
2nd CTAO Science Symposium,  
Bologna, April 15-18, 2024

Irene Tamborra (Niels Bohr Institute)

Status of Neutrino Astronomy



Neutrinos

Ghostly

Abundant

Elusive

⌫e

⌫µ

⌫⌧



Vitagliano, Tamborra, Raffelt, Rev. Mod. Phys. (2020). 

Grand Unified Neutrino Spectrum
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 Image credit: adapted from P. Coyle.
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Proton-proton interactions Proton-photon interactions

Electron and muon neutrinos are produced by charged pion decay. 
Gamma-ray photons are produced by neutral pion decay.
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Neutrino Gamma-Ray Connection



It seems unlikely that the same source class(es) make(s) the bulk of the diffuse emission observed in 
gamma-rays and neutrinos.

Emerging Picture

Blazars~80% Blazars<30%

Image credit: Kowalski, PoS (ICRC 2021) 022.



IceCube Neutrino 
Observatory 

 Image credits: IceCube Collaboration.(a) (b)

Figure 3: Time-dependent analysis results for the IC86b data period (2012-2015). (a)
Change in test statistic, �TS, as a function of the spectral index parameter � and the fluence
at 100 TeV given by E2J100. The analysis is performed at the coordinates of TXS 0506+056,
using the Gaussian-shaped time window and holding the time parameters fixed (T0 = 13 De-
cember 2014, TW = 110 days). The white dot indicates the best-fitting values. The contours
at 68% and 95% confidence level assuming Wilks’ theorem (36) are shown in order to indi-
cate the statistical uncertainty on the parameter estimates. Systematic uncertainties are not
included. (b) Skymap showing the P value of the time-dependent analysis performed at the
coordinates of TXS 0506+056 (cross) and at surrounding locations. The analysis is performed
on the IC86b data period, using the Gaussian-shaped time-window. At each point, the full fit
for (�, �, T0, TW) is performed. The P value shown does not include the look-elsewhere effect
related to other data periods. An excess of events is detected consistent with the position of
TXS 0506+056.

joint uncertainty on these parameters is shown in Fig. 4a. The P value, based on repeating the
analysis at the same coordinates with randomized data sets, is 0.002% (4.1�), but this is an a
posteriori significance estimate because it includes the IceCube-170922A event which moti-
vated performing the analysis at the coordinates of TXS 0506+056. An unbiased significance
estimate including the event would need to take into account the look-elsewhere effect related
to all other possible directions in the sky that could be analyzed. It is expected that there will
be two or three directions somewhere in the northern sky with this significance or greater re-
sulting from the chance alignment of neutrinos (12). Here we are interested in determining
whether there is evidence of time-integrated neutrino emission from TXS 0506+056 besides the
IceCube-170922A event.

If we remove the final data period IC86c, which contains the event, and perform the anal-
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Blazars
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TDE AT2019dsg / “Bran Stark” coincident 
with neutrino

R. Stein et al., 2020, astro-ph:2005.05340

neutrino

• Bright, radio-emitting TDE found coincident with IC191001A
• Radio reveals first direct evidence of a central engine in a thermal 

TDE. Data suggest that conditions are compatible with neutrino production
• TDEs are rare. Accounting for all 8 neutrino campaigns and ZTF TDE 

density (1 per 10000 sq. deg.), the probability to find any coincident radio-
emitting TDE is 0.5%

• Suggests TDEs contribute to the astrophysical neutrino flux (>3% of
total)

Days since discovery

Tidal Disruption Events/ 
Superluminous Supernovae?

Our Galaxy
Neutrino-Electromagnetic Associations

Active Galaxies

Figure 2: The sky region around the most significant spot in the Northern Hemisphere

and NGC 1068. The left plot shows a fine scan of the region around the hottest spot. The spot
itself is marked by a yellow cross and the red star shows the position of NGC 1068. In addition,
the solid and dashed contours show the 68% (solid) and 95% (dashed) confidence regions of
the hot spot localization. The right plot shows the distribution of the squared angular distance
between NGC 1068 and the reconstructed event direction. From Monte Carlo we estimate the
background (orange) and the signal (blue) assuming the best-fit spectrum at the position of
NGC 1068. The superposition of both components is shown in gray and provides an excellent
match to the data (black). Note that this representation of the result neglects all the information
on the energy and angular uncertainty of the events that is used in the unbinned maximum
likelihood approach.

This results in a local significance of 3.7�, a small increase with respect to what was reported

in (25) that is independent of the increase of the significance at the location of NGC 1068.

After correcting for having tested three different spectral index hypotheses, we obtain a final

post-trial significance of 3.4� for the binomial test. Besides NGC 1068, the other two objects

contributing to the excess are the blazars PKS 1424+240 and TXS 0506+056, for which we

find potential neutrino emission with local significance of 3.7� and 3.5�, respectively. We

emphasize that the significance of TXS 0506+056 reported here relates to a time-integrated
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Blazars

 Image credits: DESY Science Communication Lab



Fists Likely Neutrino-Source Association:  
Transient Source (2017)
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Is there also a Gamma-ray Flare?

No gamma-ray activity during 
2014/15 neutrino flare

IC-170922A
neutrino 

flare
13±5 above the background of 
atmospheric neutrinos, 3.5σ

IceCube, Science 361, 2018, Garrappa et al. ApJ 880 2019, Padovani et al. MNRAS 480 2019

(a) (b)

Figure 3: Time-dependent analysis results for the IC86b data period (2012-2015). (a)
Change in test statistic, �TS, as a function of the spectral index parameter � and the fluence
at 100 TeV given by E2J100. The analysis is performed at the coordinates of TXS 0506+056,
using the Gaussian-shaped time window and holding the time parameters fixed (T0 = 13 De-
cember 2014, TW = 110 days). The white dot indicates the best-fitting values. The contours
at 68% and 95% confidence level assuming Wilks’ theorem (36) are shown in order to indi-
cate the statistical uncertainty on the parameter estimates. Systematic uncertainties are not
included. (b) Skymap showing the P value of the time-dependent analysis performed at the
coordinates of TXS 0506+056 (cross) and at surrounding locations. The analysis is performed
on the IC86b data period, using the Gaussian-shaped time-window. At each point, the full fit
for (�, �, T0, TW) is performed. The P value shown does not include the look-elsewhere effect
related to other data periods. An excess of events is detected consistent with the position of
TXS 0506+056.

joint uncertainty on these parameters is shown in Fig. 4a. The P value, based on repeating the
analysis at the same coordinates with randomized data sets, is 0.002% (4.1�), but this is an a
posteriori significance estimate because it includes the IceCube-170922A event which moti-
vated performing the analysis at the coordinates of TXS 0506+056. An unbiased significance
estimate including the event would need to take into account the look-elsewhere effect related
to all other possible directions in the sky that could be analyzed. It is expected that there will
be two or three directions somewhere in the northern sky with this significance or greater re-
sulting from the chance alignment of neutrinos (12). Here we are interested in determining
whether there is evidence of time-integrated neutrino emission from TXS 0506+056 besides the
IceCube-170922A event.

If we remove the final data period IC86c, which contains the event, and perform the anal-
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• Among 50 brightest blazars in 3LAC.

• Located ~4billion light years away.

• No clear correlation with events in time.

Figure credit: A. Franckowiak. IceCube Coll., Science 2018. Blaufuss (IceCube), GCN Circular 21916, Tanaka et al. (Fermi-LAT), AT 10791, Fox et al. 
(Swift and NuSTAR), AT 10845, Mirzoyan et al. (MAGIC), AT 10817, de Naurois et al. (HESS), AT 10787, Mukherjee et al. (VERITAS), AT 10833.

TXS 0506+056



Neutrinos from Blazars/AGN
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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 
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PKS 1502+106

TXS 0506+056

3HSP J095507.9+355101  

Several dozen associations so far :

IceCube sends public alerts since 2016 
Fermi-LAT follow up: 6 blazars in 23 

follow-ups (S. Garrappa #812)
Telamon (M. Sadler  #1320)

IceCube flares - X-rays (Sharma #299)
Antares flares - radio (Illuminati #1137)
radio blazars + Antares (Aublin #1240

IACTs: (Satalecka #907)

4FGL J0658.6+0636+IC201114A:
(de Menezes #296, Rosales de Leon 

#308)

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)

Evaluating the significance of 
coincidences: Capel #1346 

Blazars coincident with high-energy neutrinos

PKS B1424-418+IC35 Kadler, Nat Phys 12 (2016), Gao, Pohl, Winter, ApJ 843 (2017)11

IceCube Coll., Astrophys. J. (2023). W. Luszczak PoS (ICRC2023) 1465. Garrappa et al., arXiv: 2401.06666.

