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The IceCube Detector at
the South Pole

.......

,,,,,,,,

86 strings with 60 optical modules ...
each, covering an effective |
detection volume of 1 kms3.

Fully operational since 2010.




High-Energy Neutrino Detectors

v Iinteractions, followed by
particle cascades in ice/water Neutrinos at > 1 PeV are
— Cherenkov light detection.  almost certainly astrophysical.

Conv. atmospheric (v, +v, )

Prompt atmospheric (v, +v,, 90% C.L.)

Astrophysical (v, +v, +v;)

~ 100 astrophysical high-energy
neutrinos detected!



lceCube-Detected Neutrinos
Arrival Directions

0 TS=2log(L/LO} 13.1

No clear association with any known source class yet,
but some hints that AGN may make a significant contribution.



lceCube-170922A
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(IceCube et al. 2018a)

-induced muon track

ino
with E, ~ 290 TeV
~ 50 % probability of being astrophysical

neutri

Sept. 22, 2017



Declination

lceCube-170922A and TXS 0506+056
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(IceCube et al. 2018a)

Position consistent with BL Lac object TXS 0506+056 (z = 0.3365)
during a ~ 4 weeks long y-ray high state
(~ 3 o probability of association)



Flux

107 cm?s! 10" cm? st

Flux

x % 10"
2

Flux density

Flux density
101 Jy

Spectral Energy flu

Index

lceCube-170922A and TXS 0506+056

1

s

erg cm

0% )y

2009 2010 2011 2012 2013 2014 2015 2016 2017 15 September, 2017 1 October, 2017 15 October, 2017
@ MAGIC (E>90 GeV) m VERITAS (E>175 GeV) a HESS (E>175 GeV) ' ' ' |

|
ol : } (A) 1
i oy ’
3| ! f}
0 Lt 2 ! ‘ s fef =
‘.Fermr' LA'II' (E>100 NieV) [ ] AGIH_E (E>106 MeV) I : I (B)
a >—§4<
'E' ‘ »—&—:—§—'
, LA B —&#H# rE—
“‘%#'P@@W 3 w b 4 a3ty :
P i R Y i SO ol O N i w 1
® Swit (0.3 keV - 10 keV) ' ' ‘ ' ‘ ' !
Al { o t (C)
| E E
2t ‘% ' !
P { | : ¢
D I L I
3l ® Swift (photon index) i E % (D)
oo e
2 ] it
ol ‘.ASAS-SNI(V-band) h Kiso (g—tlJand) A K;anata (R—bland) I ‘ . I ; Ig' . i' . o . ‘ (E)
' !
6| ' L . ;l *
3 g gk e |
|
0 L I L I
sl ® OVRO (15 GHz) m VLA (11 GHz) ' ‘ ' | ' ‘ (F) -
L] | | u
of %M‘l& Poaed (e . * * : . u = . |
PR Ly
;1: '{‘-‘??“‘F#M P 1h — H._,-,.,n"*‘ 3 (IceCUbe ot al. 2018a)
0 55600 SSISOO 56600 SGISOO 57600 57_I’>00 58000 58610 5‘8620 58630 58640 58050
Modified Julian Date Modified Julian Date

Position consistent with BL Lac object TXS 0506+056 (z = 0.3365)
during a ~ 4 weeks long y-ray high state.
Flare detection by MAGIC several days after neutrino



The Neutrino Flare from TXS 0506+056
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(IceCube et al. 2018b)

Search in archival data => Evidence for ~ 13 + 5 excess neutrinos

from the direction of TXS 0506+056 in 2014 — 2015
(~ 4 months around December 2014).

=> Well determined flux and spectrum!
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Spectral Energy Distribution
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The Neutrino Flare from TXS 0506+056
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Basics of Neutrino Production

*p+p(N)>p+p(N)+7m°

~ 0.1 mb
or p+n(N)+r* (% )
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Basics of Neutrino Production

ep+p(N)>p+p(N)+n°

~ 0.1 mb
or p+n(N)+xt (Gpp mb)

*pry>p+m (2/3) (6,,~ 0.6 mb)
or n+mwt (1/3)
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Basics of Neutrino Production

= In AGN environments, py dominant over pp or pN,
assuming that targets (y, p) are internal to the jet

See, however, e.g., Liu et al.: 1807.05113:
UHECR interactions with BLR clouds

Leptonic ) Y VVVWy

. NE V¥, i ———
emission T X 7 "---..333..‘

R ™= *
T




Photo-Pion Production
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photon field

Total energy output in neutrinos is ~ approx. equal to energy
output in photons (from n° decay + radiative losses of
secondary electrons + u* + 7¥).



Photo-Pion Production
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Interaction Probability

1 /N dN/dInVs

Phot

o-Pion Production
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Center-of-Momentum energy

occur near threshold (at A* resonance).

