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Blazars
Fermi-LAT 5 year map
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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, Righi et al 2020, Rodrigues et al 2021
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Astro νμ + ν̄μ

Auger 2019
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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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All blazars (GeV γrays) < 17 %

Huber for IceCube Coll PoS (ICRC 2019) 916. Limits also apply to infrared selected blazars,  ≲27% with spectral templates: IceCube Coll PoS (ICRC2017) 994

Blazar contribution to the diffuse neutrino flux

6



1013 1014 1015 1016 1017

E [eV]

10°11

10°10

10°9

10°8

10°7

10°6
E

2
d
N

/d
E

[G
eV

cm
°

2
s°

1
sr

°
1
]

Murase+14 Lp/L∞ = 3

Padovani+15 F∫/F∞ = 0.8

Muecke+03 LBL

Astro νμ + ν̄μ

Auger 2019

IC EHE 9yr
Astro cascades

All blazars (GeV γrays) < 17 %

100 brightest blazars (MeV γrays) < 1 %

Abbasi et al (IceCube Coll), 2022, Based on 1FLE blazar catalogue 

Blazar contribution to the diffuse neutrino flux
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UHECRsγ − rays neutrinos UHECRsγ − rays neutrinos

Blazars

Max. 3FHL blazar 
contribution 16.7% 

Joint origin disfavoured 
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Several dozen associations so far ≥ 3σ:

3.3σ 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)

de Menezes et al ICRC 2021
Buson et al ApJL (2022)

Blazars coincident with high-energy neutrinos
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Giommi et al MNRAS 497 (2020) 

Hovatta et al A&A 650 (2021)
Plavin et al ApJ 908 (2021)

de Menezes et al ICRC 2021
Buson et al ApJL (2022)

Blazars coincident with high-energy neutrinos

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)

290 TeV muon neutrino coincident with 6-month long 
gamma-ray flare of TXS 0506+056 (3σ) 
signalness of neutrino 56.5%

TXS 0506+056
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TXS 0506+056 + IC170922A
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Nνμ
≲ 0.05/6 months

but requires atypically high proton luminosity

Lproton ≳ 10 − 100 LEddington
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,  
Strotjohann et al 2019, A&A, 622, L9  

See also: 

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 
2014 flare: Reimer+19, Rodrigues+19, 
Halzen+19, Petropoulou+20, 
and more…! 
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Lproton ≳ 10 − 100 LEddington
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PKS 1502+106

TXS 0506+056

3HSP J095507.9+355101  

Several dozen associations so far ≥ 3σ:

3.3σ 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)

de Menezes et al ICRC 2021
Buson et al ApJL (2022)

Blazars coincident with high-energy neutrinos

as well as 
• PKS B1424-418+IC35 Kadler, Nat Phys 12 (2016),         

Gao, Pohl, Winter, ApJ 843 (2017)
• PKS 0735+178 + 211208A Sahakyan et al 2022         

arXiv:2204.05060v1

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  10

https://arxiv.org/abs/2204.05060v1


10°5 10°3 10°1 101 103 105 107 109 1011 1013

E [eV]

10°14

10°13

10°12

10°11

10°10

10°9

10°8

E
n
er

gy
fl
u
x

[e
rg

cm
°

2
s°

1
]

WISE

UVOT+X-SHOOTER

XRT+NuSTAR

Fermi-LAT

MAGIC

•Models consistent (statistically) with neutrino detection for > month long flares but require 
atypically high proton content

•High-luminosity FSRQs ok with more conservative parameters

10°5 10°3 10°1 101 103 105 107 109 1011 1013

E [eV]

10°14

10°13

10°12

10°11

10°10

10°9

10°8

E
n
er

gy
fl
u
x

[e
rg

cm
°

2
s°

1
]

WISE

UVOT+X-SHOOTER

XRT+NuSTAR

Fermi-LAT

MAGIC

γ

11

Blazars coincident with high-energy neutrinos

PKS 1502+106 (z = 1.839) + 
IC190730A

TXS 0506+056 (z = 0.3365) + 
IC170922A 

3HSP J095507.9+355101 
(z = 0.557) +IC200107A 

FO et al 2019
Petropoulou et al 2021
FO et al 2021

AUGER
15yr

1013 1015 1017

eV

10°14

10°13

10°12

10°11

10°10

10°9

10°8

er
g

s°
1
cm

°
2

IceCube 10 yr 

PKS
Νν~0.1
(10yr) 

