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The most powerful long-lived astrophysical sources

photons, γ

cosmic rays
 (high-energy protons, nuclei) gravitational waves

neutrinos, ν
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This talk 

Jetted AGN  (10%)   
Rare and extremely powerful 

Non-jetted AGN (90%)    Tidal disruption events 
jetted (~1%) and non-jetted
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Requirements for multimessenger emission 
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Maximum particle energy 

Sufficient emissivity 

UHECRs: Fit to spectrum and composition

Neutrinos: Fit to the spectrum / stacking



Cen A: 

Jetted AGN: Maximum energy 

similar to the average enhancement factor (2.17) that is used to correct the absolute value
of the flux. Here, the second term of Eq. (2.22) takes into account the finite lifetime of the
source. The UHECR arrival maps that account for a turbulent and isotropic EGMF are
subsequently determined using Eq. (2.21) for a given ̄ under consideration of the limited
statistics of the most recent anisotropy study [68] of the Auger experiment. Moreover, we
include the deflections by the JF12 Galactic magnetic field model using the so-called lensing
technique, where anti-particles have been propagated backwards to obtain the trajectories of
the regular particles that hit the Earth [69].

In case of high rigidities (see the green lines in the left panel of Fig. 3), where lD � rs,
the impact of the finite lifetime vanishes, since CRs propagate quasi-rectilinearly. In this
case, we read from Fig. 3 that  � 10 which corresponds to a mean deflection ⌧ 23

� with
respect to the source direction. Hence, the change of rigidity can have a significant effect on
. However, only at intermediate rigidities (see the orange lines in the left panel of Fig. 3),
where lD ⇠ rs and tactc & rs, this leads to a significant change of the angular distribution of
CR which corresponds to 0.1 .  . 10. Now ̄ is typically close to (R) indicating that the
CR propagates most of its distance with a rigidity that is rather close to the observed one.

Figure 3. Left : The mean concentration parameter (2.23) as function of the source distance for three
different source lifetimes and rigidities. The edges of the coloured bands indicate the corresponding
concentration parameter (2.22) for R and R0(R, r), respectively. Right : The radio flux of the con-
sidered source sample [70] (colored dots), as well as the dim sources (black dots and crosses) from
the catalog of van Velzen et al. [71] that are (except for three close-by starburst galaxies) below the
conservative source selection criterion [70] — as indicated by the black solid line. Above the black
dotted line sources are likely able to provide a maximal rigidity R̂ > 1EV and above the colored
dashed lines their CR flux is in case of pure rectilinear propagation at least 20% (purple), 5% (or-
ange), or 2% (green) of the brightest CR source in our sample (Cen A). The exact location of these
constraints depends on several parameters. Here, the constraints are shown for an optimistic scenario
using �L = 0.89, gm = 4/7, gacc = 1, and k = 0.

For the choice of local radio galaxies included in our analysis, we use the catalogue
defined in Ref. [70]. This catalogue is based on the source catalog of van Velzen et al. [71]
which used the 2MRS catalog that selects sources by their infrared flux. In addition, it
contains several powerful radio sources that have previously been missed by van Velzen et
al. Moreover, only local sources up to 500 Mpc distance to Earth are considered, because at
greater distances the UHECR flux is surpressed significantly, either by attenuation (via ⌘̄ at
R & 10EV) or by diffusion effects (via ⇠̄ at R . 1EV).

In addition, there is a low probability that sources at such large distances provide an
individual flux contribution that is comparable to the one from nearby sources (as indicated
by the dashed colored lines in the right panel of Fig. 3). On the other hand, those very nearby
radio sources with a radio flux of a few Jy (which are predominantly starburst galaxies) can
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E >Z x 1 EeV

UHECRs from radio galaxies 3

negligible UHECR signal from the direction of M87 which is
at five times the distance of Centaurus A (ii) Fornax A, at
a distance of 20.9 Mpc, is not included and might otherwise
account for the HS2 hotspot if attenuation were weaker.

Given that M87 and Fornax A are at similar distances
and that there is an Auger hotspot close to Fornax A but not
M87, a successful model for the observed PAO anisotropy re-
quires the attenuation to be less severe than scenario A of
A18 and that M87 is intrinsically less luminous in UHECRs
than Fornax A as we argue in section 3. Less severe atten-
uation would be consistent with results from the CRPropa
code as given in fig. 1 of Alves Batista et al. (2015), as well as
canonical values of the GZK length of 50-100 Mpc (e.g. Der-
mer et al. 2009; De Domenico & Insolia 2013). Sensitivity to
composition and source energy spectrum makes the adoption
of a single attenuation length di�cult; for example, protons
at 10 EeV and 100 EeV have approximate GZK lengths of
1000 Mpc and 100 Mpc, respectively (Dermer et al. 2009).
Approximate attenuation lengths for N14 and Fe56 nuclei at
100 EeV are 6 Mpc and 300 Mpc, respectively (Alves Batista
et al. 2015).

The correlation with AGN in A18 would also be im-
proved by including the contribution from the lobes of Cen-
taurus A, which are estimated to be at least as bright as the
core in �-rays (Abdo et al. 2010b). Furthermore, although
there may be a direct relation between the observed �-rays
and UHECRs (Sahu et al. 2012; Yang et al. 2012; Joshi
et al. 2018), �-ray luminosity may not be the best proxy
for UHECR luminosity.

3 FADING RADIO LOBES AS UHECR
RESERVOIRS

As shown by Waxman (1995); Waxman (2001) and Bland-
ford (2000), there is a minimum power requirement for par-
ticle acceleration to high energy at shocks. This can be
derived just from considering the magnetic energy density,
Umag = B2/(2µ0), and the Hillas energy EH = uBLZe, where
B is the magnetic field strength, u is the shock velocity and
L is a characteristic size. The maximum magnetic power de-
livered through a shock is then roughly uL2Umag, meaning
we can write an equation for the minimum power needed to
accelerate a nucleus to a given rigidity, R:

Pmin =
R2

2µ0u
, (1)

which is equivalent to

Pmin ⇠ 1043 erg s�1
⇣ u
0.1c

⌘�1 ✓
R

10 EV

◆2
. (2)

Here we conservatively assume maximum e�ciency and
adopt u = 0.1c due to the di�culties with accelerating UHE-
CRs at highly relativistic shocks (Bell et al. 2018). This
equation is quite general and places a fundamental con-
straint on UHECR sources. We note that starburst winds
struggle to meet this constraint as they have powers on the
order of 1042 erg s�1 and low shock velocities (⇠ 1000 km s�1;
Heckman et al. 1990; Anchordoqui 2017; Romero et al.
2018).

To examine which nearby radio galaxies meet the Pmin
requirement, we estimate a ‘cavity power’, P̄cav, using the

Figure 2. The logarithm of estimated cavity power for local ra-
dio galaxies plotted against distance, calculated as described in
section 3. The filled circles represent AGN observed to have jets
and the coloured circles are the subset of these that are shown in
Fig. 1, also with matching colours to Fig. 1. The two horizontal
lines show Pmin for two di↵erent rigidities.

mean empirical relationship of Cavagnolo et al. (2010). This
is quoted in their section 5 and given by

P̄cav ⇡ 5.8 ⇥ 1043
✓

Pradio
1040 erg s�1

◆0.7
erg s�1 , (3)

where we take the 1.1 GHz luminosity from vV12 as our
Pradio. This estimate should be thought of as a rough proxy
for average kinetic power, since we make use of the current
radio luminosity but Cavagnolo et al. (2010) relate this to
kinetic power using work done excavating a cavity. Fig. 2
shows P̄cav plotted against distance, with the power require-
ment from equation 2 marked for two rigidities. Cen A, For-
nax A and M87 are three of only a handful of sources within
a characteristic GZK radius of 50 � 100 Mpc capable of ac-
celerating UHECRs to R = 10 EV and above. However, the
actual current jet power in these sources is likely lower, with
approximate estimates in the literature of 1042 erg s�1 (For-
nax A; Russell et al. 2013) 6 � 8 ⇥ 1042 erg s�1 (M87; Raf-
ferty et al. 2006; Russell et al. 2013) and 1043 erg s�1(Cen A;
Russell et al. 2013; Wykes et al. 2013). These estimates are
uncertain and rely on the enthalpy (4PV) calculated from
thermal pressure acting as a reliable estimate of energy con-
tent, when in actual fact the CR and magnetic energy den-
sities may dominate (e.g. Mathews & Brighenti 2008).

Based on the UHECRs arriving at Earth with energies
above 55 EeV and directions clustered around Centaurus
A, Joshi et al. (2018) estimate an UHECR luminosity of
⇠ 1039 erg s�1. The jet powers in Centaurus A, Fornax A and
M87 exceed this value by orders of magnitude. However, it
seems that the current jet powers in these sources struggle,
similarly to starbust winds, to meet the power requirements
(equation 2) for particle acceleration to high energy. Despite
this, the average powers in radio galaxies can be greater than
Pmin, and the peak powers still greater, suggesting that past
jet activity is important.

MNRAS 000, 1–5 (2018)

Matthews, Bell, Blundel, Araudo 2018

>10 EeV

>40 EeV

5

L ≳ LB ∼ B2R2β ∼
1045.5 erg/s

β ( E
100 EeV )

2

Lovelace 1976, Waxman 1995, 2001, Blandford 2000, 
Lemoine & Waxman 2009   



+ Centaurus A
Cen A: 

Arrival directions above 4 x 1019 eV Centaurus A

nearest 
jetted AGN at ~4Mpc

Auger Coll,  ApJL, 853, L29, 2018,

 Auger Coll 2022, ApJ 935 (2022) 2, 170 post-trial p-value: 3%  

>Cen A region: 63 Excess events 

E ≥38 EeV, angular radius: 27deg

post-trial significance: 4.1σ

>Jetted AGN (γ-ray flux weights)

E ≥39 EeV, Flux fraction ~6%

post-trial significance: 3.3σ
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Searching for the UHECR sources: Combined fit approach 
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Figure 1. Scenario 1. Left: The generation rate at the extragalactic sources for each representative
mass; the LE and HE contributions are shown as dashed and solid lines, respectively. Right: The
corresponding best-fit results for the all-particle energy spectrum at Earth, given by the superposition
of three components.