For realistic target photon fields, most interactions



General Scenario
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Photo-pion production - Energetics

p-y threshold: £, =

At A* resonance:

4
™Moy T C m
p I @+- “)~1o“eVEm¢1

s=E E,(1-B, W)~ E,E,~Ex? = (1232 MeV)2

and

E’, ~0.05 E',

— To produce IceCube neutrinos (~ 100 TeV — E, = 104 E,, eV):
(i.,e., E', =10 E,, 8,1 TeV)

r

Need protons with

and target photons with
.

E',~ 200 E, 8,1 TeV
E’,~ 1.6 E, 18, keV

=> Not UHECRs!

=> X-rays!

~\




Photo-pion production - Energetics
e Protons with E' )~ 200 Ey4 0, TeV

=Y~ Ve~ Vx~2¥10°E, 6,7 = 10°7, (Y6 > 0.2)

v-ray production through:

a) ¥ decay: v~ 1.7x10% 6,7,Hz (~ 700 TeV)

b) Proton synchrotron at
Vosy ~ 2X10%% y¢? B, 6, Hz  (~ 10 keV)

c) Secondary electron synchrotron at
Vesy ~ 4%10%1y42 B, 6, Hz (™20 MeV)

= Protons producing IceCube neutrinos will not produce gamma-
rays through proton synchrotron or secondary-electron synchrotron!



(ubarn)

total cross section

The py Efticiency Problem

e Efficiency for protons to undergo py interaction ~ T, =Ro, Ny,
e Likelihood of y-ray photons to be absorbed ~ t,=Ro, N,
1000 —r—rrrrey 20e-25 T T - —

i M‘ multﬁg%;'nt ] :

- ]‘ ‘L | pr epraction — - L se2s
100 k ,rf B e “* s B e s et o :
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= Ty — at E,~ ~33%x10 ’E,
T, a,, 300 .

= Photons at E, ~ GeV —TeV are heavily absorbed!
—> Cascade emission at lower energies.
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Spectral Energy Distribution
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v Fv (erg cm? s°)

Photo-Pion Models for TXS 0506+056

neutrinos
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(a) Proton synchrotron modeling of TXS 0506+056 (by/Lepto-hadronic modeling of TXN 0506+056
: Bethe-Heitler-induced
(Cerruti et al.: 1807.04335) Proton-synchrotron

cascades

Models producing neutrinos and gamma-rays
through the same proton population, predict too
high neutrino energies!



Photo-Pion Models for TXS 0506+056

eV keV MeV GeV TeV PeV

-9
Leptonic m—— Photons
Hadronic Muon Neutrinos

T GeV-y
N2 = 10f
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° » g
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> 12
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_ 1 3 E | | I | |
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(Gao et al., 2018, Nature Astron.; log-o(Frequency/Hertz)
1807.04275)

Models with p-y induced y-ray emission over-
produce X-rays due to cascades!



Photo-Pion Models for TXS 0506+056

eV keV MeV GeV TeV PeV

-9
Leptonic Photons
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(Gao et al., 2018, Nature Astron.,

arXiv: 1807.04275)
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(Keivani et al.:, 2018, ApJ, 864, 84;
arXiv: 1807.04537)

Models producing neutrinos and gamma-rays
require leptonic-dominated gamma-ray production!



Constraints from Cascades

1) Find mimimum target photon fields + proton spectra to produce
IceCube neutrino flux from TXS 0506+056 neutrino flare.

- Y o ' P —
b PElD ]

' —10 |
- z
Er- [
s —11} Bethe-Heitler ]
\2 : \ |
CHN |
g‘ —125 ff -
- i , |
; 1

—13; f 2

—4 -2 0 2 4 6 8 10
Log (Energy/D,, [GeV])

* Target photons: n,(g) ~ €%, ¢, =10 keV, g, =60 keV,a =1
* Proton spectrum: n, (E) ~ E*p, E ., =30 PeV, o, =2.0

min



Constraints from Cascades

2) Target photon field => yy absorption optical depth Ty

3) Simulate pair cascades initiated by secondary y-rays and
electrons/positrons

e MC codes including Photo-Meson + Bethe-Heitler pair
production (SOPHIA — Miicke et al. 2000)

e Pair cascades with Matrix Multiplication Method (Protheroe
& Johnson 1996)

e Steady-state, linear cascades



Svnchrotron Supported Cascades
T Needus<<uy
_mi_ =4 B,2erg/cm3

7 |Og10(TWmax)
—14 F T B B BT I . L
—15 —-10 -5 0 5 10

(neglecting proton-synchrotron) Log (Er‘ler’gy [GEV])

Ruled out by MWL spectra
(over-predicting either Fermi-LAT or X-ray / radio fluxes)




Svnchrotron Supported Cascades

Log(E* N/erg cm™ s7')
|

RV A e
—15 —10 —5 0 o) 10
Log (Energy [GeV])

(with proton-synchrotron)

Expected proton-synchrotron grossly over-
predicts X-ray flux!