• No significant correlation among neutrino alerts (IceCat-1), Fermi-LAT 4LAC-DR2 catalog and 
Radio Fundamental Catalog. Less than 1% of all AGNs may be neutrino emitters. 

• Extreme parameters required to explain neutrino events, atypical of blazar population. 
  

• Multi-epoch source monitoring essential to understand observed emission. Need to move 
beyond one-zone models. 

• New IceCube data sample of Northern Tracks leads to smaller normalization for neutrino flare 
from TXS 06056+056. Tension between neutrino and multi-wavelength electromagnetic data. 



Diffuse Neutrino Emission from Blazars
Blazars cannot explain the observed diffuse neutrino flux (despite blazars being dominant 
sources of the diffuse gamma-ray background above 10 GeV). 

Page 24

Do blazars produce all IceCube neutrinos?

IceCube, ApJ, 835 (2017) 

Blazars dominate 
the diffuse gamma-
ray background 
above 10 GeV

Fermi LAT blazars can only be responsible 
for a small fraction of the observed !’s.

Figure credit: IceCube, Astrophys. J. (2017). 



Our Galaxy

 Image credits: IceCube Collaboration/Sciece Communication Lab for CRC 1491.



IceCube Neutrino 
Observatory 

IceCube Collaboration, Science (2023).

Multi-Messenger View of the Milky Way

Identification of neutrino emission 
from the Galactic plane at         .  
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4.5�

Signal consistent with diffuse emission from Galactic plane. 
Population of unresolved point sources not excluded.  



Extended Sources in the Galactic Plane
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Figure 2. The 90% CL limits on the neutrino flux at 50
TeV from the ROIs in the catalog search, assuming a spectral
index of 3. The solid red and blue lines show the 5� discovery
potential and sensitivity for a source with �s = 2.0�. The
dashed red and blue lines show the 5� discovery potential
and sensitivity for a source with an extension of 0.5�. See
text for the definitions of the ROIs.

strongest limits in terms of constraining the hadronic
emission from ROI-18, with �90%/�⌫ of ⇠ 0.5, where
�⌫ is the predicted neutrino flux assuming all gamma
rays are hadronic. This ROI is part of the Cygnus
region and includes HAWC J2030+409, LHAASO
J2032+4102 and eHWC J2030+412 (Abeysekara et al.
2021; Amenomori et al. 2021). ROI-20 is co-located
with LHAASO J2226+6057, which is 0.14� away from
the SNR G106.3+02.7 (also associated with HAWC
J2227+610) (Albert et al. 2020c), which is another pro-
posed hadronic accelerator (Fang et al. 2022). In this
region, our most conservative upper limit is a factor of
⇠ 2.7 above the hadronic scenario, implying the need
for improved sensitivity to detect neutrinos from this
potential cosmic-ray accelerator.

Figure 2 shows the upper limits on the flux from each
ROI for the extension with the highest TS assuming
� = 3. Also shown are the sensitivity and discovery
potential as a function of source declination.

3.3. The Most Significant Region

The highest TS in the catalog search is obtained for
ROI-13 at the location of 3HWC J1951+266 for an ex-
tension of 1.5�, with a best-fit flux of 5.2 ⇥ 10�13 TeV
cm�2 s�1 at 100 TeV and � = 3.03. For this ROI, we
perform a scan across a finer grid of extensions to de-
termine the source extension that best describes the po-
tential neutrino signal. The local significance is further
corrected for multiple testing (including the 20 ROIs and
several extensions) by performing all the tests on 5000

Figure 3. The region of the Galactic plane with the lowest
p-values in the general scan as well as the catalog search. The
general hot spot is marked with a cross. Sources correspond-
ing to ROI-13 (3HWC J1951+266) and ROI-14 (LHAASO
J1956+2845) from the catalog search are also labeled. The
map shows pre-trials corrected p-values only.

simulations and constructing a background-only p-value
distribution. The global (or trials-corrected) p-value is
then given by the probability of obtaining a particular
local p-value of ROI-13 in the aforementioned distribu-
tion. We obtain the lowest p-value for an extension of
1.7� at a global significance of 2.6�. The hottest spot
in the Galactic plane scan is located 1.02� away from
ROI-13 and 1.88� away from ROI-14. Figure 3 shows
the most significant locations in both the catalog search
and the general scan for an extension of 1.5�. Following
this result, we also study the location of the hotspot us-
ing an independent dataset of neutrino-induced cascades
and find the best-fit flux and spectral index to be consis-
tent with the tracks’ results. However, the result is not
significant enough to qualify as evidence for emission.

4. CONCLUSIONS

We perform a targeted search for spatially extended
neutrino emission in the Milky Way utilizing ten years of
neutrino track-like events in IceCube. We focus on po-
tential source extensions between 0.5� and 2.0� in a gen-
eral scan across the Galactic plane and a catalog search
with extended regions of TeV gamma-ray sources. The
most significant location is a 1.7� region centered on the
unidentified source 3HWC J1951+266 and is found to
be inconsistent with the background-only hypothesis at
2.6� after trials correction. We emphasize that this is
still below our threshold for evidence of significant emis-
sion. Our analysis also places constraints on neutrino
emisson from a number of regions hypothesized to con-

Gamma-ray observations by HAWC and LHAASO show Galactic sources with spatially 
extended morphology and energy spectra beyond 100 TeV. 

No evidence for time-integrated neutrino emission. Hotspot with unidentified TeV gamma-ray 
source (        ). Constraints on hadronic emission in the Galaxy. 

<latexit sha1_base64="BeHZgPB2kA15f6awXNF9ZgR7Jqo=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbB07JbpPVY9OKxgv3AdinZNNuGJtklyQpl6b/w4kERr/4bb/4b03YP2vpg4PHeDDPzwoQzbTzv2ylsbG5t7xR3S3v7B4dH5eOTto5TRWiLxDxW3RBrypmkLcMMp91EUSxCTjvh5Hbud56o0iyWD2aa0EDgkWQRI9hY6bHq1lBfs5HAg3LFc70F0Drxc1KBHM1B+as/jEkqqDSEY617vpeYIMPKMMLprNRPNU0wmeAR7VkqsaA6yBYXz9CFVYYoipUtadBC/T2RYaH1VIS2U2Az1qveXPzP66Umug4yJpPUUEmWi6KUIxOj+ftoyBQlhk8twUQxeysiY6wwMTakkg3BX315nbSrrl9z/furSuMmj6MIZ3AOl+BDHRpwB01oAQEJz/AKb452Xpx352PZWnDymVP4A+fzB0t9kAc=</latexit>

2.6�

IceCube Collaboration, Astrophys. J. (2023).



Active Galaxies

 Image credits: NASA/ESA/ A. van der Hoeven.



Figure 1: Skymap of the scan for point sources in the Northern Hemisphere. The color scale
represents the local p-value obtained from the maximum likelihood analysis evaluated (with the
spectral index as free fit parameter) at each location in the sky, shown in Equatorial coordinates
with Hammer-Aitoff projection. The black circles indicate the three most significant objects in
the source list search. The circle of NGC 1068 also coincides with the overall hottest spot in the
Northern Sky.

scanning many independent positions in the sky under the three spectral index hypotheses, the

global p-value corresponds (27) to a significance of 2.0� and therefore is not significant when

the entire Northern Sky is scanned without additional prior information. A high-resolution scan

around the best-fit position of the hottest spot is shown in Fig. 2.

As part of the various inspections to be carried out a posteriori, we also searched for astro-

physical counterparts in close proximity with the direction of the five locally most significant

spots in each of the three skymaps (reported in Tab. 2 (27)). We note that the nearby Seyfert I

galaxy NGC 4151 (11) is located at ⇠0.18 degrees distance from the fourth-hottest spot in the

map obtained with �=2.5. Because possible neutrino emission from NGC 4151 is not one of

the hypotheses that were formulated for this work, we cannot estimate a global p-value for this

coincidence.

Searching the entire Northern Hemisphere entails a strong penalty due to testing multiple

7

Neutrino-Source Association:  
Steady Source (2022)

Abbasi et al., Science (2022). Photo Credit: Jack Pairin, IceCube/NSF.

Figure 2: The sky region around the most significant spot in the Northern Hemisphere

and NGC 1068. The left plot shows a fine scan of the region around the hottest spot. The spot
itself is marked by a yellow cross and the red star shows the position of NGC 1068. In addition,
the solid and dashed contours show the 68% (solid) and 95% (dashed) confidence regions of
the hot spot localization. The right plot shows the distribution of the squared angular distance
between NGC 1068 and the reconstructed event direction. From Monte Carlo we estimate the
background (orange) and the signal (blue) assuming the best-fit spectrum at the position of
NGC 1068. The superposition of both components is shown in gray and provides an excellent
match to the data (black). Note that this representation of the result neglects all the information
on the energy and angular uncertainty of the events that is used in the unbinned maximum
likelihood approach.