TXS
Νν~0.05
(6 month 
flare) 

3HSP

ν



Gamma-ray bursts

12

Fermi-LAT 10 year GRB map

>2000 GRBs with Fermi-GBM
~200 with Fermi-LAT

Fermi-LAT 2nd GRB Catalogue,2019



Neutrino production in gamma-ray bursts

13

Meszaros & Rees, 2014



Neutrino production in gamma-ray bursts

13

Meszaros & Rees, 2014

internal shock
photosphere

larger radius

possible neutrino production sites

TeV- PeV neutrinos PeV neutrinos

PeV - EeV neutrinos

Zhang & Kumar 2013

>100 publications on theoretical expectations: 
see e.g. review “Neutrinos from GRBs” (Kimura 2022)



GRB contribution to the cosmic neutrino flux

14

IceCube Coll, PRL 2020

A stacked search for neutrinos 
coincident with prompt GRB 
emission by IceCube
(now a total of 2091 GRBs) has 
led to limits on the neutrino 
production in GRBs

Prompt (ΔTpromt ~1-100s): < 1% diffuse neutrino flux
Precursor/Afterglow (ΔTafterglow ± 14d): < 24% diffuse neutrino flux

IceCube Coll, ApJ 843 (2017) 112
IceCube Coll., Fermi GBM Coll. 2022 ApJ in press 



Binary neutron star mergers: GW170817
18

jet burrowing through the stellar envelope in a core-collapse
event (Mészáros & Waxman 2001; Razzaque et al. 2003; Bar-
tos et al. 2012; Murase & Ioka 2013). Nevertheless, if the
observed gamma-rays come from the outbreak of a wide co-
coon, it is less likely that the relativistic jet, which is more
narrowly beamed than the cocoon outbreak, also pointed to-
wards Earth.

We further considered an additional neutrino-production
mechanism related to ejecta material from the merger. If a
rapidly rotating neutron star forms in the merger and does not
immediately collapse into a black hole, it can power a rela-
tivistic wind with its rotational energy, which may be respon-
sible for the sometimes observed extended emission (Met-
zger et al. 2008). Optically thick ejecta from the merger can
attenuate the gamma-ray flux, while allowing the escape of
high-energy neutrinos. Additionally, it may trap some of the
wind energy until it expands and becomes transparent. This
process can convert some of the wind energy to high-energy
particles, producing a long-term neutrino radiation that can
last for days (Murase et al. 2009; Gao et al. 2013; Fang &
Metzger 2017). The properties of ejecta material around
the merger can be characterized from its kilonova/macronova
emission.

Considering the possibility that the relative weakness of
gamma-ray emission from GRB170817A may be partly due
to attenuation by the ejecta, we compared our neutrino con-
straints to neutrino emission expected for typical GRB pa-
rameters. For the prompt and extended emissions, we used
the results of Kimura et al. (2017) and compared these to
our constraints for the relevant ±500 s time window. For
extended emission we considered source parameters corre-
sponding to both optimistic and moderate scenarios in Ta-
ble 1 of Kimura et al. (2017). For emission on even longer
timescales, we compared our constraints for the 14-day time
window with the relevant results of Fang & Metzger (2017),
namely emission from approximately 0.3 to 3 days and from
3 to 30 days following the merger. Predictions based on fidu-
cial emission models and neutrino constraints are shown in
Fig. 2. We found that our limits would constrain the op-
timistic extended-emission scenario for a typical GRB at
⇠ 40Mpc, viewed at zero viewing angle.

4. CONCLUSION

We searched for high-energy neutrinos from the first bi-
nary neutron star merger detected through GWs, GW170817,
in the energy band of [⇠ 1011 eV, ⇠ 1020 eV] using the
ANTARES, IceCube, and Pierre Auger Observatories, as well
as for MeV neutrinos with IceCube. This marks an unprece-
dented joint effort of experiments sensitive to high-energy
neutrinos. We have observed no significant neutrino counter-
part within a ±500 s window, nor in the subsequent 14 days.