Figure 2. Scenario 1. Left: the Galactic contribution (dot-dashed line) and the extragalactic
contributions (grouped according to mass number) to the energy spectrum at the top of atmosphere.
Right: the corresponding relative abundances as a function of the energy.
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Figure 3. Scenario 1. First two moments of the Xmax distributions as predicted by the best-fit
results, along with the measured values and the predictions for pure compositions of various nuclear
species according to Epos-LHC (dashed lines).
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species according to Epos-LHC (dashed lines).

– 9 –

Figure 1. Scenario 1. Left: The generation rate at the extragalactic sources for each representative
mass; the LE and HE contributions are shown as dashed and solid lines, respectively. Right: The
corresponding best-fit results for the all-particle energy spectrum at Earth, given by the superposition
of three components.

Figure 2. Scenario 1. Left: the Galactic contribution (dot-dashed line) and the extragalactic
contributions (grouped according to mass number) to the energy spectrum at the top of atmosphere.
Right: the corresponding relative abundances as a function of the energy.

(E/eV)
10

log
18.0 18.5 19.0 19.5 20.0

]
-2

 [g
 c

m
〉

m
ax

X〈

700
710
720
730
740
750
760
770
780
790
800

H He
N

Si

Fe

EPOS-LHC

(E/eV)
10

log
18.0 18.5 19.0 19.5 20.0

]
-2

) [
g 

cm
m

ax
(Xσ

15
20
25
30
35
40
45
50
55
60
65

H

He

N
Si

Figure 3. Scenario 1. First two moments of the Xmax distributions as predicted by the best-fit
results, along with the measured values and the predictions for pure compositions of various nuclear
species according to Epos-LHC (dashed lines).

– 9 –

Figure 1. Scenario 1. Left: The generation rate at the extragalactic sources for each representative
mass; the LE and HE contributions are shown as dashed and solid lines, respectively. Right: The
corresponding best-fit results for the all-particle energy spectrum at Earth, given by the superposition
of three components.

Figure 2. Scenario 1. Left: the Galactic contribution (dot-dashed line) and the extragalactic
contributions (grouped according to mass number) to the energy spectrum at the top of atmosphere.
Right: the corresponding relative abundances as a function of the energy.

(E/eV)
10

log
18.0 18.5 19.0 19.5 20.0

]
-2

 [g
 c

m
〉

m
ax

X〈

700
710
720
730
740
750
760
770
780
790
800

H He
N

Si

Fe

EPOS-LHC

(E/eV)
10

log
18.0 18.5 19.0 19.5 20.0

]
-2

) [
g 

cm
m

ax
(Xσ

15
20
25
30
35
40
45
50
55
60
65

H

He

N
Si

Figure 3. Scenario 1. First two moments of the Xmax distributions as predicted by the best-fit
results, along with the measured values and the predictions for pure compositions of various nuclear
species according to Epos-LHC (dashed lines).

– 9 –

H He CNO Fe

Si

H He
CNO

Fe

Si

Generic Source Properties: 
Allard et al 2007, 8, Hooper et al 2007, 
Unger et al 2015,  Auger Coll 2016, Kachelriess et al 2017, 
Muzio et al 2019, 2022, Mollerach et al 2020, 
Das et al 2021. 

Specific source classes:  
Jetted AGN - Eichmann et al 2017, 2022, Fang et al 2018, 
Kimura et al 2018, Rodrigues et al 2021
GRBs - Globus et al 2015, Biehl et al 2017, Zhang et al 2018, 
Boncioli et al 2018, 2019, Rudolf 2019,2022,                   
Heinze et al 2020
TDEs - Biehl et al 2017, Guepin et al 2017,                    
Zhang et al 2017
Transrelativistic Supernovae - Zhang & Murase 2019
Starburst galaxies - Condorelli et al 2022

Sources generally assumed to 
be intrinsically identical 

Distribution of maximum energies: 
UHECR protons:  Kachelriess & Semikoz 2007
Galactic sources:  Shibata et al 2010 
Discrete AGN: Eichmann, Kachelriess, FO 2022
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UHECRs from a population with a range of maximum energies

Model maximum energy distributions constructed 
based on:

1. Extragalactic jet population Lorentz factor 
distribution 

2.   Luminosity functions (Seyfert galaxies, Tidal 
Disruption Events, Blazars, GRBs) 

Compare to the Auger spectrum and composition 
data 
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Jetted AGN: Variety problem? 
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Ehlert, FO, Unger, PRD 107 (2023) 10 

dN
dRmax

∝ R−βpop
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dN
dR

∝ R−γsrc ϕpop ∝ {
R−γsrc R ≪ R0

R−γsrc−βpop+1 R ≫ R0
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Inverted Spectra
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Shock 
Acceleration
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Jetted AGN: Variety problem? 
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Ehlert, FO, Unger, PRD 107 (2023) 10 
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Acceleration
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Blazars (Γ) 
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Blazars (Γ) 
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Jetted AGN: Variety problem? 
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Ehlert, FO, Unger, PRD 107 (2023) 10 



Shock acceleration 

Inverted spectra

dN/dRmax ∝
( Rmax

R0 )
−β1

Rmax < R0

( Rmax

R0 )
−β2

Rmax > R0

Individual source energy spectral index

Jetted AGN: Variety problem? 
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Ehlert, FO, Unger, PRD 107 (2023) 10 



Neutrinos from jetted AGN: Blazars 

Benefit from relativistic boost + flares (timing)
~3000 with Fermi-LAT

~10000 blazars detected with radio/IR surveys 13
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Neutrino production in blazars :
e.g. Mannheim 1991, 1993, 

Halzen & Zas 1997, Mücke 2001, 2003, Atoyan & Dermer 2001, 2004,  
Neronov, Semikoz 2002, Dermer et al 2006, Kachelriess et al 2009, 

Neronov et al 2009, Böttcher 2013, Dermer, Cerruti 2013,  
Cerruti et al 2013, Tchernin et al 2013, Murase et al. 2012, 2014, 

Dermer et al 2014,  Tavecchio et al 2014, 2015, Petropoulou et al 2014, 2015,2016, 
Jacobsen 2015, Padovani 2015, Gao et al 2017, Rodrigues et al 2017, 2020, 

Palladino et al. 2019,  FO et al 2019 , 2021, Righi et al 2020, Rodrigues et al 2021

Neutrino production in blazars 
TXS 0506+056 observations: 

IceCube, Fermi-LAT, MAGIC, AGILE, ASAS-
SN, HAWC, H.E.S.S, INTEGRAL, Kanata, 

Kiso, Kapteyn, Liverpool telescope, Subaru, 
Swift/NuSTAR, VERITAS, and VLA/17B-403 

teams. Science 361, 2018, 
MAGIC Coll. Astrophys.J. 863 (2018) L10
IceCube Collaboration: M.G. Aartsen et al. 

Science 361, 147-151 (2018)

TXS 0506+056 modelling:
MAGIC Coll 2018, ApJ, 863, L10 

Gao et al, 2019, Nat. Astron., 3, 88 
Keivani et al. 2018, ApJ, 864, 84 

Cerruti et al 2018, MNRAS, 483, 1           
FO et al 2019, MNRAS, 489, 3

hadro-nuclear interactions: Liu+19   
stellar disruption: Wang+19

multiple zones: Xue+(inc FO)19 
neutron beam: Zhang+(inc FO)19

curved/double jet: Britzen+19, Ros+19 
inefficient accretion flow: Righi+19

     gamma-suppressed states: Kun+21  
2014 flare: Reimer+19, Rodrigues+19, 

Halzen+19, Petropoulou+20, 
and more…! 

PeV neutrinos

PeV - EeV neutrinos

14



Blazar contribution to the cosmic-neutrino flux
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Fig. 1.— Locations of the sources in the Clean Sample in Galactic (top) and J2000 equatorial

(bottom) coordinates and Hammer-Aitoff projection.

Stacked search for 
neutrinos coincident with 
2089 γ-ray selected blazars
3413 radio selected 

< 17% diffuse neutrino flux
IceCube Coll PoS (ICRC 2019) 916
ΙceCube Coll arXiv: 2304.12675

Blazars

< 17%

See also: 

IceCube Coll 10yr Point-Source Analysis (3 blazars), 
Franckowiak et al ApJ 893 (2020), 
Giommi et al MNRAS 497 (2020) 
Hovatta et al A&A 650 (2021), Plavin et al ApJ 908 
(2021), Buson et al ApJL (2022)

IceCube Point-Source EventsBlazar sky-map 

15

https://arxiv.org/abs/2304.12675


Blazars coincident with high-energy neutrinos

PKS B1424-418+IC35 Kadler, Nat Phys 2016, Gao, Pohl, Winter, ApJ 843 2017,
Kun et al ApJL 2021
PKS 0735+178 + 211208A Sahakyan et al MNRAS 2022, Fichet de Clairefontaine et al 2023 

3HSP J095507.9+355101: Petropoulou, FO et al. 2021, Paliya et al 2021 
PKS 1502+106: Rodrigues et al 2021,  Britzen et al 2021, FO et al 2021, 
Wang & Xue 2021, Kun et al ApJL 2021 

PKS 1502+106 
+300 TeV νμ(Gold) 

Radio high 
 2σ w.r.t. γ-ray flux

TXS 0506+056 
+300 TeV (Gold)  

6 month γ-ray flare 
3σ

PKS 0735+178 
+170 TeV (Bronze) 
20 day γ-ray flare 

(slightly outside the 90% error circle ) 

3HSP J095507.9+355101 
300 TeV νμ  

30 day x-ray flare (3σ) 

Bronze events >30% “signalness”
Gold events >50% “signalness”

IceCube Coll 2019

16



The power of multimessenger modelling 

39
FO, Petropoulou, et al., JCAP, 2021 
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Fig. 1.— Locations of the sources in the Clean Sample in Galactic (top) and J2000 equatorial

(bottom) coordinates and Hammer-Aitoff projection.

Non-jetted AGN Fermi-LAT Fourth AGN Catalogue,2019

70 (2%) “other’’ AGN 
~10 non-jetted AGN 19



Swift-BAT 105-month hard-X-ray catalogue 2018Non-jetted AGN
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Cosmic ray acceleration in non-jetted AGN?