This results in a local significance of 3.7�, a small increase with respect to what was reported

in (25) that is independent of the increase of the significance at the location of NGC 1068.

After correcting for having tested three different spectral index hypotheses, we obtain a final

post-trial significance of 3.4� for the binomial test. Besides NGC 1068, the other two objects

contributing to the excess are the blazars PKS 1424+240 and TXS 0506+056, for which we

find potential neutrino emission with local significance of 3.7� and 3.5�, respectively. We

emphasize that the significance of TXS 0506+056 reported here relates to a time-integrated

9

NGC 1068



Figure 1: Skymap of the scan for point sources in the Northern Hemisphere. The color scale
represents the local p-value obtained from the maximum likelihood analysis evaluated (with the
spectral index as free fit parameter) at each location in the sky, shown in Equatorial coordinates
with Hammer-Aitoff projection. The black circles indicate the three most significant objects in
the source list search. The circle of NGC 1068 also coincides with the overall hottest spot in the
Northern Sky.

scanning many independent positions in the sky under the three spectral index hypotheses, the

global p-value corresponds (27) to a significance of 2.0� and therefore is not significant when

the entire Northern Sky is scanned without additional prior information. A high-resolution scan

around the best-fit position of the hottest spot is shown in Fig. 2.
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galaxy NGC 4151 (11) is located at ⇠0.18 degrees distance from the fourth-hottest spot in the
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the hypotheses that were formulated for this work, we cannot estimate a global p-value for this

coincidence.

Searching the entire Northern Hemisphere entails a strong penalty due to testing multiple
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First Neutrino-Steady Source Association

Abbasi et al., Science (2022). Figure credit: Jack Pairin, IceCube/NSF.

Figure 2: The sky region around the most significant spot in the Northern Hemisphere

and NGC 1068. The left plot shows a fine scan of the region around the hottest spot. The spot
itself is marked by a yellow cross and the red star shows the position of NGC 1068. In addition,
the solid and dashed contours show the 68% (solid) and 95% (dashed) confidence regions of
the hot spot localization. The right plot shows the distribution of the squared angular distance
between NGC 1068 and the reconstructed event direction. From Monte Carlo we estimate the
background (orange) and the signal (blue) assuming the best-fit spectrum at the position of
NGC 1068. The superposition of both components is shown in gray and provides an excellent
match to the data (black). Note that this representation of the result neglects all the information
on the energy and angular uncertainty of the events that is used in the unbinned maximum
likelihood approach.

This results in a local significance of 3.7�, a small increase with respect to what was reported

in (25) that is independent of the increase of the significance at the location of NGC 1068.

After correcting for having tested three different spectral index hypotheses, we obtain a final

post-trial significance of 3.4� for the binomial test. Besides NGC 1068, the other two objects

contributing to the excess are the blazars PKS 1424+240 and TXS 0506+056, for which we

find potential neutrino emission with local significance of 3.7� and 3.5�, respectively. We

emphasize that the significance of TXS 0506+056 reported here relates to a time-integrated
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 -0.01°

40.67°

Grid 0.03° x 0.03°

Equatorial Coordinate System

At the NGC1068 location: 
➡ Astrophysical neutrino events = 79   
➡ Spectral index = 3.2 ± 0.2

Global significance 4.2σ

Test No. 2
110 candidate sources 

First Steady Source Association (2022)
The IceCube Coll., Science  378, Issue 6619, 2022


Smoking gun signature of hadronic particle acceleration. Significant gamma-ray absorption.

Qinrui Liu Neutrinos from Seyfert Galaxies 17

NGC 1068 Spectrum  

Radio 

Optical/UV 

X-ray

Fermi-LAT

MAGIC

IceCube

• The neutrino flux is much higher than the observed gamma-ray flux.

• Models built on measured gamma-ray flux cannot accommodate the neutrino flux.

• Significant gamma-ray absorption at the sources is expected, gamma-ray obscure source.   

IceCube Science 2022

TAUP2023

IceCube

Fermi-LAT

MAGIC
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Exploring NGC 1068:  
A Non-Jetted AGN with Obscured Black Hole

Credit: NASA/JPL-Caltech

NGC 1068: 
Neutrinos allow to explore the galaxy core. 

Neutrinos carry information about the obscured supermassive black hole



TXS 0506+056More X-Ray Bright Seyfert Galaxies?

T. Glauch et al., PoS(ICRC2023)1052

• Excess of neutrinos associated to NGC 4151 and CGCG 420-015 at          in Northern sky. 
  

• Similar analysis focusing on the Southern Sky in preparation. 

• Emerging trend? Dominant high-energy neutrino sources might be gamma-ray dim.  
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2.7�

ISAPP’23 |01-02.07.23 | E. Resconi 73

see C. Bellenghi, H. Niederhausen (MIAPbP’23)

We don’t know, but other Seyfert are appearing
NGC 1068 NGC 4151 CGCG 420-15



Supernovae

 Image credits: ESA/Hubble & NASA.



Neutrinos from Supernovae

IceCube Coll., Astrophys. J. Lett. (2023).

8 R. Abbasi et al.

Figure 3. Upper limit on the contribution of di↵erent

SN types to the di↵use neutrino flux (⌫µ + ⌫̄µ) assuming

an E�2.5 energy spectrum compared with the measured dif-

fuse astrophysical neutrino flux (gray band). The limits are

derived from the corresponding strictest limit in Figure 2.

The choked-jet model refers to the 20-day box model as ex-

plained in Section 4. The energy range plotted here is the

central 90% energy range of the analyzed neutrino sample.

overlaps with the energy range in which the di↵use Ice-
Cube neutrino flux global fit was measured. The quoted
upper limits to the di↵use flux contribution are thus not
strongly dependent on the extrapolation of the measured
di↵use flux to lower energies, where the flux has not yet
been measured due to large atmospheric background.

Figure 4. Di↵erential sensitivity as a function of energy for

di↵erent source declinations � with one year of experimen-

tal data. One can see the maximum sensitivity is achieved

around 105 GeV for sources located in the northern sky and

close to the equator. For sources located in the southern sky,

the overall sensitivity is much worse, but also peaks at higher

energies of 106 GeV.

6. CONCLUSION

We have presented a search for neutrinos from certain
types of CCSNe with IceCube. In a stacking analysis
we correlated more than 1000 SNe from optical surveys
with roughly 700,000 muon-track events recorded by Ice-
Cube. The standard stacking method was extended to
allow for fitting of individual weights for each source,
in order to account for expected variation in the neu-
trino flux from individual sources. SNe type IIn, IIP
and stripped-envelope SNe were tested individually with
various neutrino emission time models. No significant
temporal and spatial correlation of neutrinos and the
cataloged SNe was found, allowing us to set upper limits
on the contribution of those SNe to the di↵use neutrino
flux.
CCSNe of type IIn, IIP and stripped-envelope SNe

contribute less than 34%, 60% and 27% ,respectively, to
the di↵use neutrino flux at the 90% confidence level, as-
suming CSM interaction and an extrapolation of the dif-
fuse neutrino spectrum to low energies following an un-
broken power law with index -2.5. Assuming a choked-
jet, stripped-envelope SNe can not contribute more than
15%.
Upper limits on the total neutrino energy emitted by

a single CSM interacting source are at levels comparable
to model predictions by Murase et al. (2011) (see Fig.
2) while model predictions from Zirakashvili & Ptuskin
(2016) are strongly disfavored. Note that the model pre-
diction could easily be adjusted to lower neutrino flux
predictions by assuming a lower CSM density or a lower
kinetic SN energy.
Improvements to the presented limits are expected in

the near future with optical survey instruments such
as the Zwicky Transient Factory (Graham et al. 2019)
which is able to undertake a high-cadence survey across
a large fraction of the sky, providing SN catalogs with
much greater completeness. In combination with next-
generation neutrino telescopes, this will significantly
boost the sensitivity of this type of analysis, allowing
us to probe dimmer neutrino emitters and smaller con-
tributions of CCSNe to the di↵use neutrino flux.
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• No significant spatial or temporal correlation of high-energy neutrinos with supernovae 
found yet (upper limit on total energy emitted in neutrinos: 1.3×10      erg for SNe IIn). 