Figure 2. Upper limits (at 90% confidence level) on the neutrino
spectral fluence from GW170817 during a ±500 s window centered
on the GW trigger time (top panel), and a 14-day window follow-
ing the GW trigger (bottom panel). For each experiment, limits are
calculated separately for each energy decade, assuming a spectral
fluence F (E) = Fup ⇥ [E/GeV]�2 in that decade only. Also
shown are predictions by neutrino emission models. In the upper
plot, models from Kimura et al. (2017) for both extended emission
(EE) and prompt emission are scaled to a distance of 40 Mpc, and
shown for the case of on-axis viewing angle (✓obs . ✓j) and se-
lected off-axis angles to indicate the dependence on this parameter.
The shown off-axis angles are measured in excess of the jet opening
half angle ✓j . GW data and the redshift of the host-galaxy constrain
the viewing angle to ✓obs 2 [0�, 36�] (see Section 3). In the lower
plot, models from Fang & Metzger (2017) are scaled to a distance
of 40 Mpc. All fluences are shown as the per flavor sum of neutrino
and anti-neutrino fluence, assuming equal fluence in all flavors, as
expected for standard neutrino oscillation parameters.

The three detectors complement each other in the energy
bands in which they are most sensitive (see Fig. 2).

This non-detection is consistent with our expectations from
a typical GRB observed off-axis, or with a low-luminosity
GRB. Optimistic scenarios for on-axis gamma-attenuated
emission are constrained by the present non-detection.

While the location of this source was nearly ideal for
Auger, it was well above the horizon for IceCube and
ANTARES for prompt observations. This limited the sensitiv-
ity of the latter two detectors, particularly below ⇠ 100TeV.

neutrinos 
from 

magnetar
nebula

neutrinos 
from 

the GRB

ANTARES, AUGER, ICECUBE, LIGO & VIRGO Coll., ApJ  850 (2017) 2, L35

Could be sources of CRs up to the ankle  
Rodrigues, Biehl, Boncioli, Taylor 2018, Kimura, Murase, Meszaros 201815

BH

Vobs

Vj
Tidal Tail & Disk Wind

EjectaïISM Shock

Merger Ejecta 

v ~ 0.1ï0.3 c

Optical (hoursïdays)

Kilonova
Optical (t ~ 1 day)

JetïISM Shock (Afterglow)

GRB
(t ~ 0.1ï1 s)

Radio (weeksïyears)

Radio (years)

~25º

GW170817

Metzger & Berger, ApJ, 746 (2012) 48, 1



Galactic transients  

Microquasars: Photopion (synchrotron photons. e.g. Levinson & Waxman 2001; Distefano et al. 2002; Romero & Vila 2008) 
 or hadronic (jet/cloud interactions) neutrino production e.g. Aharonian & Atoyan 1991; Romero et al. 2003; Bednarek 2005.
X-ray Binaries: Periodic/episodic, hadronic neutrino production (e.g. Gaisser & Stanev 1985, Berezynski 1985, Anchordoqui et al. 2003) 
Young pulsars: Plausible CR acceleration sites, neutrinos from interactions with pulsar wind (e.g. Blasi et al. 2000, Bednarek 2003, Fang 
et al 2016)

LHAASO Coll 2021 Nature 594 6

16

zHAWC & H.E.S.S. Collaborations 2021 ApJ 917 6

LHAASO sky > 100 TeV



17

IceCube Coll. PoS(ICRC2017)981

IceCube Coll ApJ 849 (2017)
Antares Coll, IceCube Coll, ApJL 868 (2018) 
IceCube Coll, ApJ 898 (2020)
IceCube Coll, ApJL 930 (2022)

Galactic CRs ≤ 14% (time integrated) 
Galactic TeV emitting pulsars ≤ 4% (time integrated) 
Galactic X-ray binaries ≤ 1%
Galactic microquasars ≤ 7%

Galactic transients  
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Swift-BAT 105-month hard-X-ray catalogue 2018Non-jetted AGN



Non-jetted AGN 

19

Infrared selected (ALLWISE) AGN with soft-X-ray weights 
could account for 27-100 % of neutrino flux at 100 TeV 
(2.6σ excess w.r.t. background expectations) with ~E-2 

spectrum.  