Laha et al 2020, Nature Astronomy

EHillas,UFO ∼
3
20

βZeB′ ΓR′ ∼ Z ⋅ 1019 eV

21

Laha et al 2022 



Particle acceleration and multimessenger radiation from UFOs 5

Figure 3. Top panel: Spatial distribution of the CR phase space density. Low
energy particles behave in the system as illustrated by the red dotted line, high
energy particle behavior is represented by the blue dot-dashed curve while the
black curve shows the behavior of particles at the maximum energy. Bottom
panel: Spectrum of particles at the shock (thick green line) compared to the
spectral shape of the escaping flux (dashed magenta line). The dotted curves
represent the particle spectra in the downstream region from the wind shock
(red) to the escape radius (blue).

system and loss mechanisms, so that it cannot be simplified as a ratio
⇢/⇢max. Therefore, here we define ⇢max as the energy where ?B 5sh
is suppressed by one 4-fold. In what follows we describe in detail
the impact of di�erent realizations of the system to the maximum
energy.

3.1 Impact of parameters on the maximum energy

A qualitative estimate of the maximum energy set by the geometry
of the system can be obtained by comparing the upstream di�usion
length, ⇡1/D1, with the size of such region, 'sh (see also Morlino
et al. 2021; Peretti et al. 2022, for additional discussion). Since at
the highest energies AL is already larger than ;2 one can write the
maximum energy as follows:

⇢max = @⌫

r
6
2


n⌫ §";2
'sh

�1/2
D1

' 1.4 EeV
✓
n⌫

0.05

§"
10�1M�yr�1

;2
10�2 pc

1 pc
'sh

◆1/2 D1

0.2 2
. (4)

As one can see from Eq. (4), the maximum energy for DSA at the
wind shock of UFOs turns out to be of the order of EeV for standard
values of parameters.

Tab. 2 highlights the impact of di�erent parametric assumptions
on the maximum energy. In particular, we see that, according to

Table 2. Impact on the maximum energy of a parameter variations. All
parameters are set to the benchmark UFO values shown in Table 1 except
for those indicated in the first two columns. The last row shows the result for
benchmark values for comparison.

Parameter(s) Variation(s) ⇢max [EeV]

D1 [2 ] 0.03 / 0.1 / 0.3 0.03 / 0.31 / 1.86
§" ["� yr�1 ] 10�2 / 1 0.29 / 2.82

nB 0.01 / 0.1 0.53 / 1.41

;2 [pc] 3 · 10�3 / 10�1 0.81 / 0.24

Cage [yr] 102 / 104 / 105 0.58 / 1.12 / 0.88

X 5/3 (Kolmogorov) 1.02

=ISM [cm�3 ] 103 1.11

*rad none / double 2.04 / 0.77

( §" , D1) pessimistic / optimistic 0.01 / 4.53

no variations (benchmark) 1.06

Eq. (4), ⇢max scales roughly linearly with D1 and with the square
root of §" and n⌫ . The impact of ;2 on ⇢max can be understood as
follows: when ;2 � 10�2 pc, the di�usion coe�cient is much larger
than the benchmark scenario so that the di�usion length reaches the
size of the system at lower energies; when ;2 ⌧ 10�2 pc the energy
at which the di�usion coe�cient changes regime (from the stan-
dard quasi-linear theory ⇠ ⇢2�X to the small pitch-angle scattering
regime ⇠ ⇢2) shifts to lower energies thereby resulting in a larger
value of ⇡ at the highest energies. Therefore, since at the highest
energies, di�usion dominates, a local maximum in ⇢max appears for
;2 ' 10�2 pc. The age of the system does not have a strong impact
on ⇢max which is a�ected by less than a factor 2 for the wide range
of alternatives considered. Similarly, di�erent assumptions on the
slope of the turbulence cascade (Kolmogorov-like) and the external
medium density have a negligible impact on ⇢max. In fact, while
the former is irrelevant because at the highest energies AL > ;2 and
di�usion has changed regime, the latter impacts mostly the dynamics
of the bubble. Interestingly, as also highlighted in Fig. 2, di�erent
assumptions in the photon field highlight a trend which suggests that
the ?W interactions on the infrared field of the torus regulate the max-
imum energy. In particular, ⇢max increases by a factor 2 when the
photon field is removed, while it decreases when a stronger photon
field is considered. This suggests that the infrared field of the torus
could play a crucial role in regulating the maximum energy achiev-
able in UFOs. We finally explore the combined e�ect of maximum
(minimum) values of D1 and §" corresponding to a plausible opti-
mistic (pessimistic) scenario. In this context one can see that UFOs
can be responsible for particle acceleration with ⇢max ranging from
10 PeV up to 5 EeV. In particular, the objects in the high luminosity
end of a hypothetical luminosity function of UFOs are candidate
acceleration sites of UHECRs where protons could reach a few EeV.
Heavier nuclei could be accelerated to higher total energies provided
they survive photodisintegration. The latter possibility depends on
the photon background present at the acceleration site and on the
relative distance between 'sh and 'fs.

4 GAMMA-RAYS AND HE NEUTRINOS FROM UFOS AND
CONSTRAINTS TO THEIR LOCAL DENSITY

The gas swept-up from the dense environment of the SMBH as well
as the strong radiation field of the AGN can make hadronic interac-
tions dynamically relevant in UFOs. Since interactions are copiously

MNRAS 000, 1–11 (2015)
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Fig. 10. Comparison of non-jetted AGN models50,90,103 accounting for the all-sky neutrino in-
tensity measured in IceCube. For the IceCube data, the 6 year shower data104 and 10 year track
data105 are shown as data points and shaded area, respectively, and the extremely high-energy
(EHE) limit106 is also overlaid.

density (at z = 0) (in the 2 � 10 keV band) is

QX ⌘

Z
dLX LX

d⇢

dLX

⇠ 2 ⇥ 1046 erg Mpc�3 yr�1
. (29)

Thus, AGN can largely contribute to the all-sky neutrino intensity if a significant
fraction of the thermal energy is carried by cosmic rays. The amount of cosmic rays
can be parametrized by the so-called cosmic-ray loading factor,

⇠cr ⌘
LCR

LX

, (30)

which is smaller than unity in the models considered above.
The vicinity of SMBHs perfectly meets the conditions placed by these multimes-

senger data. In particular, the magnetically-powered corona model gives50

E
2
⌫
�⌫ ⇠ 10�7 GeV cm�2 s�1 sr�1

✓
2K

1 +K

◆
R

�1
cr

✓
⇠z

3

◆

⇥

✓
15fmes

1 + fBH + fmes

◆✓
⇠CR,�1LX⇢X

2 ⇥ 1046 erg Mpc�3 yr�1

◆
. (31)

where Rcr is the conversion factor from bolometric to di↵erential luminosities. Thus,
the medium-energy data of the all-sky neutrino intensity in the 10� 100 TeV range
and high-energy data above 100 TeV energies may be explained by Seyfert galaxies
and quasars.

The neutrino spectrum shown in Figure 10 may indicate a high-energy cuto↵.
The cuto↵, if confirmed, would be useful for constraining some specific models
discussed below. We note that the IceCube Collaboration has reported the detection
of a 6.3 PeV neutrino event produced by a Glashow resonance interaction.108 Better
data with IceCube-Gen2109 are needed for definitive conclusions.

Murase & Stecker 2022
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Reflection
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Fig. 1 A schematic representation of an AGN spectral energy distribution (SED), loosely based on the observed SEDs of non-jetted quasars (e.g.
Elvis et al., 1994; Richards et al., 2006a). The black solid curve represents the total emission and the various coloured curves (shifted down for
clarity) represent the individual components. The intrinsic shape of the SED in the mm-far infrared (FIR) regime is uncertain; however, it is widely
believed to have a minimal contribution (to an overall galaxy SED) compared to star formation (SF), except in the most intrinsically luminous
quasars and powerful jetted AGN. The primary emission from the AGN accretion disk peaks in the UV region. The jet SED is also shown for a
high synchrotron peaked blazar (HSP, based on the SED of Mrk 421) and a low synchrotron peaked blazar (LSP, based on the SED of 3C 454.3;
see Sect. 6.1). Adapted from Harrison (2014). Image credit: C. M. Harrison.

which gives the class or acronym in col. (1), its meaning in
col. (2), and the main properties or a reference to a relevant
paper in col. (3).

Reality is much simpler, however, as we know that most
of these seemingly di↵erent classes are due to changes in
only a small number of parameters, namely: orientation (e.g.
Antonucci, 1993; Urry & Padovani, 1995; Netzer, 2015), ac-
cretion rate (e.g. Heckman & Best, 2014), the presence (or
absence) of strong jets (e.g. Padovani, 2016), and possibly
the host galaxy and the environment. Sorting out these issues
is a pre-requisite to understand AGN physics and the role
AGN play in galaxy evolution (e.g. Alexander & Hickox,
2012).

To go beyond taxonomy and paint the AGN “big pic-
ture”, which comes out of multi-wavelength surveys, and
understand the truly intrinsic and fundamental properties of
AGN, the workshop “Active Galactic Nuclei: what’s in a
name?” was organised at ESO, Garching, between June 27
and July 1, 2016. This was done by discussing AGN selec-
tion and physics in all bands and by addressing:

– the di↵erent types of AGN selected in the various spec-
tral bands;

– the similarities and di↵erences they display;
– the impact of selection e↵ects on the interpretation of the

results;
– the physical mechanism(s) behind emission in a given

band;
– the e↵ective range of black hole (BH) mass (MBH) and

Eddington ratios2 (L/LEdd) probed by each selection method;
– the possible limitations of current observations and/or

facilities.

The workshop consisted of seven di↵erent sessions: ra-
dio, IR, optical, X-ray, �-ray, variability, and multi-frequency.
All of the sessions (with the exception of the multi-frequency
one) were introduced by a review talk which set the scene,
followed by contributed talks, for a total of eighty-six speak-
ers, 48% of whom were women. Sixty-seven posters com-
pleted the programme. A summary talk and a discussion

2 The ratio between the observed luminosity and the Eddington lu-
minosity, LEdd = 1.3 ⇥ 1046 (M/108M�) erg/s, where M� is one solar
mass. This is the maximum isotropic luminosity a body can achieve
when there is balance between radiation pressure (on the electrons)
and gravitational force (on the protons).