• SNe IIn (SNe IIP) do not contribute more than 33.9.6% (59.9%) to the diffuse neutrino flux 
observed by IceCube.
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Figure 11. Detection prospects of nearby supernovae using gamma-ray (left) and neutrino telescopes
(right). Top left panel: Gamma-ray energy fluxes from the di↵erent YSN Types at 10 Mpc as functions
of the observed particle energy. The one year Fermi-LAT sensitivity is shown by the thick light brown
dashed curve [85] and the thick green dotted curve represents the 100 hour CTA sensitivity [86].
Type IIn YSNe may be detected by both Fermi-LAT and CTA, while all other sources will be too
dim at 10 Mpc. Top right panel: Corresponding muon neutrino energy fluxes. The sensitivities of
IceCube, IceCube-Gen2 and KM3NeT for point source detection are plotted (thick dashed lines) in
dark cyan (IceCube) [90], red (IceCube-Gen2) [91] and dark brown (KM3NeT) [92]. The sensitivities
of IceCube, IceCube-Gen2 and KM3NeT are plotted for the declination angle � = 0o. All these
neutrino observatories will be able to detect YSNe at distances smaller than 10 Mpc. Bottom left
panel: Gamma-ray YSN detection horizon for Fermi-LAT (light brown) and CTA (green) as functions
of the YSN Type. For each YSN Type, the error band takes into account the model uncertainties
(see Sec. 5.5). Fermi-LAT and CTA could detect YSNe up to 10 Mpc (see YSNe IIn); CTA could
have better sensitivity than Fermi-LAT and reach up to 2 Mpc for YSNe Ib/c (LT). Bottom right
panel: Corresponding neutrino YSN detection horizon for IceCube (dark cyan), IceCube-Gen2 (red)
and KM3NeT (dark brown). IceCube-Gen2 will be able to detect YSNe up to ⇠ 4 Mpc (see YSNe
Type IIn).

6 Detection prospects of nearby young supernovae in gamma-rays and
neutrinos

As shown in the previous Section, the di↵use backgrounds of neutrinos and gamma-rays from
YSNe have large uncertainties due to the widely varying model parameters. The detection
of neutrinos and gamma-rays from nearby YSNe will help to further constrain these model
parameters and can potentially provide complementary understanding of shock-CSM inter-

– 23 –

Gamma-rays Neutrinos

• SNe of Type IIn and II-P detectable in gamma-rays and neutrinos in the local universe. 

• Gamma-rays and neutrinos can probe the structure of circumstellar medium and test of particle acceleration.

IIn (8.8%)
II-P (48.2%)
IIb/II-L (17%)
Ib/c late time (2.6%)
Ib/c (26%)

Figure 5. Local rate of core-collapse SNe [160]. Type II-P SNe are the most abundant ones at z = 0.
Type Ib/c and IIb/II-L SNe are also more frequent than Type IIn SNe. We assume Type Ib/c (LT)
SNe to be 10% of SNe Ib/c [137]; the total rate of SNe Ib/c (i.e., 26%) includes the one of Ib/c (LT)
SNe.

Hence, we assume that all SN Types follow the core-collapse SN rate as a function of the
redshift. In addition, in order to take into account that some SN Types are more common
than others, we follow Ref. [160] and assume that the fraction of di↵erent core-collapse SN
Types at z = 0 (⇣) holds at higher z as well. The fraction of di↵erent SN Types at z = 0 is
shown in Fig. 5.

The rate of core-collapse SNe is given by [163–165]:

RCCSN(z) =

Z
125M�

8M�

dMRSN(z,M), (5.2)

where

RSN(z,M) =
⌘(M)

R
125M�
0.5M�

dMM⌘(M)
RSFR(z), (5.3)

with ⌘(M) / M
�2.35 being the initial mass function (following the Salpeter law) [166]. The

star formation rate RSFR is [167],

RSFR(z) = C0

"
(1 + z)p1k +

✓
1 + z

5000

◆
p2k

+

✓
1 + z

9

◆
p3k

#
1/k

, (5.4)

where k = �10, p1 = 3.4, p2 = �0.3 and p3 = �3.5. The constant of proportionality C0

is determined by normalizing the SN rate to the local SN rate as
R
125M�
8M�

dMRSN(0,M) =

1.25± 0.5⇥ 10�4 Mpc�3yr�1 [168].
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Gamma-Ray and Neutrino Diffuse Emission

Sarmah, Chackraborty, Tamborra, Auchettl, JCAP (2022). Brose, Sushch, Mackey, MNRAS (2022). 

Supernovae may explain the low-energy excess observed in the diffuse background of high-
energy neutrinos, without overshooting the gamma-ray diffuse background (no need to invoke 
hidden cosmic ray accelerators?).
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Figure 10. Total di↵use gamma-ray (in red) and all-flavour neutrino (in green) backgrounds from
YSNe as functions of the observed particle energy, analogous to Fig. 9. The subscript j stands for
⌫ or �. For gamma-rays, the orange data points with error bars illustrate the di↵use gamma-ray
background measured by Fermi-LAT (IGRB) [171]. The purple dashed curve shows the unexplained
portion of the IGRB [47, 82, 172]. For neutrinos, the black-dashed line shows the IceCube (HESE)
di↵use flux best fit for 7.5 years of data (black data points with error bars); the cyan band depicts
the uncertainty on the IceCube di↵use flux at 68% confidence level [3]. The di↵use flux sensitivity
of the future neutrino experiment KM3NeT is also shown by the light blue band [173]. It is evident
that part of the parameter space considered for YSNe is ruled out from multi-messenger constraints
from Fermi-LAT and IceCube. Nevertheless, our benchmark YSN parameters (Table 1) can very
well explain part of the IceCube di↵use flux without the correspondent gamma-ray emission being in
tension with the Fermi-LAT gamma-ray data. KM3NeT will further probe the di↵use neutrino flux
from YSNe in the energy range 104-106 GeV.

from blazars, although recent work shows evidence for star-forming galaxies as the dominant
contributors to the IGRB [52, 55, 59, 174, 175]. Our findings are in agreement with this
picture on the IGRB composition. In fact, our benchmark YSN gamma-ray background (red
solid line) is severely attenuated above 100 GeV and not in tension with blazar unexplained
flux (purple dashed line). Moreover, the gamma-ray di↵use emission from star-forming galax-
ies should originate from the collisions of the SN accelerated protons with molecular clouds
(ISM) in these active galaxies [176, 177] and therefore include the contribution of YSNe as
well. However, the gamma-rays created in YSNe undergo larger attenuation (due to the
dense CSM environment) than gamma-rays created in a thin ISM [59]. By comparing the
di↵use gamma-ray emission predicted in this work with the Fermi-LAT data in Fig. 9, it is
evident that our benchmark di↵use gamma flux is smaller than the Fermi-LAT IGRB and
thus might negligibly contribute to the total SBG flux.

As for high-energy neutrinos, our benchmark YSN neutrino background is in good
agreement with the IceCube HESE data below 106 GeV. Intriguingly, the YSN neutrino
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AT 2019fdr: Source Misidentification

Pitik, Tamborra, Angus, Auchettl, ApJ (2022). Reusch et al., PRL (2022). van Velzen et al., arXiv: 2111.09391.

• Is AT2019fdr a tidal disruption event or a superluminous supernova? 

• Hydrogen-rich superluminous supernova scenario compatible with IC200530A.

8 Pitik et al.

Figure 4. Muon neutrino and antineutrino fluence from AT2019fdr
as a function of the neutrino energy. The reconstructed neutrino
energy (E⌫ ⇠ 80 TeV) for IC200530 is marked by a black dotted
vertical line. The band encloses the uncertainties on the parameters
characterizing AT2019fdr, see Table 1. In the proximity of the en-
ergy of interest for the interpretation of IC200530, the fluence can
vary up to a factor O(105) in magnitude. Within the allowed param-
eter space, the lowest fluence is foreseen for configurations with
large RCSM, low MCSM and high Mej. The largest neutrino fluence
is instead obtained for intermediate values of MCSM and low Mej,
which moreover allow a higher proton energy cuto↵.

a vertical dotted line), the neutrino event rate is expected to
vary between [1.3 ⇥ 10�8, 3.3 ⇥ 10�5] days�1.

It is important to note that only a sub-sample of the SLSN
parameter set reported in Table 1 allows us to obtain a neu-
trino signal compatible with our observational constraints.
For example, none of the SLSN scenarios with Ẽk = 1053 erg
and RCSM = 2 ⇥ 1016 cm passes our selection criteria, since
the shock crosses the CSM envelope in a time shorter than
394 days.