Log(E* N/erg ecm™ s7)

Compton Supported Cascades
—_QF T T T T T T T e
Need u,” >> uy’
—10F =4 B,%2erg/cm3

_11E Proton-
E synchrotron -/

Wf’

—135 logy(t,, ™)

S ) S SRR (SN Y/ |
—15 —10 -3 0 D 10
Log (Energy [GeV])

In principle, allowed by MWL spectra:
Significantly below observed fluxes
=> No neutrino — y-ray correlation expected!




Photo-pion production —
Origin of Target Photons

To produce IceCube neutrinos (~ 100 TeV — E , = 10 E,, eV):

( )
Need protons with E’)~200E,, 6, TeV =>Not UHECRs!

and target photons with  E’.~ 1.6 E;,1 5, keV  => X-rays!
G J

(At least) two possible scenarios:

a) Target photons co-moving b) Target photons stationary in
with the emission region the AGN frame
—E°P~ 16 E,, 7t 0,%/(1+2) keV —E" ~ 160 E, Y/ (1+2) eV

—> Observed as hard X-rays —> Observed as UV / soft X-rays
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Photo-pion production —
Origin of Target Photons

Constrain target photon luminosity and required proton
power from

e observed neutrino luminosity
(L', ~ 1.7%x10% §;* erg/s for 2014 — 15 neutrino flare)

e |imit on observed UV / X-ray flux
(F,~ 101% erg cm s for TXS 0506+056) Liin.
2

1 ; .
I 2 [ —ap |4 Y —14 )31
L, ~ §NO My / o 7 Yy | dyp A 1.3 x 1077 Ny uy cm” s
" , u,’ R? §*c
U, — —Fyyv = .2
~—c<o,f> > L
PP im,c

Vp
=~ 1028 cm?

Yp vy




Photo-pion production —
Origin of Target Photons

a) Co-moving target photon field

X-ray flux limit => u’, < 9%x104 R,2 5, erg cm™
—> Synchrotron-supported cascades (already ruled out)

L win ™ 1.6X10>* Ryg I';,% erg/s

—> Unrealistically large kinetic power;
requires very low B-field (B < 1 G) to suppress proton
synchrotron below X-ray flux limit

=> Ruled out!



Photo-pion production —
Origin of Target Photons

b) Stationary target photon field

From UV / X-ray flux: u’, <100 I'}* R, ;" erg cm™
— Compton dominated cascades for B << 100 G

Lo in ™ 1.5%10% 8, R, 1, Rig ™ erg/s

Plausibly below Eddington limit.
Can suppress p-sy below UV/X-ray limit for B~ 10 G.
= Plausible!
—> Stationary UV / soft X-ray target photon field
external to the jet is plausible!



Photo-pion production —
Origin of Target Photons

Possible sources of external UV / soft X-ray target photons:

Log Energy [eV
0 5 18 15

e BLR (?) — Padovani et al. (2019)
(arXiv:1901.06998)
e Slow-moving sheath 2,
(Tavecchio & Ghisellini 2005)
e Accretion flow (RIAF)
(Righi et al.: 1807.10506)
-> Seems to favour LBLs as
neutrino sources

]

S—I

Log v L,

Log v L,
[erg tcm™ s™']

1IO 1I5 2.0 2I5 3ID
(Righi et al. 2018: 1807.10506) 09 Frea [H2]



Photo-pion production —
Origin of Target Photons

Possible sources of external UV / soft X-ray target photons:

e Jet-Jet interaction / Self-interaction of strongly bent jet?

Synchrotron photon field of jet | = py target for neutrino
production in jet II?

Clean I map. Array: BFHELMMOPS
G3064+036 at 132332 GHz 2013 Sep 08 1
| oy
22D -
core l.,,, l Jet | |
TS core Il 7 @ 1
E
) >
Jet Il i
) " Radio component positions -
& a . .
35 2B at times of radio flares
, A N T T R
. ) 06 04 02 0 02 04 06 08
| | x [mas]

h L ~ (Britzen et al., 2018, MNRAS, submitted)



Ssummary

e Production of IceCube neutrinos requires
e Protons of ~ PeV energies (not UHECRs!)
e Target photons of co-moving UV / X-ray energies

* No correlation between y-ray and neutrino activity
necessarily expected

e |ceCube 170922A / TXS 0506+056 strongly favours
* leptonically-dominated y-ray emission
e UV / soft X-ray target photon field external to the jet
(possibly due to jet-jet / jet self-interaction)

Reimer, Bottcher & Buson, 2018, ApJ, in press (arXiv:1812.05654)
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