Padovani et al 2017
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Fig. 1.— Locations of the sources in the Clean Sample in Galactic (top) and J2000 equatorial

(bottom) coordinates and Hammer-Aitoff projection.
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find that for luminous AGN the Bethe-Heitler pair pro-
duction (pγ → pe+e−) is the most important cooling pro-
cess because of copious disk photons, which determines
the proton maximum energy. For our model parameters,
the CR spectrum has a cutoff at εp ∼ 0.1−1 PeV, leading
to a cutoff at εν ∼ 5− 50 TeV in the neutrino spectrum.
Note that all the loss timescales can uniquely be evalu-
ated within our disk-corona model, and this result is only
sensitive to η and q for a given set of coronal parameters.
Although the resulting CR spectra (that are known to
be hard) are numerically obtained in this work, we stress
that spectra of pγ neutrinos are independently predicted
to be hard, because the photomeson production occurs
only for protons whose energies exceed the pion produc-
tion threshold [10, 77]. The CR pressure to explain the
neutrino data turns out to be ∼ (1−10)% of the thermal
pressure, by which the normalization of CRs is set.
For coronae considered here, the infall and dissipation

times are tfall ≃ 2.5 × 106 s α−1
−1(R/30)3/2RS,13.5 and

tdiss ≃ 1.7×105 s (R/30)3/2RS,13.5β1/2, respectively. The
Coulomb relaxation timescales for protons [e.g., tC,pe ∼
4 × 105 s (R/30)RS,13.5(τT /0.5)

−1(kBTe/0.1 MeV)3/2]
are longer than tdiss (especially for β <∼ 1), so turbu-
lent acceleration may operate for protons rather than
electrons (and acceleration by small-scale magnetic re-
connections may occur [80, 81]). This justifies our as-
sumption on CR acceleration (cf. Refs. [77, 82–84] for
RIAFs).
Connection between 10–100 TeV neutrinos and MeV

gamma rays.— Accelerated CR protons interact with
matter and radiation modeled in the previous section,
producing secondary particles. We compute neutrino
and gamma-ray spectra as a function of LX , by utiliz-
ing the code to solve kinetic equations with electromag-
netic cascades taken into account [85, 86]. Secondary
injections by the Bethe-Heitler and pγ processes are
approximately treated as ε2e(dṄ

BH
e /dεe)|εe=(me/mp)εp ≈

t−1
BHε

2
p(dNCR/dεp) [87–89], ε2e(dṄ

pγ
e /dεe)|εe=0.05εp ≈

(1/3)ε2ν(dṄ
pγ
ν /dεν)|εν=0.05εp ≈ (1/8)t−1

pγ ε
2
p(dNCR/dεp),

and ε2γ(dṄ
pγ
γ /dεγ)|εγ=0.1εp ≈ (1/2)t−1

pγ ε
2
p(dNCR/dεp).

The cascade photon spectra are broad, being determined
by the energy reprocessing via two-photon annihilation,
synchrotron radiation, and inverse Compton emission.
The EGB and ENB are numerically calculated via the

line-of-sight integral with the convolution of the x-ray
luminosity function given by Ref. [16] (see also Supple-
mental Material, which includes Refs. [90–97]). Note that
the luminosity density of AGN evolves as redshift z, with
a peak around z ∼ 1 − 2, and our prescription enables
us to simultaneously predict the x-ray background, EGB
and ENB. The results are shown in Fig. S5, and our AGN
corona model can explain the ENB at ∼ 30 TeV energies
with a steep spectrum at higher energies (due to differ-
ent proton maximum energies), possibly simultaneously
with the MeV EGB. We find that the required CR pres-

10-9

10-8

10-7

10-6

10-5

10-4

10-4 10-3 10-2 10-1 100 101 102 103 104 105 106 107

E
2
�

[G
e

V
 c

m
-2

s-1
sr

-1
]

E [GeV]

AGN corona �
AGN corona � (cascade)

AGN corona X (thermal e)

reacceleration

10-100 TeV �
(medium-energy �)

PeV �GeV-TeV �

MeV �

FIG. 3: EGB and ENB spectra in our AGN corona model.
The data are taken from Swift BAT [15] (green), Nagoya
balloon [98] (blue), SMM [99] (purple), COMPTEL [100]
(gray), Fermi LAT [101] (orange), and IceCube shower events
(black) [5] (consistent with the global fit [4]). Solid thick
(thin) curves are for β = 1 and q = 5/3 (β = 3 and q = 3/2
with the reacceleration contribution), respectively.

sure (PCR) is only ∼ 1% of the thermal pressure (Pth), so
the energetics requirement is not demanding in our AGN
corona model (see Supplemental Material).
Remarkably, we find that high-energy neutrinos are

produced by both pp and pγ interactions. The disk-corona
model indicates τT ≈ npσTRRS/

√
3 ∼ 0.1 − 1, leading

to the effective pp optical depth

fpp ≈ tesc/tpp ≈ np(κppσpp)R(c/Vfall)

∼ 2 (τT /0.5)α
−1
−1(R/30)1/2, (1)

where σpp ∼ 4 × 10−26 cm2 is the pp cross section,
κpp ∼ 0.5 is the proton inelasticity, and Vfall = αVK is
the infall velocity. Coronal x rays provide target photons
for the photomeson production, whose effective optical
depth [10, 102] for τT <∼ 1 is

fpγ ≈ tesc/tpγ ≈ ηpγ σ̂pγR(c/Vfall)nX(εp/ε̃pγ−X)ΓX−1

∼ 2
ηpγLX,44(εp/ε̃pγ−X)ΓX−1

α−1(R/30)1/2RS,13.5(εX/1 keV)
, (2)

where ηpγ ≈ 2/(1 + ΓX), σ̂pγ ∼ 0.7 × 10−28 cm2

is the attenuation pγ cross section, ε̄∆ ∼ 0.3 GeV,
ε̃pγ−X = 0.5mpc2ε̄∆/εX ≃ 0.14 PeV (εX/1 keV)−1, and
nX ∼ LX/(2πR2cεX) is used. The total meson produc-
tion optical depth is given by fmes = fpγ + fpp, which al-
ways exceeds unity in our model. Note that the spectrum
of pγ neutrinos should be hard at low energies, because
only sufficiently high-energy protons can produce pions
via pγ interactions with x-ray photons.
Note that ∼ 10 − 100 TeV neutrinos originate from

∼ 0.2 − 2 PeV CRs. Unlike in previous studies ex-
plaining the IceCube data [103, 104], here in fact the

NB: Different 
energy range than 
NGC 1068

NGC 1068
(medium 
energy ν) this 

work
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NEUTRINO ASTROPHYSICS

Evidence for neutrino emission from the nearby
active galaxy NGC 1068
IceCube Collaboration*†

A supermassive black hole, obscured by cosmic dust, powers the nearby active galaxy NGC 1068. Neutrinos,
which rarely interact with matter, could provide information on the galaxy’s active core. We searched for
neutrino emission from astrophysical objects using data recorded with the IceCube neutrino detector between
2011 and 2020. The positions of 110 known gamma-ray sources were individually searched for neutrino
detections above atmospheric and cosmic backgrounds. We found that NGC 1068 has an excess of 79þ22

"20
neutrinos at tera–electron volt energies, with a global significance of 4.2s, which we interpret as associated
with the active galaxy. The flux of high-energy neutrinos that we measured from NGC 1068 is more than an
order ofmagnitude higher than the upper limit on emissions of tera–electron volt gamma rays from this source.

O
bservations of high-energy cosmic rays
(protons and atomic nuclei from space),
up to 1019 to 1020 eV (1–3), have demon-
strated that powerful cosmic particle
accelerators must exist, but their nature

and location remain unknown. Interstellarmag-
netic fields change the direction of charged
cosmic particles during their propagation to
Earth, concealing their sources. High-energy
photons and neutrinos are not deflected, so
they could be used to locate the cosmic accel-
erators. Both travel along straight paths and
are produced wherever cosmic rays interact
with ambient matter or light, in or near the
acceleration sites (4, 5). Depending on the en-
vironment in which these interactions occur,
gamma rays could rapidly lose energy through
several processes, including pair-production
in interactions with lower-energy photons.
Above tera–electron volt energies, gamma rays
are strongly absorbed over cosmological dis-
tances through interactions with the extragalac-
tic background light and the cosmic microwave
background (6). Neutrinos are not affected by
intergalactic absorption, so they could poten-
tially be used to probe tera–electron volt cos-
mic accelerators.
Active galaxies, those that host an active ga-

lactic nucleus (AGN) (7), are characterized by a
very bright central region powered by the ac-
cretion of material onto a supermassive black
hole (SMBH). The accretion flow of matter into
the SMBH is usually surrounded by an obscur-
ing, dusty torus, causing the observable char-
acteristics of an AGN to depend on the viewing
angle from Earth. For example, Seyfert II gal-
axies (8) are thought to be viewed edge on, with
the line of sight passing directly through the
obscuring torus (9). In some cases, the AGN
can launch a strong, narrow jet of accelerated
plasma. If such a jet is oriented close to the line

of sight, the AGN is observed as a blazar (10).
AGNs are potential neutrino emitters (11, 12); if
a plasma jet is present, it might dominate the
emission (13, 14).
The IceCube Neutrino Observatory (15) is

based at the Amundsen-Scott South Pole Sta-
tion in Antarctica and has been operating since
2010. The observatory uses 1 km3 of optically
transparent glacial ice as a detection medium
to measure Cherenkov light—ultraviolet and
blue photons emitted by charged secondary
particles traveling at a speed above the phase
velocity of light in the ice. These relativistic
(close to the speed of light) secondary particles
are produced when neutrinos interact with
nuclei in or near the instrument. A total of
5160 digital optical modules (DOMs) are in-
stalled on 86 vertical cables (strings), spaced
125 m apart to form a three-dimensional array
in the ice. Each DOM records the number of
induced photoelectrons (charges) as a func-
tion of time.

Themeasured flux of astrophysical neutrinos
(16) is largely isotropic, equally distributed among
neutrino flavors, and can be described by a sin-
gle power-law energy distribution that extends
from ~10 TeV to peta–electron volt energies
(17, 18). A specific source of high-energy cosmic
neutrinos was reported after the spatial and
temporal coincidence of a high-energy IceCube
neutrino (19) with a gamma-ray flaring blazar,
TXS 0506+056 (20–22). TXS 0506+056 con-
tains a typical accretion disk and a dusty torus,
which emits high-energy radiation and, possi-
bly, cosmic rays (22). Neutrinos detected using
IceCube were correlated with a catalog of 110
known gamma-ray emitters, with a signifi-
cance of 3.3s (23). The individual sources that
made the largest contribution to the total sig-
nificance of that catalog were the active gal-
axy NGC 1068 and the blazars TXS 0506+056,
PKS 1424+240, and GB6 J1542+6129. The signif-
icance of the neutrino excess from the direc-
tion of NGC 1068 was reported as 2.9s, which
is insufficient to claim a detection (23).