4.2. Dependence of the neutrino signal on the parameters of
AT2019fdr

In order to better explore the dependence of the neutrino
signal expected in IceCube on Mej and MCSM, for Ẽk =
1053 erg, first we investigate the neutrino fluence as a func-
tion of MCSM for fixed RCSM and Mej and then we fix MCSM
and vary Mej. The choice of MCSM and Mej is guided by the
SLSN configurations that better highlight the changes in the
neutrino fluence for Rbo 7 Rdec. From the panel on the left in
Fig. 6, we see that the fluence increases as MCSM increases
up to MCSM = 85 M�. For larger MCSM, Rbo > Rdec, and
therefore a turnover with a slow drop can be observed. Fur-
thermore, a slight shift of the neutrino cuto↵ energy towards
lower energies is visible as MCSM increases. The latter is due
to the enhanced pp energy loss determined by the larger den-
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Figure 5. Muon neutrino and antineutrino event rate expected at
the IceCube Neutrino Observatory from AT2019fdr as a function of
the time after the shock breakout. The band marks the uncertainty
on the neutrino event rate due to the SLSN model parameters, see
Table 1. The event rate increases rapidly at early times. After peak,
the event rates for the SLSN scenarios representing the edges of the
envelope decline because of the dominant decreasing trend of vsh as
a function of time. In some intermediate scenarios, the increasing
trend of Ep,max and shallow decrease of vsh can be compensated, pro-
viding an increasing event rate at the moment of the detection. The
neutrino event IC200530 has been observed ⇠ 394 days after tbo as
indicated by the dotted vertical line. In the proximity of the detec-
tion day, the event rate can vary up to a factor O(103) in magnitude.

sity as well as the smaller vsh, which prevent particles from
being accelerated to higher energies (see Eq.22).

In the right panel of Fig. 6, we observe an enhancement
of the fluence as Mej decreases. Nevertheless, this trend is
inverted for Mej . 13 M�, representative of the regime with
Rbo > Rdec, where the lower vsh is responsible for a slight
decrease in the neutrino production, together with a shift of
the neutrino energy cuto↵ to lower energies.

Figure 7 shows the temporal evolution of the muon neu-
trino and antineutrino flux for the scenarios with the highest
(left panel) and the lowest (right panel) expected number of
neutrinos. In all cases, the flux decreases as time increases
and shifts to lower or higher energies, for the most optimistic
and pessimistic scenarios, respectively. Around the day of
detection, the flux in the best scenario is a factor O(105)
larger than the most pessimistic scenario.

In order to investigate the origin of IC200530, we integrate
the event rate over 394 days of the neutrino signal for all se-
lected SLSN configurations and obtain the total number of
muon neutrino and antineutrino events, N⌫µ+⌫̄µ (Eq. 21). A
contour plot of N⌫µ+⌫̄µ in the plane spanned by Mej and MCSM

is shown in Fig. 8 for RCSM = 4 ⇥ 1016 cm and Ẽk = 1053 erg
as a representative example. The allowed region of the pa-
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Rbo

Rdec

RCSM

Ejecta

Forward shock

CSM

Figure 2. Schematic representation of AT2019fdr after the explo-
sion, assuming spherical symmetry. The central compact object (in
black) is surrounded by the SN ejecta (orange region, with the bor-
deaux arrows indicating the propagation of the ejected material) and
a dense CSM envelope (yellow region) which extends up to its outer
edge marked by RCSM. The color gradient describes the density gra-
dient (from darker to lighter hues as the density decreases). The
dashed black line marks the position of the breakout radius (Rbo).
The indigo line represents the forward shock that propagates ra-
dially outwards. The black dotted line marks the location of the
deceleration radius of the ejecta (Rdec). The latter is located at radii
smaller than RCSM (as in this sketch) for a relatively large CSM mass
compared to the ejecta mass or larger than RCSM for very massive
ejecta and rarefied CSM; see Eq. 4. For extremely large MCSM/Mej,
it is possible that Rdec < Rbo.

Bromberg 2008; Katz et al. 2011; Murase et al. 2011). E�-
cient particle acceleration takes place at radii larger than that
of the shock breakout (Rbo), where initially trapped photons
are free to di↵use out to the photosphere; the shock breakout
radius is computed by solving the following equation:

⌧T (Rbo) =
Z RCSM

Rbo

⇢CSM(R)esdR =
c

vsh
, (3)

where es ⇠ 0.34 cm2g�1 (Pan et al. 2013) is the electron
scattering opacity at solar abundances, and c is the speed of
light. When the SN ejecta mass Mej becomes comparable to
the swept-up mass from the CSM, the ejecta enters the CSM-
dominated phase. This transition happens at the deceleration
radius

Rdec =
Mejvw

Ṁ
. (4)

Note that Rdec may be located at radii smaller than RCSM as
shown in Fig. 2, or larger than RCSM according to the relative
ratio between Mej and MCSM (i.e., if MCSM > Mej, then Rdec <

RCSM and viceversa). Furthermore, for MCSM extremely large
with respect to Mej, Rdec can even be smaller than Rbo. For
R > Rdec, the forward shock radius evolves as (Suzuki et al.
2020)

Rsh(t) = Rdec

✓ t
tdec

◆2/3
. (5)

where we have assumed adiabatic dynamical evolution for
the sake of simplicity. At radii larger than Rbo, di↵u-
sive shock acceleration of the incoming CSM protons takes
place. Following Finke & Dermer (2012); Petropoulou et al.
(2016), the proton injection rate for a wind density profile is

Qp(�p,R)⌘
d2Np

d�pdR
=

9⇡"pR2
bonbo

8ln(�p,max/�p,min)

"
vsh(Rbo)

c

#2
(6)

⇥

✓ R
Rbo

◆2↵
��k

p H(�p � �p,min)H(�p,max � �p) ,

where the parameter ↵ dictates the radial dependence of the
shock velocity (vsh / R↵), it is ↵ = �1/7 in the free ex-
pansion phase (R < Rdec) and ↵ = �1/2 in the decelerating
phase (R > Rdec). The fraction of the shocked thermal energy
stored in relativistic protons is "p, while H(x) = 1 for x > 0
and zero otherwise. We set the proton spectral index k = 2
and the minimum Lorentz factor of the accelerated protons
�p, min = 1. The maximum Lorentz factor of protons (�p, max)
is obtained by requiring that the acceleration timescale in
the Bohm limit, tacc ⇠ 20�pmpc3/3eBv2

sh (Protheroe & Clay
2004), is shorter than the total cooling timescale for pro-
tons: tacc  tp,cool. B =

q
32⇡"Bmpv2

shnCSM is the mag-
netic field in the post-shock region, whose energy density
is a fraction "B of the post-shock thermal energy density
Uth = (9/8)mpv2

shnCSM. The latter is obtained by consider-
ing the Rankine-Hugoniot jump conditions across a strong
non-relativistic shock with compression ratio approximately
equal to 4.

The most relevant energy loss mechanisms for protons
are inelastic pp collisions and the cooling due to adia-
batic expansion of the shocked shell, hence t�1

p,cool = t�1
pp + t�1

ad ,
with tpp = (4kpp�ppnCSMc)�1, where we assume constant in-
elasticity kpp = 0.5 and energy-dependent cross-section
�pp(Ep) (Zyla et al. 2020). Following Fang et al. (2020),
the adiabatic cooling is tad = min[tdyn, tcool], where tcool
is the typical cooling time of the thermal gas behind the
shock and tdyn is the dynamical time of the shock. When
the shock is radiative, the particle acceleration region is
shrank to a characteristic length ⇠ vshtcool, limiting the max-
imum achievable particle energy. The cooling time is tcool =
3kBT/2nsh⇤(T ) (Franco et al. 1992) where kB is the Boltz-
mann constant, nsh = 4nCSM is the density of the shocked re-
gion, and ⇤(T ) is the cooling function capturing the physics
of radiative cooling. Here T is the gas temperature im-
mediately behind the forward shock front obtained by the
Rankine-Hugoniot conditions, given by:

T = 2
(� � 1)
(� + 1)2

µmHv2
sh

kB
, (7)
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Figure 4. Muon neutrino and antineutrino fluence from AT2019fdr
as a function of the neutrino energy. The reconstructed neutrino
energy (E⌫ ⇠ 80 TeV) for IC200530 is marked by a black dotted
vertical line. The band encloses the uncertainties on the parameters
characterizing AT2019fdr, see Table 1. In the proximity of the en-
ergy of interest for the interpretation of IC200530, the fluence can
vary up to a factor O(105) in magnitude. Within the allowed param-
eter space, the lowest fluence is foreseen for configurations with
large RCSM, low MCSM and high Mej. The largest neutrino fluence
is instead obtained for intermediate values of MCSM and low Mej,
which moreover allow a higher proton energy cuto↵.

a vertical dotted line), the neutrino event rate is expected to
vary between [1.3 ⇥ 10�8, 3.3 ⇥ 10�5] days�1.

It is important to note that only a sub-sample of the SLSN
parameter set reported in Table 1 allows us to obtain a neu-
trino signal compatible with our observational constraints.
For example, none of the SLSN scenarios with Ẽk = 1053 erg
and RCSM = 2 ⇥ 1016 cm passes our selection criteria, since
the shock crosses the CSM envelope in a time shorter than
394 days.

