2013 2015 2017 2019

IC40

111C59
1

1 1C79
1

1Tics6
1

------ IC190730A
+  Fermi-LAT (Franckowiak et al. 2020)

¢ Neutrino

l i
H "HIF'!I[ ‘ | { III1 il i E
I" Ml‘ Hlll\lmi | h Il mi ! m-'i-'i'" IHill_i +

55000

1 1
55500
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56000

56500 57000
Time [M)D]

57500 58000 58500

Would one expect
the neutrino during a
flare?

From: Rodrigues et al, arXiv:2009.04026;
see also Gao et al, Astrophys. J. 843 (2017) 2
for PKS B1424-418

Or are the y-ray and
neutrino fluxes rather
anti-correlated?

Kun et al, arXiv:2009.09792;
see Francis® talk on Tuesday
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Test case: PKS 1502+106

« There is a correlation between gamma-ray flux and neutrino fluence in this case
« The reason is a large flare duty cycle combined with a “coherent multi-wavelength response” during the flares
» Imposes a challenge here: IceCube should also see neutrinos during flaring periods

Leptohadronic model Total muon neutrino fluence from PKS 1502+106

1079
¢ Quiescent : 10—2 =
Flaring, hard gamma rays uiescent
10-10 Flaring, soft gamma rays 1 Muon | . Fluence Hard flares
sc 1 It Neutrinos ceCube point source Soft flares
Multi-wavelength discovery potential
- emissian Flux - 1073
-11 ) oo
IE 10 c ~
O v \\
— (@)]
n 1012 o 1074 \\\
o = \
= 10-13 Z S \ NO“O(\
A= - C
B = - =107 ) o“s\t‘(\\
1o-14 - 3|3 Shadings: 963‘\\ \
uncertainty in proton vt
1' 1Ni H 10_6 A -
Lo-15 P injection power 10% 10° 1010 1o
1006 10-3 10° 103 10°® 10° 10%2 1015 10%8
E [eV]
See poster
Rodrigues, Garrappa, Gao, Paliya, Franckowiak, Winter, arXiv:2009.04026 Garrappa et al, ID 91
gues, ppa, s y
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Are the gamma-ray and neutrino fluxes anti-correlated?

How would a (hypothetical) SED model look like for which the neutrino and gamma-ray fluxes are anti-correlated?

“Parked” (hypothesis My personal view: There is no “vanilla” (= model- or source-independent)
EM cascade energy? not supported (anti)correlation between y-ray flares and v fluence, but a correlation
(no data) see p.13 by the fit) seems plausible for sufficiently large gamma-ray flare fluences!

107° ] — I I I
1| Quiescent Hard flare ----------------- /)e\
Target photons Here t A
: YY ]
increased? threshold ] /

(sparse data)

£

o

' 10712

o --

2 : A X~
N 10—13 Pa) 2
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high N | / ,

H
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N\

~

N\

SN
D

/

Accretion di

\-~~~.~
-
b*

\
Dust torus

o
|
[
wv
4

Dust
ARl Ty
Accreti

r‘-
®
=
=
Q
=
o

10-6 10— 10° 10 10° 10° 102 105 10'®

1 :
E [eV] 10~ 103 10° 103 10%® 10° 102 101 10!8
E [eV]

= =
o o
o o
w )
o N
\ ot :’-.'-

—— Electron synchrotron —— Bethe-Heitler pair proddction — Photo-pion prbduction — Total photoh emission
- Electron inverse Compton === Photon-photon pair production = === Proton synchrotron

Rodrigues, Garrappa, Gao, Paliya, Franckowiak, Winter, arXiv:2009.04026
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Summary

Lessons learned from neutrinos associated with AGN blazars
« SSC-dominated (lepto-hadronic) models plausible for TXS 0506+056, PKS 1502+106, ...
» Hadronic signatures (at least) in X-ray (and VHE y-ray) ranges — seems to be a quite universal observation (SED low there!)

» Neutrino associations with AGN flares (e.g. y-rays) are source- (e.g. duty cycle) and model-dependent,
but plausible for high enough flare fluences; can sometimes be implemented (post discovery) by proton injection ramp-up

» Consequence: if a neutrino is associated with a high fluence gamma-ray flare (e.g. by follow-up) the association is plausible;
however, that does not mean that the neutrinos always have to come during flares

Diffuse neutrinos or UHECRs from AGN jets?
* If AGN jets power the UHECRs ...
... UHECR data can be described across the ankle with different populations of AGNs
... the neutrino flux must peak at high (~10° GeV) energies
... the neutrino flux may (but does not have to) outshine the cosmogenic neutrino flux
» If AGN blazars power the diffuse neutrino flux ...
... the baryonic loading must strongly evolve (decrease) over the blazar sequence to avoid the stacking limit
... unresolved BL Lacs must dominate the diffuse neutrino flux

There is no unified (y-ray, v, UHECR) AGN jet-only one zone model because the two options are mutually exclusive
(the neutrino spectrum is peaky and follows the maximal primary energy for AGN!)
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