Searching for point-like neutrino emission

We analyzed data collected with IceCube be-
tween 13May 2011 and 29May 2020. This period
begins with the installation of the full 86-string
detector configuration. Previous searches for
cosmic neutrino sources (23) included data
collected with the incomplete detector with
fewer strings going back to 2008 and the full
detector up to the spring of 2018.We only used
the full detector data because our methods de-
pendonuniformly processeddata. The IceCube
dataset we used (24) has consistent selection
criteria (25). We reprocessed these data uni-
formly to remove data sample fragmentation,
align different data-taking conditions and cal-
ibrations, and improve event reconstructions

RESEARCH

IceCube Collaboration, Science 378, 538–543 (2022) 4 November 2022 1 of 6

*Corresponding authors: analysis@icecube.wisc.edu; F. Halzen
(francis.halzen@icecube.wisc.edu)
†IceCube Collaboration authors and affiliations are listed in the
supplementary materials.

Fig. 1. Sky map of the scan for point sources in the Northern Hemisphere. The color scale indicates the
logarithm of the local P value (Plocal) obtained from our maximum likelihood analysis, evaluated (with the
spectral index as a free parameter) at each location in the sky. The map is shown in equatorial coordinates on
a Hammer-Aitoff projection. The black circles indicate the three most significant objects in the source list
search, which are labeled. The circle around NGC 1068 contains the most significant location in the Northern
Hemisphere, shown in higher resolution in Fig. 2A.
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(26). We applied the directional track recon-
struction method SPLINERECO (26, 27, 28) to all
events in our dataset (26). We incorporated ad-
ditional calibration information in the extrac-
tion of the charges at each DOM and in the
corresponding arrival times of Cherenkov pho-
tons. Compared with previous work (23), this
introduces small changes in the reconstructed
event energies and some reconstructed event
directions (26). To ensure a uniform detector
response, theDOMs of theDeepCore subarray,
intended to study ≲100‐GeV neutrinos, were
excluded (25). Our resulting dataset, which
is optimized for track-like events induced
by muon (anti-)neutrinos

h
nm
!ð Þ
i
, has a total ex-

posure time of 3186 days.
We restricted our searches to the Northern

Hemisphere from declination d = −3° to 81°,
where IceCube is most sensitive to astrophys-
ical sources. IceCube uses Earth as a passive
cosmic muon shield and as a target material
for neutrinos. Hence, by selecting only upward-
going events, we reduced the atmosphericmuon
background, which contributes <0.3% to our
final event sample (25). Declinations higher
than 81° are excluded because low-energy
events from those directions are closely aligned
with the strings of IceCube, complicating our
distinction between the signal and background
(26). The resulting loss of sky coverage is <1%.
A total of ~670,000 neutrino-induced muon

tracks pass the final event selection criteria
(25). However, only a small fraction of these
events originate from neutrinos produced in
astrophysical sources. Most arise from the de-
cay of particles (specifically mesons) that are
produced in the interaction of cosmic rays
with nuclei in Earth’s atmosphere. To discrim-
inate neutrinos that originate from individual
astrophysical sources from the background of
atmospheric anddiffuse astrophysical neutrinos,
we used a maximum-likelihoodmethod and
likelihood ratio hypothesis testing, based on the
estimated energy, direction, and angular uncer-
tainty of each event (26). The median angular
resolution of each neutrino arrival direction,
composed of reconstruction uncertainty and
the kinematic angle between the parent neu-
trino and the muon, is 1.2° at 1 TeV, 0.4° at
100 TeV, and 0.3° at 1 PeV. We assume any
point source emits a neutrino flux Fnmþ!nm de-
scribed by a generalized power-law energy
spectrum, Fnmþ!nm Enð Þ ¼ F0· En=E0ð Þ!g , with
normalization energy E0 = 1 TeV, where En is
the neutrino energy and the spectral index g
and the flux normalization F0 are free parame-
ters (26). This corresponds to two correlated
model parameters that we express as a pair
(mns, g), where mns is the mean number of as-
trophysical neutrino events associated with a
given point in the sky. Using the energy- and
declination-dependent effective area of the de-
tector and assuming a spectral index g, mns can
be directly converted to F0 (26). Hence, the

tuple of mns and g fully determines the flux of
muon neutrinos,Fnmþ!nm , at any given energy.
We performed three different searches (26).

The first search consists of three discrete scans
of the Northern Hemisphere to identify the
location of the most statistically significant
excesses of high-energy neutrino events. These
scans use three different hypotheses for the
spectral index: g as a free parameter, g fixed to
2.0, and g fixed to 2.5. The other two searches
use a list of 110 preselected astronomical ob-
jects, all located in the Northern Hemisphere:
The second search is for the most significant
candidate neutrino source in the list, whereas
the third search consists of a binomial test to
evaluate the significance of observing an ex-
cess of k sources with local P values below or
equal to a chosen threshold, with k being an
index from 1 to 110. The binomial test is re-

peated under the same three spectral index
hypotheses as the sky scan.
All analysismethods, including the selection

of the hypotheses to be tested, were formu-
lated a priori. The performance of eachmethod
was evaluated using simulations and random-
ized experimental data (26). The local P values
are determined as the fraction of background-
only simulations that yield a test statistic greater
than (or equal to) the test statistic obtained
from the experimental data. The global P values
are determined from the smallest local P value
after correcting for testing multiple locations
(the look-elsewhere effect) (26). We use this
global value to assess the evidence that the
data provide against a background-only null
hypothesis (that the data consist purely of at-
mospheric background and isotropic cosmic
neutrinos).
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Table 1. Summary of final P values. For each of the three tests performed, we report the most
significant local and global P values.

Test type
Pretrial P value, Plocal
(local significance)

Posttrial P value, Pglobal
(global significance)

Northern Hemisphere scan 5.0 × 10−8 (5.3s) 2.2 × 10−2 (2.0s)
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

List of candidate sources, single test 1.0 × 10−7 (5.2s) 1.1 × 10−5 (4.2s)
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

List of candidate sources, binomial test 4.6 × 10−6 (4.4s) 3.4 × 10−4 (3.4s)
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Fig. 2. High-resolution scan around the most significant location. (A) High-resolution scan around the
most significant location marked by a white cross, with contours showing its 68% (solid) and 95% (dashed)
confidence regions. The red dot shows the position of NGC 1068, and the red circle is its angular size in
the optical wavelength (61). (B) The distribution of the squared angular distance, ŷ2, between NGC 1068 and
the reconstructed event directions. We estimated the background (orange) and the signal (blue) from
Monte Carlo simulations, assuming the best-fitting spectrum at the position of NGC 1068. The superposition
of both components is shown in gray and the data in black. This representation of the result ignores the
energy and angular uncertainty of the events.
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Neutrino emission from NGC 1068
The high-resolution scan around the most sig-
nificant location in the Northern Hemisphere
is shown in Fig. 2A, with NGC 1068 located
inside the 68% confidence region. The posi-
tion of NGC 1068 produced m̂ns ¼ 79þ22

#20 more
events than expected from the atmospheric
and diffuse astrophysical neutrino backgrounds.
Figure 2B shows the distribution of the angu-
lar separation of these events from NGC 1068.
Among the 79 most contributing events, 63
were included in a previous analysis (23). The
systematic uncertainty on m̂ns is ~2 events (26).
The measured spectral index is ĝ ¼ 3:2þ0:2

#0:2
with an estimated systematic uncertainty of
±0.07 (26), consistent with previous results
(23). We estimate these systematic uncertain-
ties by analyzing simulated data, assuming a
source with flux equal to the onemeasured for
NGC 1068 but varying assumptions about the
detector response (26). Systematic uncertainties
arise mainly from the modeling of the photon
propagation in the glacial ice—e.g., scattering
and absorption—and the efficiencywithwhich
photons are detected by the IceCube optical
modules. Systematic uncertainties are smaller
than statistical uncertainties fordirectional track
reconstructions (26) but have a nonnegligible
effect on the energy reconstructions.
The properties of the source spectrum are

shown in Fig. 3, which shows the likelihood
as a function of the model parameters (F0, g)
evaluated at the coordinates of NGC 1068.
The conversion of m̂ns to the flux F0 accounts
for the contribution from tau neutrino in-
teractions (which produce muons) assuming
an equal neutrino flavor ratio. The best-fitting
flux averaged over the data-taking period,
at a neutrino energy of 1 TeV, is F1Tev

nmþ!nm ¼
5:0 Tð 1:5stat T 0:6sysÞ & 10#11 TeV#1 cm#2s#1.
This systematic uncertainty was estimated by
varying the flux normalization under differ-
ent ice and detector properties, such that we
reproduce the observed values of ĝ and m̂ns in
the median case.
Our analysis assumed that the spectrum fol-

lows an unbroken power law over the entire
energy range of the dataset. However, our re-
sults show that the main contribution to the
excess (and thus the measured spectral index
and flux normalization) comes from neutrinos
in an energy range from 1.5 to 15 TeV, which
contributes 68% to the total test statistic. Out-
side this energy range, the data do not strong-
ly constrain the inferred flux properties. Our
results strengthen the suggestion (23) that
NGC 1068 could be a neutrino source; we find
a higher statistical significance for this result
(4.2s versus 2.9s).
Incrementally removing themost contribut-

ing neutrino events one by one from the vicinity
of NGC 1068 shows that the excess persists,
which indicates that it is not dominated by
one or a few single events but is the result of

an accumulation of neutrinos (26). We visually
inspected all neutrino events contributing to
the excess from NGC 1068, finding typical, well-
reconstructed, horizontal, and approximately
tera–electron volt–energy tracks with no sign

of unexpected contamination or anomalies
(26). Out of the 20 events contributing the
most to the test statistic, 19were included in the
previous analysis (23). Although the location is
therefore dominated by the same neutrinos, the
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Fig. 4. Multimessenger spectral energy distribution of NGC 1068. Gray points show multifrequency
observations (data sources listed in table S1). Dark and light green points indicate gamma-ray observations
at 0.1 to 100 GeV (40, 41) and >200 GeV (42), respectively. Arrows indicate upper limits, and error bars
are 1s confidence intervals. The solid, dark blue line shows our best-fitting neutrino spectrum with the
dark blue shaded region indicating the 95% confidence region. We restrict this spectrum to the range
between 1.5 and 15 TeV, where the flux measurement is well constrained (26). Two theoretical predictions
are shown for comparison: The light blue shaded region and the gray line show the NGC 1068 neutrino
emission models from (52, 55) and (53), respectively. The shaded region covers possible values of the
gyrofactor 30 ≤ hg ≤ 104 used to describe uncertainty in the efficiency of the underlying particle acceleration
(55). All fluxes F are multiplied by the energy squared E2.