4.2. Dependence of the neutrino signal on the parameters of
AT2019fdr

In order to better explore the dependence of the neutrino
signal expected in IceCube on Mej and MCSM, for Ẽk =
1053 erg, first we investigate the neutrino fluence as a func-
tion of MCSM for fixed RCSM and Mej and then we fix MCSM
and vary Mej. The choice of MCSM and Mej is guided by the
SLSN configurations that better highlight the changes in the
neutrino fluence for Rbo 7 Rdec. From the panel on the left in
Fig. 6, we see that the fluence increases as MCSM increases
up to MCSM = 85 M�. For larger MCSM, Rbo > Rdec, and
therefore a turnover with a slow drop can be observed. Fur-
thermore, a slight shift of the neutrino cuto↵ energy towards
lower energies is visible as MCSM increases. The latter is due
to the enhanced pp energy loss determined by the larger den-

Figure 5. Muon neutrino and antineutrino event rate expected at
the IceCube Neutrino Observatory from AT2019fdr as a function of
the time after the shock breakout. The band marks the uncertainty
on the neutrino event rate due to the SLSN model parameters, see
Table 1. The event rate increases rapidly at early times. After peak,
the event rates for the SLSN scenarios representing the edges of the
envelope decline because of the dominant decreasing trend of vsh as
a function of time. In some intermediate scenarios, the increasing
trend of Ep,max and shallow decrease of vsh can be compensated, pro-
viding an increasing event rate at the moment of the detection. The
neutrino event IC200530 has been observed ⇠ 394 days after tbo as
indicated by the dotted vertical line. In the proximity of the detec-
tion day, the event rate can vary up to a factor O(103) in magnitude.

sity as well as the smaller vsh, which prevent particles from
being accelerated to higher energies (see Eq.22).

In the right panel of Fig. 6, we observe an enhancement
of the fluence as Mej decreases. Nevertheless, this trend is
inverted for Mej . 13 M�, representative of the regime with
Rbo > Rdec, where the lower vsh is responsible for a slight
decrease in the neutrino production, together with a shift of
the neutrino energy cuto↵ to lower energies.

Figure 7 shows the temporal evolution of the muon neu-
trino and antineutrino flux for the scenarios with the highest
(left panel) and the lowest (right panel) expected number of
neutrinos. In all cases, the flux decreases as time increases
and shifts to lower or higher energies, for the most optimistic
and pessimistic scenarios, respectively. Around the day of
detection, the flux in the best scenario is a factor O(105)
larger than the most pessimistic scenario.

In order to investigate the origin of IC200530, we integrate
the event rate over 394 days of the neutrino signal for all se-
lected SLSN configurations and obtain the total number of
muon neutrino and antineutrino events, N⌫µ+⌫̄µ (Eq. 21). A
contour plot of N⌫µ+⌫̄µ in the plane spanned by Mej and MCSM

is shown in Fig. 8 for RCSM = 4 ⇥ 1016 cm and Ẽk = 1053 erg
as a representative example. The allowed region of the pa-
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• No successful detection of high energy neutrinos from long GRBs (<1% to diffuse emission). 

• Neutrino emission strongly depends on GRB emission mechanism.

Gamma-ray bursts and blazars – not dominant
Gamma-ray bursts Blazars

1172 GRBs inspected, no correlation found
< 1% contribution to diPuse Aux

862 blazars inspected, no correlation found
< 27% contribution to diPuse Aux

IceCube, ApJ 2017
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Figure credit: Christian Spiering. Murase& Bartos, Ann. Rev. (2019). Fang & Metzger, ApJ (2017). Kimura et al., PRD (2018). Biehl et al., MNRAS 
(2018). Kyutoku, Kashiyama, PRD (2018). Tamborra, Ando, JCAP (2015). Gottlieb, Globus, ApJL (2021).

• No neutrinos detected from prompt short GRB phase yet. 

• Neutrinos from long-lived ms magnetar and internal shock propagating in kilonova ejecta.  

• Favorable detection opportunities with multi-messenger triggers.

High Energy Neutrinos from GRB 170817A? 

Short GRB Jets from Neutron-Star Mergers

I  � Introduction 
Why mass ejection from NS binaries is important ? 

1.  Electromagnetic counterparts of NS merger:           
Key for confirming gravitational-wave detection 
(talks by Korobkin……) 

2.  Ejecta could produce r-process heavy elements              
(talks by Foucart……..) 

BH

θobs

θj
Tidal Tail & Disk Wind

Ejecta−ISM Shock

Merger Ejecta 

v ~ 0.1−0.3 c

Optical (hours−days)

Kilonova
Optical (t ~ 1 day)

Jet−ISM Shock (Afterglow)

GRB
(t ~ 0.1−1 s)

Radio (weeks−years)

Radio (years)

Metzger & Berger    2012�GW170817-GRB 170817A 
success of multi-messenger & 
multi-wavelength observations
• GRB afterglow from off-axis jet
• Kilonovae from merger ejecta

Metzger & Berger 12

see also Kimura, KM+ 18, Kyutoku & Kashiyama 18, 
Biehl+ 18, Ahlers & Halser 19, Decoene+ 20 

from KM & Bartos 19

next: neutrinos?

assumption
”stable magnetar”



On the Origin of the Photon Distribution

Rudolph, Tamborra, Gottlieb, Astrophys. J. Lett. (2024).

Subphotospheric emission from short gamma-ray bursts 3
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Figure 1. Top: Charateristic properties of our benchmark jet simulation at 7 s and in the x–z plane. From left to right we
show the radial component of the Lorentz factor �rad, the logarithmic comoving mass density log10(⇢

0), and the logarithmic
magnetization log10(�). In order to highlight the location of the relativistic jet, we plot here the jet region with viewing angle
�0.4 rad < ✓ < 0.4 rad; the dotted white line marks ✓ = 0 to guide the eye. The blue, purple, red, and yellow isocontour lines
correspond to the radial Lorentz factor �rad equal to 1.5, 3, 10, and 25. At 7 s, the relativistic jet sits around 1.4–2⇥ 1011 cm
and it is surrounded by a mildly relativistic cocoon, whose comoving mass density (magnetization) is larger (smaller) than that
of the jet. The jet simulation inputs from the shaded region at r & 1.8⇥ 1011 cm for the 7 s snapshot are not considered in our
investigation of the particle acceleration sites. Instead, an extrapolation procedure based on a comoving shell located between
1.48–1.8 ⇥ 1011 cm for the 7 s snapshot is adopted (see main text for details and region delimited by the white solid lines in
the top panels); we then extend such extrapolation up to ' 1012 cm, which is slightly below the photosphere, i.e. beyond the
jet evolution computed through the GR-MHD simulation. We model the acceleration and particle production following the
evolution of the comoving shell, moving out from 1⇥ 1011 cm, as sketched in the left panel. Bottom: Evolution of �rad, ⇢

0 and
� for ✓ = � = 0 (thus, along the dotted line in the upper panel) for 5.0, 5.5, 6.0, 6.5, and 7.0 s. In the left plot, we indicate the
average Lorentz factor of the last snapshot h�radi7s with a dashed purple line. The shaded band marks the jet region considered
in our multi-messenger emission modeling, which in the two right plots corresponds to the thick, non-transparent lines. In the
middle bottom plot of ⇢0, we show the power-law extrapolation of the density as a dashed black line, while in the right plot of
� we indicate the average magnetization at 7 s within the jet region as dashed purple line (see main text for details).

• Origin of observed Band-like photon spectrum in short GRBs is poorly understood. 

• Bulk of non-thermal photon spectrum can stem from hadronic processes below the 
photosphere (usually just invoked for neutrino production). 

Leptonic processes only  
(usually considered)

Leptonic + hadronic processes 
(our work)
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Figure 3. Evolution of the comoving spectral energy distribution of photons with radius, split in three regions (see also Fig. 2).
In the magnetic reconnection region (first panel from the left), the local enhancement of the magnetization enables magnetic
reconnection and the subsequent acceleration of electrons. In the expansion region (second panel), no energy dissipation takes
place and therefore the photon distribution peak shifts to lower energies, with overall lower photon density as a result of the
plasma expansion. Finally, in the sub-shock region (third panel), both protons and electrons are accelerated at collisionless
sub-shocks, leading to the appearance of a non-thermal high-energy tail and a softening of the spectrum below the distribution
peak. In order to highlight the impact of hadronic processes, the photon distribution obtained without non-thermal protons is
also shown in the sub-shock region (fourth panel). To highlight the evolution of the photon distribution, a power-law fit at the
final snapshot of each region is provided.