IceCube Coll 2022, PRD 106, 022005 



NGC 1068 (M77) 

20

Seyfert 2 galaxy with heavily 
obscured nucleus

Prototypical nearby Seyfert 
2 (14.4 Mpc) 

High infrared luminosity: 
high-level of star formation

NGC 1068

IceCube Coll, PRL 2020

x

dN/dE ~ E-3.2, Nsource neutrinos =50.4, E > 1TeV,                         
post-trial significance: 2.9σ  



NGC 1068

21

AGN corona (pp) Murase et al 2020

AGN 
external

wind
(pp)

based on Lamastra 2016 see also Lamastra 2019

AGN 
external 

wind (pp)

5

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 internal wind (pγ) S. Inoue et al 2022
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Some TDEs form jets (Swift 1644+57)
Burrows et al 2011, Nat, 476, 421

ECR, jet, max ∼ 1017 eV Γjet
ZBR

1016 G cm
Farrar & Piran 2014 

Neutrinos from (mostly) photopion interactions (Wang et al 2011, 
2016, Senno et al 2017, Dai & Fang 2017, Lunardini & Winter 2017) 
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Figure 1: 90% confidence level upper limits on the contribution of jetted and non-jetted TDEs to the diffuse
neutrino flux [16], assuming standard candle behaviour. The shaded bands represent uncertainty in local rate
estimates of TDEs from [13, 17]

By assuming that these TDEs behave as standard candles, source class limits on neutrino
emission can be derived. The results are shown in Figure 1. Assuming the central value of rate
estimates from [13] and [17], and an E�2.5 astrophysical neutrino flux, we find that non-jetted and
jetted TDEs contribute less than 26% and 1.3% respectively to the astrophysical neutrino flux. As
the contribution from a population is directly proportional to the local population rate, the shaded
bands indicate the uncertainty in our limits arising from rate estimates. For TDEs, these rates are the
dominant source of uncertainty in neutrino flux constraints. It will require systematic evaluation of
observed TDE rates to enable more precise limits on neutrino emission. Any refined rate estimate
can be immediately used to directly recalculate limits, without requiring any additional IceCube
analysis.

An alternative hypothesis was tested for Jetted TDEs, in which the neutrino luminosity was
assumed to be proportional to the SMBH mass. This assumption was motivated by the Eddington
Limit, which limits the accretion and is proportional to black hole mass. Observational evidence
further suggests that TDE bolometric luminosities do tend to broadly follow such a relation [18].
In this case, the limits are directly proportional to the mean SMBH mass for the TDE population,
as illustrated in Figure 2. This mean mass was assumed to be 106.5M�, a value consistent with
observations of TDE hosts [18]. Under these assumptions, the contribution of jetted TDEs to the
diffuse neutrino is then limited to less than 0.4% of the total.
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By assuming that these TDEs behave as standard candles, source class limits on neutrino
emission can be derived. The results are shown in Figure 1. Assuming the central value of rate
estimates from [13] and [17], and an E�2.5 astrophysical neutrino flux, we find that non-jetted and
jetted TDEs contribute less than 26% and 1.3% respectively to the astrophysical neutrino flux. As
the contribution from a population is directly proportional to the local population rate, the shaded
bands indicate the uncertainty in our limits arising from rate estimates. For TDEs, these rates are the
dominant source of uncertainty in neutrino flux constraints. It will require systematic evaluation of
observed TDE rates to enable more precise limits on neutrino emission. Any refined rate estimate
can be immediately used to directly recalculate limits, without requiring any additional IceCube
analysis.

An alternative hypothesis was tested for Jetted TDEs, in which the neutrino luminosity was
assumed to be proportional to the SMBH mass. This assumption was motivated by the Eddington
Limit, which limits the accretion and is proportional to black hole mass. Observational evidence
further suggests that TDE bolometric luminosities do tend to broadly follow such a relation [18].
In this case, the limits are directly proportional to the mean SMBH mass for the TDE population,
as illustrated in Figure 2. This mean mass was assumed to be 106.5M�, a value consistent with
observations of TDE hosts [18]. Under these assumptions, the contribution of jetted TDEs to the
diffuse neutrino is then limited to less than 0.4% of the total.
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Non-jetted TDEs
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see also Hayasaki et al 2019
Winter, Lunardini 2020
Winter, Lunardini 2022
Banik & Bharda 2022

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

neutrino spectra
in various viable models 
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summary of IceCube stacking analyses results, list of references in 
FO PoS ICRC2021 (2022) 030, arXiv:2201.05623
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*if 2.6σ
excess

interpreted as 
signal

*Caution: All limits are model dependent 

The current landscape: Stacking upper limits

https://arxiv.org/abs/2201.05623
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Summary 

Neutrino emission from rare transient and steady sources 
constrained by IceCube analyses

Currently no theoretical model why TXS 0506+056, 
AT2019dsg detected first

Good transients for follow up: High-luminosity, low 
redshift, long-duration transients, 
X-ray and MeV-GeV γ-ray counterparts (proton cascade 
emission) 
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