Fig. 5. Comparison of point-source fluxes with the total diffuse astrophysical neutrino flux. Fluxes
for NGC 1068 (blue line, this work), TXS 0506+056 (orange line, this work), and the diffuse neutrino
background [brown data points and gray band (17, 25)] are given for a single flavor of neutrinos and
antineutrinos. All fluxes Fvþ!v are multiplied by the neutrino energy squared E2n . For the conversion of the
diffuse astrophysical flux measured from the nent channel (17), we assume an equal flavor ratio. Shaded
regions and dashed lines indicate 68% confidence intervals. Downward arrows are 68% upper limits.
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(26). We applied the directional track recon-
struction method SPLINERECO (26, 27, 28) to all
events in our dataset (26). We incorporated ad-
ditional calibration information in the extrac-
tion of the charges at each DOM and in the
corresponding arrival times of Cherenkov pho-
tons. Compared with previous work (23), this
introduces small changes in the reconstructed
event energies and some reconstructed event
directions (26). To ensure a uniform detector
response, theDOMs of theDeepCore subarray,
intended to study ≲100‐GeV neutrinos, were
excluded (25). Our resulting dataset, which
is optimized for track-like events induced
by muon (anti-)neutrinos

h
nm
!ð Þ
i
, has a total ex-

posure time of 3186 days.
We restricted our searches to the Northern

Hemisphere from declination d = −3° to 81°,
where IceCube is most sensitive to astrophys-
ical sources. IceCube uses Earth as a passive
cosmic muon shield and as a target material
for neutrinos. Hence, by selecting only upward-
going events, we reduced the atmosphericmuon
background, which contributes <0.3% to our
final event sample (25). Declinations higher
than 81° are excluded because low-energy
events from those directions are closely aligned
with the strings of IceCube, complicating our
distinction between the signal and background
(26). The resulting loss of sky coverage is <1%.
A total of ~670,000 neutrino-induced muon

tracks pass the final event selection criteria
(25). However, only a small fraction of these
events originate from neutrinos produced in
astrophysical sources. Most arise from the de-
cay of particles (specifically mesons) that are
produced in the interaction of cosmic rays
with nuclei in Earth’s atmosphere. To discrim-
inate neutrinos that originate from individual
astrophysical sources from the background of
atmospheric anddiffuse astrophysical neutrinos,
we used a maximum-likelihoodmethod and
likelihood ratio hypothesis testing, based on the
estimated energy, direction, and angular uncer-
tainty of each event (26). The median angular
resolution of each neutrino arrival direction,
composed of reconstruction uncertainty and
the kinematic angle between the parent neu-
trino and the muon, is 1.2° at 1 TeV, 0.4° at
100 TeV, and 0.3° at 1 PeV. We assume any
point source emits a neutrino flux Fnmþ!nm de-
scribed by a generalized power-law energy
spectrum, Fnmþ!nm Enð Þ ¼ F0· En=E0ð Þ!g , with
normalization energy E0 = 1 TeV, where En is
the neutrino energy and the spectral index g
and the flux normalization F0 are free parame-
ters (26). This corresponds to two correlated
model parameters that we express as a pair
(mns, g), where mns is the mean number of as-
trophysical neutrino events associated with a
given point in the sky. Using the energy- and
declination-dependent effective area of the de-
tector and assuming a spectral index g, mns can
be directly converted to F0 (26). Hence, the

tuple of mns and g fully determines the flux of
muon neutrinos,Fnmþ!nm , at any given energy.
We performed three different searches (26).

The first search consists of three discrete scans
of the Northern Hemisphere to identify the
location of the most statistically significant
excesses of high-energy neutrino events. These
scans use three different hypotheses for the
spectral index: g as a free parameter, g fixed to
2.0, and g fixed to 2.5. The other two searches
use a list of 110 preselected astronomical ob-
jects, all located in the Northern Hemisphere:
The second search is for the most significant
candidate neutrino source in the list, whereas
the third search consists of a binomial test to
evaluate the significance of observing an ex-
cess of k sources with local P values below or
equal to a chosen threshold, with k being an
index from 1 to 110. The binomial test is re-

peated under the same three spectral index
hypotheses as the sky scan.
All analysismethods, including the selection

of the hypotheses to be tested, were formu-
lated a priori. The performance of eachmethod
was evaluated using simulations and random-
ized experimental data (26). The local P values
are determined as the fraction of background-
only simulations that yield a test statistic greater
than (or equal to) the test statistic obtained
from the experimental data. The global P values
are determined from the smallest local P value
after correcting for testing multiple locations
(the look-elsewhere effect) (26). We use this
global value to assess the evidence that the
data provide against a background-only null
hypothesis (that the data consist purely of at-
mospheric background and isotropic cosmic
neutrinos).
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Table 1. Summary of final P values. For each of the three tests performed, we report the most
significant local and global P values.

Test type
Pretrial P value, Plocal
(local significance)

Posttrial P value, Pglobal
(global significance)

Northern Hemisphere scan 5.0 × 10−8 (5.3s) 2.2 × 10−2 (2.0s)
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

List of candidate sources, single test 1.0 × 10−7 (5.2s) 1.1 × 10−5 (4.2s)
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

List of candidate sources, binomial test 4.6 × 10−6 (4.4s) 3.4 × 10−4 (3.4s)
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Fig. 2. High-resolution scan around the most significant location. (A) High-resolution scan around the
most significant location marked by a white cross, with contours showing its 68% (solid) and 95% (dashed)
confidence regions. The red dot shows the position of NGC 1068, and the red circle is its angular size in
the optical wavelength (61). (B) The distribution of the squared angular distance, ŷ2, between NGC 1068 and
the reconstructed event directions. We estimated the background (orange) and the signal (blue) from
Monte Carlo simulations, assuming the best-fitting spectrum at the position of NGC 1068. The superposition
of both components is shown in gray and the data in black. This representation of the result ignores the
energy and angular uncertainty of the events.
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Neutrino production in NGC 1068
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magnetised) Murase et al 2020
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Fig.2 presents the numerically calculated MM spectra
for our fiducial parameters, compared with the available
observational data for NGC 1068. As analytically ex-
pected, pγ neutrinos from the inner region exhibit a spec-
tral break at εν,br ∼ 1 TeV and a cutoff at εν,max ∼ 5
TeV, generally being consistent with the current IceCube
data. Values of ηg ∼ 1-40 may be compatible (Fig.7),
but future neutrino measurements with higher statistics
by IceCube-Gen2 [72] may be required for confirmation.
There is also a sub-dominant contribution of pp neutrinos
from the outer region.
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FIG. 2. Model vs. observations of the multi-messenger
spectrum of NGC 1068 for fiducial parameters. Inner region:
R = 10Rs, v = 1000 km/s, B = 510G (ϵB = 0.1), ηg = 4,
Lp = 1044erg/s. Outer region: Ro = 0.1 pc, no = 106 cm−3,
Bo = 7mG, Lp,o = 2.6 × 1042 erg/s. Total emission from
the inner (red solid), outer (blue solid), and both (black
solid) regions shown. Left: Electromagnetic spectrum. Com-
ponents dominating each band highlighted: total pγ Bethe-
Heitler (BeH) cascade (ochre dashed), external inverse Comp-
ton (EIC) from first-generation BeH pairs (ochre dot-dashed),
pp π0 decay (green dotted), pp π± decay pair synchrotron
(cyan double-dot-dashed). Assumed disk+corona (cyan thin)
and torus (magenta thin) components overlaid. Data plotted
for radio to X-rays on sub-pc scales [73] (black circles), distin-
gushing bands affected by obscuration (empty circles), high
resolution ALMA (ochre diamonds) [45], Fermi-LAT [74, 75]
(black and magenta squares) and MAGIC [41] (blue trian-
gles). Intrinsic X-ray flux (gray box) indicated [32]. Right:
Muon neutrino spectrum. 1- (dark green), 2- (medium green),
and 3- (light green) σ error regions from IceCube denoted [30].

EM emission from the inner region is dominated by
the BeH cascade. Despite considerable γγ attenuation
above a few MeV as expected, it is luminous enough to
contribute significantly to the sub-GeV emission detected
by Fermi-LAT, mostly due to IC upscattering of AGN
photons by the first generation of BeH pairs (also seen
but not clearly emphasized in the coronal region models).
On the other hand, the emission at higher energies is
accounted for by pp gamma rays from the outer region
with Lp,o = 2.6 × 1042 erg/s. Above ∼0.1 TeV, the pp
gamma rays are severely γγ-attenuated by the torus IR

radiation, in agreement with the MAGIC upper limits.
Although the cascade emission from the inner region

extends down to much lower frequencies, due to the onset
of synchrotron self absorption (SSA) below a few THz, it
may not be observationally relevant, at least for the fidu-
cial parameters. In contrast, GHz-range emission may
be observable from the outer region due to synchrotron
by secondary pairs from pp-induced π± decay. For con-
sistency with the current upper limit at a few GHz, we
choose Bo = 7mG, within the range inferred from inde-
pendent polarization measurements for the inner torus of
NGC 1068 [76]. This implies Ep,max,o = 300 TeV given
by tacc,o = trad,o if ηg,o = 10.
For other combinations of R and v, we note that R <

∼
10Rs is unlikely as the inner disk radius is 3Rs, and R <

∼
100 km/s is unlikely as it approaches the sound velocity
of the inner disk and shocks may not form. Thus, fixing
ηg = 4 and ϵB = 0.1 so that B ∝ R−1, we focus on
two cases for {R/Rs, v[ km/s], B[ G]}: {30, 300, 170} and
{100, 100, 50}, with Lp adjusted to the MM data for each
case. Fig.3 shows the comparison with the fiducial case.
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FIG. 3. Model vs. observations of the multi-messenger
spectrum of NGC 1068 for ηg = 4 and varying combinations
of R, v, B and Lp for the inner region, as indicated in the
legend. Total emission from both regions shown for R = 10Rs

(fiducial, dark shaded), R = 30Rs (medium shaded) and R =
100Rs (light shaded), along with total emission from outer
region (fiducial, thin solid). Otherwise the same as Fig.2.