Figures 3 and 4 show our findings on the time evo-
lution of the photon and neutrino spectral energy dis-
tributions, respectively, between 1011 cm and 1012 cm
obtained by solving Eq. 5 and relying on the evolution of
the shell introduced above. In the following, we outline
the main features of the particle distributions consider-
ing the three jet regions introduced before (see Fig. 2):

1. Magnetic reconnection region. During the ramp-
up of the magnetization � at 1.0⇥ 1011 cm < r <
1.3⇥1011 cm, the photon distribution evolves as a
thermal one; adiabatic expansion and the decreas-
ing thermal electron temperature are responsible
for the shift of the distribution peak at lower ener-
gies and a decrease in number density. The slope
of such a spectrum is E0n�(E0

�) / E02
� .

As magnetic reconnection becomes active for r &
1.3 ⇥ 1011 cm, two e↵ects manifest: 1. A non-
thermal photon population is injected. The latter
appears as a non-thermal tail at E0

� & 102 keV in
the initial power-law distribution. At lower ener-
gies, e�cient Comptonization of the synchrotron
seed photons induces a softening of the spectrum
between E0

� ⇠ 10�1–1 keV. At the lowest ener-
gies, the plasma is still in thermal equilibrium, its
thermal shape induces a “bump”-feature at the
turnover energy. 2. Due to the low � . 10, protons
are not accelerated above thermal energy. Sub-

sequently, roughly half of the dissipated energy
heats the thermal population. Since photons and
electrons are still coupled, the peak of the photon
thermal spectrum is consequently shifted to higher
energies. As the energy dissipation ceases and
the electron acceleration stops, the non-thermal
signatures directly disappear and a narrow Wien
spectrum approximately scaling as E02.43

� is evi-
dent (light orange line in the leftmost panel of
Fig. 3). Due to proton acceleration being ine�-
cient, no neutrino production is expected.

2. Expansion region. As the jet expands without fur-
ther energy dissipation, the plasma cools and di-
lutes. Hence, the peak of the photon distribution
moves to lower energies, and lower photon den-
sities are achieved. The redistribution of photons
abundantly present due to the previous dissipation
phase yields a spectrum scaling approximately as
E01.12

� (in the region where the spectrum is not
in thermal equilibrium for E0

� & 10�2 keV—see
the second panel to the left of Fig. 3). As the
plasma moves outwards, the turnover energy at
which photons are still in equilibrium shifts to
lower energies, broadening the the soft part of the
spectrum.

8 Rudolph, Tamborra & Gottlieb

Figure 3. Evolution of the comoving spectral energy distribution of photons with radius, split in three regions (see also Fig. 2).
In the magnetic reconnection region (first panel from the left), the local enhancement of the magnetization enables magnetic
reconnection and the subsequent acceleration of electrons. In the expansion region (second panel), no energy dissipation takes
place and therefore the photon distribution peak shifts to lower energies, with overall lower photon density as a result of the
plasma expansion. Finally, in the sub-shock region (third panel), both protons and electrons are accelerated at collisionless
sub-shocks, leading to the appearance of a non-thermal high-energy tail and a softening of the spectrum below the distribution
peak. In order to highlight the impact of hadronic processes, the photon distribution obtained without non-thermal protons is
also shown in the sub-shock region (fourth panel). To highlight the evolution of the photon distribution, a power-law fit at the
final snapshot of each region is provided.

Figures 3 and 4 show our findings on the time evo-
lution of the photon and neutrino spectral energy dis-
tributions, respectively, between 1011 cm and 1012 cm
obtained by solving Eq. 5 and relying on the evolution of
the shell introduced above. In the following, we outline
the main features of the particle distributions consider-
ing the three jet regions introduced before (see Fig. 2):

1. Magnetic reconnection region. During the ramp-
up of the magnetization � at 1.0⇥ 1011 cm < r <
1.3⇥1011 cm, the photon distribution evolves as a
thermal one; adiabatic expansion and the decreas-
ing thermal electron temperature are responsible
for the shift of the distribution peak at lower ener-
gies and a decrease in number density. The slope
of such a spectrum is E0n�(E0

�) / E02
� .

As magnetic reconnection becomes active for r &
1.3 ⇥ 1011 cm, two e↵ects manifest: 1. A non-
thermal photon population is injected. The latter
appears as a non-thermal tail at E0

� & 102 keV in
the initial power-law distribution. At lower ener-
gies, e�cient Comptonization of the synchrotron
seed photons induces a softening of the spectrum
between E0

� ⇠ 10�1–1 keV. At the lowest ener-
gies, the plasma is still in thermal equilibrium, its
thermal shape induces a “bump”-feature at the
turnover energy. 2. Due to the low � . 10, protons
are not accelerated above thermal energy. Sub-

sequently, roughly half of the dissipated energy
heats the thermal population. Since photons and
electrons are still coupled, the peak of the photon
thermal spectrum is consequently shifted to higher
energies. As the energy dissipation ceases and
the electron acceleration stops, the non-thermal
signatures directly disappear and a narrow Wien
spectrum approximately scaling as E02.43

� is evi-
dent (light orange line in the leftmost panel of
Fig. 3). Due to proton acceleration being ine�-
cient, no neutrino production is expected.

2. Expansion region. As the jet expands without fur-
ther energy dissipation, the plasma cools and di-
lutes. Hence, the peak of the photon distribution
moves to lower energies, and lower photon den-
sities are achieved. The redistribution of photons
abundantly present due to the previous dissipation
phase yields a spectrum scaling approximately as
E01.12

� (in the region where the spectrum is not
in thermal equilibrium for E0

� & 10�2 keV—see
the second panel to the left of Fig. 3). As the
plasma moves outwards, the turnover energy at
which photons are still in equilibrium shifts to
lower energies, broadening the the soft part of the
spectrum.



Guarini, Tamborra, Gottlieb, PRD (2023). Rudolph, Tamborra, Gottlieb, Astrophys.J. Lett. (2024). IceCube Coll., Astrophys. J. (2024).

• State-of-the-art collapsar jet simulations predict neutrino signal different than expected. 

• Subphotospheric neutrinos have lower energies than previously expected; detection 
possible with IceCube DeepCore.
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neutrino production may occur at the sites discussed in
Refs. [57, 71, 76]. It is still to be proven whether further
particle acceleration can occur in magnetized unsuccess-
ful jets at the same sites, namely at RIS ' Rh . Renv.

If the jet head is halted in the extended envelope at the
position Rh, the neutrino signal produced at the acceler-
ation sites discussed in Sec. IV can be attenuated because
of neutrino propagation in matter between Rh and Renv.
The attenuation factor for the neutrino fluence scales ap-

proximately as fatt ' exp[�
R Renv

Rh
⇢(R)/(2mp)�CC

⌫ (E⌫)],

where ⇢(R) is given in Eq. 28 and �
CC
⌫ is the cross sec-

tion for neutrino-charged current interactions which is
the dominant process in the GeV–TeV energy range of
interest [143]. Attenuation is relevant when fatt ⌧ 1;
for the density profile in Eq. 28, we find that this con-
dition is fulfilled for E⌫ & 100 TeV, i.e. it is negligible
for the scenarios investigated in this paper. Neutrino fla-
vor conversion may also occur in choked jets [144–146],
nevertheless for our collapsar scenarios the flavor com-
position at Earth is not substantially altered [147]. Fur-
ther attenuation of the neutrino signal may be caused
by the increase of the jet-cocoon mixing in the presence
of a massive envelope, which cannot be analytically es-
timated. Hence, the results presented in Sec. IV for the
subphotospheric neutrino signal expected on Earth still
shall be interpreted as an upper limit for a magnetized
jet halted in an extended envelope.

VI. EXPECTED SUBPHOTOSPHERIC
NEUTRINO EMISSION

By relying on the findings of Secs. IV and V, in this
section we present the total fluence expected for subpho-
tospheric neutrinos produced in collapsar jets. We also
compare our finding with the existing literature. Our re-
sults are sensitive to the underlying reference simulations.
Yet they urge to move towards a more robust modelling
than the one provided by analytical treatments.

A. Neutrino fluence

Figure 13 shows the total subphotospheric muon neu-
trino fluence, where the lower limit is set by �0 = 15 and
the upper limit by �0 = 200. In the former case, only
internal sub-shocks are a viable mechanism for neutrino
production, since the magnetization along the jet is not
large enough to sustain magnetic reconnection; see Fig. 9.
In the latter scenario, both sub-shocks and magnetic re-
connection contribute to shape the neutrino energy dis-
tribution from the optically thick region; see Figs. 7 and
9. The neutrino fluence has a cuto↵ at E⌫ ' 4⇥104 GeV
(E⌫ ' 103 GeV) for �0 = 200 (�0 = 15). This is due to
the large baryon density in the outflow, which substan-
tially limits the maximum energy at which protons can
be accelerated.