As expected, εν,br ∼ 1 TeV remains similar for all
cases. As trad ∝ R2 and tacc ∝ R, Ep,max (and hence
εν,max) given by tacc = trad increase with R, being ∼52
TeV and ∼33 TeV for R/Rs = 30 and 100, respec-
tively. The EM emission becomes more luminous with
R in bands affected by opacity, for both γγ absorption
at GeV and SSA at submm. Thus, to remain consistent
with existing data in those bands, Lp must be decreased
accordingly, to Lp/ erg/s = 4.1 × 1043 and 1.4 × 1043

for R/Rs = 30 and 100, respectively. This entails much
lower neutrino fluxes and disfavors cases with larger R
compared to the fiducial case. However, we note that
in reality, there can be additional γγ absorption outside

AGN wind (pγ) S. Inoue et al 2022
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Tidal disruption events 
X-ray observed TDEs 

plot by D. Ehlert (based on catalogue of Goldtooth et al 2023) 
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IceCube Point-Source Events3 jetted TDEs
40 non-jetted TDEs (mixture 
of X-ray / UV / optical TDEs)

Updated search in 2022 ZTF 
TDEs with neoWISE flare                  
(``dust echo’') Y. Necker TeVPA 
2022 - No excess 

TDE sky-map 

IceCube Coll PoS ICRC 2019
Necker et al 2022 (ASAS-SN Coll) 
Stein et al 2022 (ZTF Coll) 

Jetted TDEs: < 3% diffuse neutrino flux

Non-jetted < 26%

TDE contribution to the cosmic-neutrino flux
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TDEs coincident with high-energy neutrinos

IC191119A (+148days)

IC200530A (+393days)

IC191001A (+150days)

combined significance: 3.7σ  

tidally disrupted star 
in the vicinity of a 

Massive Black Hole

 Stein et al 2021
Reutsch et al 2022

Van Velzen et al 2021 
Albert et al 2021 (Antares)
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Neutrino production in TDEs
see also Hayasaki et al 2019

Winter, Lunardini 2020
Winter, Lunardini 2022
Banik & Bharda 2022

p pp

30

PROBING THE NUCLEAR TRANSIENT–NEUTRINO PARADIGM WITH
NICER FOLLOW-UP OF ICECUBE GOLD ALERTS

Since the discovery of high-energy neutrinos (HE⌫s) in 2013 [1], intense e↵orts have
been underway to identify the astrophysical sources of these extreme cosmic messengers.
Despite recent evidence identifying a flaring blazar as a possible neutrino source [2], the
vast majority of IceCube neutrinos remain unexplained. It has been demonstrated that the
bulk of neutrinos do not come from rare and extremely powerful “usual suspect” sources
like blazars and Gamma Ray Bursts [3, 4]. It has been shown, further, that the sources of
the TeV - PeV neutrinos detected with IceCube must be produced in gamma-ray opaque
environments [5].

star

unbound stream

dissipation

debris

wind

return stre
am

dissipation

corona

disk

Figure 1: Illustration of the possible sites of
high-energy particle acceleration in a TDE
without a detectable jet. Particle acceleration
and subsequent neutrino production in shocks
from a disk-driven outflow (wind) or the core
region (corona) are the focus of this proposal.

Extra-galactic nuclear transients arising
from sudden onset of accretion onto a su-
permassive black hole (SMBH; mass &106

M�), either from the tidal disruption of
a star or an AGN outburst, can naturally
produce strong shocks where particle accel-
eration can facilitate neutrino production
(e.g. [6, 7]). Such SMBH outbursts also pro-
duce gamma-ray opaque environments and
have thus gained much attention as plausible
neutrino sources [8]. In the last four years,
three nuclear transients (Tidal Disruption
Events (TDEs)/AGN outbursts) have been
suggested to be associated with optically
identified nuclear transients [9, 10]; the
combined significance of the associations has
been estimated as 3.6 �.

Because of the relatively poor angular
resolution of neutrino telescopes (error radii
& 1�) false positive associations of HE⌫s
with nuclear transients are unavoidable. The

only way to distinguish false from true nuclear transient–neutrino associations is to not only
examine a neutrino’s spatial correlation with a nuclear transient but more importantly, crit-
ically assess the feasibility of neutrino production through energetic (theoretical) analysis.

The aim of this proposal is to carry out a systematic NICER follow-up of three
non-jetted nuclear transients coincident with IceCube’s highest purity alerts (so-
called GOLD alerts) and perform detailed theoretical modeling to 1) test such
a TDE–HE⌫ association and 2) derive underlying physics.

1 The basic theory for X-ray–neutrino association

As elucidated in studies of nuclear transients AT2019dsg and AT2019fdr (see Fig. 1 as well as
e.g. [11, 12]), the expected neutrino emission from a nuclear transient is directly proportional
to the X-ray emission. This can be intuitively understood based on the following argument:
Neutrinos are produced in photopion interactions of protons (p+ � ! n(p) + ⇡+(⇡0)). Due
to the production of neutral and charged pions with approximately the same frequency, for
every three neutrinos produced in the decay of charged pions (⇡+ ! ⌫µ + ⌫e + ⌫̄µ), two

1

Disk 
photons

ν ν ν

No jet for AT2019dsg, 
AT2019fdr, AT2019aalc
(Cendes et al 2021, Matsumoto et al 2021)

Corona  
photons

Example: AT2019dsg

observed 
neutrino

flux

various 
model 

neutrino
fluxes

and the modeling/theoretical expertise to achieve the scientific goals of this program. Using
NICER data we will perform modeling similar to Fig 2. Such radiative and leptohadronic
modelling will allow us to infer the physical process fueling the X-ray emission of the TDE
and hence the compatibility with the detected neutrino flux. The team also has access
to an approved radio program which we will trigger along with these proposed
NICER observations. If the X-ray/radio observations allow us to determine the existence
and velocity of an outflow we can accurately determine the maximum neutrino emission
power of that particular TDE.

Even in the case of non-detection of X-ray emission, the NICER upper limits can be used
to place an upper limit on the neutrino flux from the studied nuclear transient. We will
thus be able to determine an upper limit on the neutrino flux from the entire studied source
sample and constrain the fraction of the total high-energy neutrino flux that can plausibly be
associated to nuclear transients. Thereafter, we will publish our work in a refereed journal.

Figure 2: Neutrino and cascade X-ray flux expected
in the corona and the wind models of AT2019dsg
(grey region). The thick (thin) cascade X-ray spec-
tra are calculated with NH = 1021 cm�2 (1023 cm�2)
using [11]. For corona model (solid curves), we use
an SMBH mass of 3⇥107 M� and the ratio of the
cosmic ray pressure to thermal pressure of 0.5. For
wind model (dashed curves), we assume cosmic rays
are accelerated at the dissipation radius of 1016 cm.
Blue data points are from NICER. The black hori-
zontal line marks IceCube’s flux in the direction of
AT2019dsg. The dashed black line marks the sensi-
tivity limit that we will probe with proposed 25 ks
exposures.

In case there are multiple nuclear
transients within the IceCube alert,
the we will treat the closest one as the
likely counterpart.

Blazar flares: The scope of our pro-
posal is to test the X-ray corona and
the wind models for neutrino produc-
tion. Therefore, if a blazar happens to
coincide with a GOLD alert, the un-
derlying physics there is beyond the
scope of this work. Therefore, we will
not trigger this program on a blazar.

4 Justification of Requested
Observing Time, Feasibility,
and Visibility

In the past 2 years, IceCube has re-
ported about a dozen GOLD alerts
per year with an average localiza-
tion error box of size 3 square de-
grees. Using the transient network
server (https://www.wis-tns.org/)
we searched for nuclear transients that
happened within this errorbar prior to
the date of the GOLD alert. We in-
cluded all events within 10 years prior
to the alert. We found 5 coincident
nuclear transients per year. Assuming
a similar number in cycle 6 we are re-
questing for 3 triggers as part of this
pilot study.
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Interesting developments in TDE observations
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Figure 1. X-ray and UV lightcurves of AT2020ksf. The top panel shows the UV/optical evolution in the Swift/UV
and various optical bands. The inset shows the Gaia lightcurve up to 2000 days before discovery, indicating no significant host
galaxy variability. The black circles show the blackbody-corrected 0.03–3 µm lightcurve based on the ZTF g-band, assuming
a temperature of 20 000 K. The bottom panel shows the Swift, NICER, XMM-Newton and eROSITA X-ray lightcurves, all
computed in the spectral range 0.3–1.1 keV. Peak light in the X-rays is delayed with respect to the UV/optical, as constrained
by eROSITA and XMM-Newton slew survey observations (orange triangles and red diamond). Note that when integrating the
X-ray spectrum from 1–1000 Ryd, the luminosity remains near the Eddington limit for at least 770 days. The inset shows the
NICER high cadence data near the X-ray lightcurve peak. Variability by a factor of 2–3 on several day timescales is present
throughout. The NICER epochs that are used for spectral modeling are marked by dashed and dotted lines; for example, E34
signifies that data from E3 and E4 were stacked.

X-ray rebrigthening after 200days in AT2020ksf. 
 (Wevers et al 2023)

NuStar followup of Gold neutrino alerts, 
(Pasham, Murase, FO, Zhang)

6 Cendes et al.

Figure 1. Top: Radio uminosity light curves for TDEs presented in this work (triangles: 3� upper limits; other symbols:
detections). All observations for the same TDE are connected with a dotted line for non-detections, and a solid line when
detected. TDEs with detected radio emission whose origin is ambiguous are shown as plus symbols (see §3.1.3). We also include
the light curve for AT2018hyz from Cendes et al. (2022b). For comparison we also show radio light curves for TDEs with early
jetted radio emission (Sw1644+57: Cendes et al. 2021b; AT2022cmc: Andreoni et al. 2022) and TDEs with late brightening
(ASASSN-15oi: Horesh et al. 2021a; AT2020vwl: Goodwin et al. 2023b,a) as well as two TDEs with early radio emission for
which we detect significant re-brightenings (iPTF16fnl: Horesh et al. 2021b; AT2019dsg: Cendes et al. 2021a; Stein et al. 2021),
where previously published data are shown as open symbols, and our new data with filled symbols connected by thicker lines.
We do not plot non-constraining upper limits, but they are available in Table 5. Bottom: the same data presented above, but
zoomed in to only show observations at > 100 d, and luminosities of < 3⇥ 1039 erg s�1, highlighting the significant population
of TDEs with late-rising radio emission.

Ubiquitous radio outflows up to 3000 days after TDE
onset 
(Cendes et al 2023) 
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Summary 
Jetted AGN: 

Most promising 100 EV UHECR candidates

Growing UHECR excess in direction of Cen A 

Most promising  neutrino point sources - transient (long) flare 
counterparts 

Non - jetted AGN: 

UHECRs: Don’t suffer from “variety” problem - but don’t seem to reach 100 EV 
due to energy losses 

Could explain all IceCube neutrinos (medium and high) energy - usually steady 
emission 

TDEs:

Interesting new observations suggest UFOs and long-lived radio outflows

≥ 10 PeV
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Neutrino emission from additional Seyferts? 
Swift-BAT selected Seyferts 

Neronov, Savchenko, Semikoz arXiv: 2306.09018
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FIG. 2: Maps of TS values around the positions of NGC 3079
and NGC 4151. Red dots mark the catalog source positions.

also Compton-thick with NH > 1024 cm�2.

IceCube data analysis. We search for the neutrino
signal from these two potentially detectable sources using
publicly available 10-year dataset of IceCube [16]. Simi-
lar to [5], we consider only the data of the fully assembled
86 string detector that has homogeneous event selection
and stable instrument response functions. We perform
the unbinned likelihood analysis [17], see Supplementary
Material for details.

Fig. 2 shows the map of Test Statistic (TS) values
around the positions of NGC 3079 and NGC 4151. For
each source, an evidence for the signal is found in the
data. In the case of NGC 3079, the maximal TS value
is found at RA = 150.7�, Dec = 55.7�. The TS value at
the catalog source position is TS = 14.1. The probabil-
ity that this or higher TS value is found in a background
fluctuation is p3079 = 9.3⇥ 10�5. The 0.3� 100 TeV flux
is F⌫µ,100 = 3.2 + 4.0� 2.5⇥ 10�11 TeV

cm2s . For NGC 4151,
the excess at the source position has TS = 10.0. Such
an excess can be found in background fluctuations with
probability p4151 = 2.7⇥ 10�3. The highest TS is found

FIG. 3: Comparison of the intrinsic hard X-ray fluxes (15-195
keV range) with the all-flavour neutrino flux measurements or
upper limits in the energy range above 300 GeV (see Supple-
mentary Material) . Grey boxes correspond to the uncertain-
ties of the flux for detected sources. Black solid line shows
the F⌫,300 = FhX0 scaling, dashed line is for the neutrino flux
ten times smaller than the hard X-ray flux.

at the position RA = 182.5�, Dec = 39.5�, just 0.1� from
the catalog source position. The 0.3�100 TeV flux is esti-
mated to be F⌫µ,100 = 2.8+2.2�2.0⇥10�11 TeV

cm2s . Overall,
two out of two additional sources show an evidence for
the signal in the IceCube data. The probability to find
random background count fluctuations at the two posi-
tions is p = p3079p4151 ' 2.6 ⇥ 10�7. No other Seyfert
galaxy from our source sample shows an excess in our
analysis. Fig. 3 shows a comparison between neutrino
flux estimates and upper limits and hard X-ray corona
fluxes of the selected sources.
Discussion. Analysis of the IceCube data presented

above confirms the hypothesis that Seyfert galaxies are
generically sources of neutrinos. Estimates of the neu-
trino flux based on the hard X-ray luminosity of the
central engines of Seyfert type AGN has suggested that
only two additional sources, besides NGC 1068, should
have been detected in the 10-year IceCube data sample.
We have found excess neutrino counts at the positions of
both additional sources, NGC 3079 and NGC 4151. The
chance coincidence probability to find the observed ex-
cess in both sources is p ' 2.6⇥10�7, which corresponds
to the 5� confidence level detection of Seyfert galaxies as
neutrino source class.
The spectra of neutrino emission from the three sources

are softer than E�2, (See Supplementary Material). This
means that most of the neutrino power is emitted in the
energy range close to the energy threshold of IceCube (at
several hundred GeV). Fig. 3 shows a comparison of the
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TS = 14.1, p = 9.3 × 10−5 TS = 10, p = 2.7 × 10−3

pjoint = 2.6 × 10−7
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tion is thus expected for the �-rays with energies
E� ⇠ 10 GeV, with the optical depth ⌧a = ���nphR '
106

⇥
La/1045 erg/s

⇤ ⇥
R/3⇥ 1012 cm

⇤�1
[E�/10 GeV]

where ��� ' 10�25 cm2 is the pair produc-
tion cross-section, nph = La/(4⇡R2✏phc) is the
density of soft photons and R is the source
size, comparable to the Schwarzschild radius
R ⇠ Rschw ' 3 ⇥ 1012[M/107M�] cm (for emis-
sion at ✏ph ⇠ 100 eV). Assuming the radial accretion
flow temperature and luminosity dependence T / R�4/3,
La / R�1, one can estimate the energy dependence of
the optical depth ⌧a ⇠ 106 (E/10 GeV)�3/2, so that the
source may be opaque to �-rays with energies up to
approximately 100 TeV.

Gamma-rays with energies below 10 GeV
are absorbed in interactions with X-ray pho-
tons from hot corona with temperature reaching
Tc ⇠ 100 keV. Its optical depth for this process is

⌧c ' 7
⇥
Lc/1043 erg/s

⇤ ⇥
R/3⇥ 1012 cm

⇤�1
[E�/10 MeV]

where Lc is the luminosity of the corona. Thus, most of
the electromagnetic power from pp and p� interactions,
comparable to the neutrino luminosity of the source,
has to be released in the energy range E <⇠ 1 MeV [10].
A linear scaling between the neutrino and secondary
hard X-ray / soft �-ray flux from high-energy proton
interactions is expected in this case.

The TeV band muon neutrino luminosity of NGC
1068 is estimated as [5] L⌫µ ⇠ 4⇡D2F⌫µ ⇠
2 ⇥ 1042

h
F⌫µ/5⇥ 10�11 TeV/cm2s

i
erg/s where D '

16.3 Mpc is the distance to the source. This is ap-
proximately L⌫µ, TeV ⇠ 0.02LhX0 of the intrinsic hard
X-ray band source luminosity LhX0 in the hard X-ray
band. NGC 1068 is a Compton-thick AGN, with X-ray
flux attenuated by the Compton scattering through a
medium with the column density [11] NH

>⇠ 1025 cm2.
The hard X-ray flux arriving at Earth is FhX ⇠
LhX0/(4⇡D2) exp(�⌧C) where the optical depth for the
Compton scattering is ⌧C = �TNH ' 7

⇥
NH/1025 cm�2

⇤
.

Apart from the attenuated flux from the corona, the hard
X-ray flux has a contribution from Compton reflection
that may even dominate the observed flux for heavily
obscured sources, like NGC 1068. This introduces large
uncertainty in the estimates of the intrinsic luminosity
of the corona for such sources [12]. The power released
by high-energy proton interactions contributes to the in-
trinsic hard X-ray luminosity of the source and hence
the neutrino luminosity is expected to scale with the in-
trinsic, rather than observed, hard X-ray luminosity in
Compton-thick sources of Seyfert 2 type.

Source selection. The linear scaling of neutrino and
the secondary sub-MeV electromagnetic luminosity from
the power released in interactions of high-energy pro-
tons suggests that Seyfert galaxies with the highest un-
absorbed sub-MeV flux should be the brightest neutrino
sources. To find these best candidates, we follow the ap-
proach of Ref. [3] and consider a volume-complete sample
of nearby Seyfert galaxies above the luminosity thresh-

FIG. 1: Expected neutrino fluxes of Seyfert galaxies derived
from the hard X-ray data. Vertical lines correspond to the
uncertainty of the intrinsic hard X-ray flux estimates for
Compton-thick sources. Horizontal black line and grey band
show the measured neutrino flux of NGC 1068 [5]. Horizontal
dashed line shows the expected level of 90% upper limits on
neutrino flux for sources with E�3 powerlaw spectra in the
declination range �5� < Dec < 60�, attainable with 10-year
IceCube exposure [7].

old Lmin = 1042 erg/s from the Swift-BAT 105 months
survey [13]. We consider sources in the declination range
�5� < � < 60� in which IceCube can observe in the muon
neutrino channel at moderate atmospheric background
levels and without strong absorption by the Earth. We
include in our candidate list sources that are confirmed
Seyfert galaxies, based on the Turin Seyfert galaxy cata-
log [2].

This selects 13 sources in the sky region of interest,
listed in Table I of the Supplementary Material. Apart
from NGC 1068, three other sources, NGC 1320, NGC
3079 and NGC 7479 are Compton-thick and two other,
NGC 4388 and NGC 5899, haveNH in excess of 1023 cm2.
For these sources, we find the estimates of the intrinsic
hard X-ray luminosity based on the detailed modelling of
the spectra measured by NUSTAR telescope (with higher
signal-to-noise compared to Swift-BAT) reported in the
literature [12, 14, 15].

Fig. 1 shows the estimates of the muon neutrino fluxes
from the selected sources. Horizontal dashed line shows
the sensitivity limit of the 10-year IceCube exposure for
the E�3 powerlaw neutrino spectrum (with the slope
close to the measured slope of the NGC 1068 spectrum
[5]). Only two additional sources may be detectable in-
dividually in the 10-year IceCube exposure: NGC 4151,
a Seyfert 1 galaxy, and a Seyfert 2 galaxy, NGC 3079.
NGC 3079 is similar to NGC 1068 in the sense that it is

Expected neutrino flux based on hard X-ray flux

NGC 4151 δ = 39.5∘NGC 3079 δ = 55.7∘

Neutrino excess in the 10 year IceCube Point Source sample
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