FIG. 13. Muon neutrino fluence on Earth for a collapsar jet
at z = 2. The purple band represents the range of variability
of the subphotospheric neutrino production (optically thick
region); the lower limit corresponds to the fluence obtained
for �0 = 15 (as displayed in Fig. 9), while the upper limit
is obtained for �0 = 200 (see Figs. 7 and 9). The purple
dashed line corresponds to the neutrino fluence expected for
�0 = 2000; see main text for details. For comparison, we
show the benchmark muon neutrino fluence from the opti-
cally thin region (above the photosphere) of a successful col-
lapsar jet, namely a GRB (see Appendix D). The red line
represents the atmospheric background expected during the
jet lifetime [148–150]. The neutrino signal in the optically
thick region of the outflow extends up to E⌫ ' 4 ⇥ 104 GeV
(E⌫ ' 103 GeV) for �0 = 200 (�0 = 15) and it lies below
the atmospheric background. For �0 = 2000, the neutrino
signal extends up to E⌫ . 7⇥ 104 GeV and it is comparable
in intensity to the atmospheric background.

As pointed out in Ref. [44], GRB jets may have initial
magnetization larger than the ones considered in this pa-
per (�0 & 1000) in order to reach the observed Lorentz
factors of a few hundreds. Because of numerical limita-
tions, jet simulations with such large �0 are not yet avail-
able. Nevertheless, we extrapolate the radial profiles of
the jet characteristic quantities (h⇢0ji, h�ji, h�ji) for a
relativistic jet with �0 = 2000 by assuming a constant
scaling ratio on the basis of the simulations with �0 = 15
and �0 = 200 (see Fig. 2), while the temperature is kept
unchanged. The corresponding neutrino fluence increases
up to one order of magnitude compared to the one ob-
tained for �0 = 200, as shown in Fig. 13 (dashed purple
line). Yet, the larger baryon density and magnetic field
in the jet are such that the neutrino spectrum extends up
to energies . 7 ⇥ 104 GeV. While this result should be
interpreted as an order of magnitude computation and
may change if it were to be obtained by relying on self-
consistent jet simulations, it provides a good insight on
what to expect.

Ẽj ¼
R t̃j
0 dt̃L̃jðt̃Þ.1 The simulation reveals that the disk-jet

system develops misalignment relative to the CO axis. This
results in the jet wobbling with an angle θw ≃ 0.2 rad
throughout its propagation. The effective opening angle of
the jet is ≃θj þ θw ¼ 0.3 rad. It is useful to define the total
isotropic-equivalent luminosity of the jet L̃iso ¼ L̃j=ðθ2j=2Þ,
since it is directly related to the observed quantities on
Earth [3]. The postbreakout jet isotropic luminosity is
L̃iso ≃ 1054 erg s−1, although it might seem that this lumi-
nosity lies in the tail of the luminosity distribution of long
duration GRBs [87], L̃iso effectively observed would be
smaller because of the jet wobbling and therefore within
average or just above the peak of the luminosity distribution
of long GRBs [87]; see Ref. [88] for a detailed discussion.
Our benchmark simulation does not constrain the jet
lifetime. Hence, we assume tj ¼ 10 s, which is represen-
tative of long GRBs [89]. Note that other sources of
interest—such as LFBOTs or low luminosity GRBs—have
typical luminosity smaller than the ones of long GRBs,
see e.g., Refs. [11,90,91].

The magnetic field of the CO plays a crucial role in the
launching of the jet. A fundamental quantity entering the
dynamics of the outflow is its magnetization,

σ ¼ B02

4πρ0c2
; ð1Þ

where B0 is the comoving magnetic field strength and ρ0 is
the comoving matter density in the jet. Simulations are
performed for two initial magnetizations: σ0 ¼ 15 and
σ0 ¼ 200. The initial magnetization of the jet corresponds
to the maximum asymptotic velocity that each fluid
element in the outflow can reach, if no mixing takes place.
Because the jet wobbles, it is convenient to describe the

jet dynamics in terms of angle averaged quantities, namely
the energy-flux weighted quantities. The top panels of
Fig. 2 show the jet proper velocity hβjΓji, magnetization
hσji, and comoving matter density hρ0ji, where the symbol
h…i denotes angle averaged quantities. Here, βj and Γj are
the dimensionless velocity and the Lorentz factor of the jet,
respectively. The left (right) panel has been obtained for
σ0 ¼ 15 (σ0 ¼ 200), and all quantities have been extracted
when the jet head is at R ≃ 10R⋆. The magnetization of the
jet hσji decreases with the radius, a fraction of which is
dissipated, while some is invested in accelerating the bulk
motion, hence the increase in hβjΓji. This hints towards
efficient conversion of magnetic energy into kinetic energy,
up to R ≃ 3 × 108 cm (R ≃ 2 × 109 cm) for σ0 ¼ 15
(σ0 ¼ 200). At this distance from the CO, both hσji and
hβjΓji start showing an erratic behavior, induced by the
entrainment of stellar material from the cocoon in the jet. In
Fig. 3 we show the comoving angle averaged temperature
hT 0

ji and magnetic field hB0
ji along the jet, when the jet

head reaches R ¼ 6R⋆, as in Fig. 2. The temperature and
the magnetic field profiles are similar for both initial
configurations with σ0 ¼ 15 and σ0 ¼ 200.
While it propagates through the star, the jet inflates a

high pressure region, the cocoon, which plays a funda-
mental role in the collimation of the jet [23–27]. The
cocoon, see also Fig. 1, is characterized by the average
proper velocity hβcΓci, magnetization hσci, and comoving
matter density hρ0ci, whose radial profiles are shown in the
bottom panels of Fig. 2. The cocoon magnetization is
hσci ≲ 0.1 throughout its whole evolution. The cocoon
propagates at nonrelativistic to mildly relativistic velocities,
with hβcΓci≲ 1. The isocontour in Fig. 1 shows the
existence of the countercocoon (white/brown region),
which collides with the cocoon outside the star at the
distance R ≃ 2R⋆.
The jet-cocoon mixing observed in Fig. 2 plays a crucial

role in the definition of the outflow optical depth, since it
increases the jet baryon density and it reduces the jet Lorentz
factor. Hence, we show a contour plot of the Thompson
optical depth τ of the outflow in Fig. 4. The latter is highly

FIG. 1. Isocontour of the matter density of the star (yellow)
and the cocoon (white/brown) combined with the asymptotic
proper velocity of the jet (gray/blue) for the simulation with
σ0 ¼ 15 extracted when the jet head is at R ≃ 10R⋆ ¼ 4 × 1011.
The jet is collimated by the cocoon, which breaks out from the
star. A shock develops at the interface between the cocoon and
the countercocoon (same colors as the cocoon, but on the
opposite axis).

1We adopt three different reference frames throughout this
paper: the CO frame, the observer frame and the jet comoving
frame. Quantities in each of these frames are denoted as: X̃, X,
and X0, respectively.
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Follow-Up Programs



Figure credits: IceCube Collaboration, Astrophys. J. Suppl. (2023).

• Stacking neutrino searches based on “standard candles” are not optimal.  

• Essential to combine X-ray/radio and UVOIR observations to aid neutrino searches. 

• Neutrino bright sources may not be gamma-ray bright.

Optimizing Follow-Up Programs

Pitik, Tamborra, Lincetto, Franckowiack, MNRAS (2023). Guarini, Tamborra, Margutti, Ramirez-Ruiz, PRD (2023).
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Figure 2. The cumulative number of alerts as a function of time. The solid black and red lines show the number of gold and
bronze alerts respectively, while the magenta line shows the combined number for all alerts. The dashed green line and the
shaded green band show the median and standard deviation of the best-fit Poisson distribution to the number of alerts in each
category.

Table 1. The number of expected signal and background events, and the total observed events
for each alert stream in ⇠9.6 years of the catalog live time. The expected number of events are
calculated for the best-fit di↵use muon neutrino flux (Abbasi et al. 2022a) with a spectral index
of 2.37.

Event Type Expected Signal Expected Background Total Expected Total Observed

GFU Gold 54.3 47 101.3 72

GFU Bronze 40.2 138 178.2 164

HESE Gold 5.3 4 9.3 9

HESE Bronze 1.6 9 10.6 8

EHE Gold 3.9 19 22.9 22

 IceCat-1



Conclusions

• Fantastic progress in multi-messenger searches of astrophysical sources.  

• Origin of diffuse emission of high-energy neutrinos is still mysterious, but number of likely 
neutrino-electromagnetic associations is increasing. 

• Robust 1:1 neutrino-gamma-ray connection is not so obvious as previously expected. 

• We need to optimize multi-messenger follow-up programs for growing number of high-
energy neutrino alerts. 

• Interpretation of multi-messenger data requires a major step forward in source modeling.

Thank you!

Very exciting times ahead!!


