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source is excluded by limits set on extragalactic magnetic
fields from rotation measures [35]. Approximately, pro-
tons would thus arrive to the Galaxy as a uniform, paral-
lel beam that may subsequently be focused or defocused
while propagating in the Galactic magnetic field. As seen
from the Earth, the image of the source is expected to
be shifted and broadened, with the e↵ect growing with
decreasing energy. Also, multiple broad images may be
produced if uncorrelated regions of the magnetic field
are experienced by the particles [36–38]. Such a scenario
would thus imply the observation of an anisotropy at in-
termediate angular scales, the size of which depends on
the model of turbulence for the magnetic field [39]. Spec-
tral di↵erences would also consequently appear in some
parts of the sky. The softening at ⇡ 1019 eV, in partic-
ular, would not be expected in every declination range.
The absence of such dependence accordingly disfavors the
interpretation that the steepening is due to a source in
the local Universe emitting protons. Furthermore, the
interplay between the luminosity of a given source and
its flux attenuation with distance requires fine-tuning to
make viable a scenario in which several sources would
emit protons with a distinctive spectrum while at the
same time no directional e↵ect would be imprinted upon
the observed intensity.

1910 2010
 [eV]E

5110

5210

5310

5410

]
-1

 d
ex

-3
En

er
gy

 d
en

si
ty

 [e
rg

 M
pc

Total
 = 1A

 4≤ A ≤2 
 22≤ A ≤5 
 38≤ A ≤23 
 56≤ A ≤39 

Figure 2: Energy density obtained with the best fit param-
eters of the benchmark scenario used for illustration, as de-
scribed in the text. The dashed curve shows the energy range
that is not used in the fit and where an additional component
is needed for describing the spectrum.

By contrast, our results fit a scenario in which several
nuclear components contribute to the total intensity and
in which the electromagnetic fields permeate source en-
vironments where nuclei are accelerated to a maximum
energy proportional to their charge (Z). This scenario,
e.g., [40–43], provides a natural framework to explain the
tendency towards heavier masses with increasing energy
as inferred from recent works [23–25]. To illustrate the
main physics aspects without distraction by the many

details a full model scenario would require, we consider
here, as in [43], several nuclear components injected at
the sources with a power-law spectrum and with the max-
imal energy of the sources modeled with an exponential
cut-o↵. For simplicity, the sources are assumed to be sta-
tionary and uniform in a co-moving volume. We show in
Fig. 2 the best reproduction of the data by simultane-
ously fitting the energy spectrum above 5⇥1018 eV and
the distribution of the depths of the shower maximum
(Xmax), which is mass-sensitive (using EPOS LHC [44]
as model of hadronic interactions in their interpreta-
tion). The abundance of nuclear elements at the sources
is dominated by intermediate-mass nuclei accelerated to
⇡ 5 Z⇥1018 eV and escaping from the source environ-
ments with a very hard spectrum. In this scenario, the
steepening observed above ⇡ 5⇥1019 eV results from the
combination of the maximum energy of acceleration of
the heaviest nuclei at the sources and the GZK e↵ect.
The steepening at ⇡ 1019 eV reflects the interplay be-
tween the flux contributions of the helium and carbon-
nitrogen-oxygen components injected at the source with
their distinct cut-o↵ energies, shaped by photodisinte-
gration during the propagation. We note that the ratio
E34/E23 is 3.4 ± 0.3, matching the mass/charge ratio of
CNO to He, as expected from the benchmark scenario
shown in Fig. 2.

Some cautionary comments on the illustrative model
considered here are in order. The presence of a sub-
dominant light component at the highest energies is not
excluded by our data, see e.g. [45]. Also, viable source
scenarios can be found without resorting to a mixed com-
position with a rigidity-dependent maximum energy if,
for instance, predominately heavy (Si to Fe) nuclei are
accelerated and photo-disintegrate in the source environ-
ment [46] or en route to Earth [47, 48]. Scenarios with
a predominantly light composition [32, 49] can fit our
Xmax data as well as those of Telescope Array [50] in
the ankle energy range, but these scenarios are at odds
with measurements of the correlation of particle densi-
ties at ground and Xmax [26]. At ultra-high energies,
a significant re-adjustment of current hadronic interac-
tion models would be required [51] to fit our data with a
p/He-dominated model while the data of Telescope Ar-
ray, because of limited statistical power above 1019 eV,
cannot yet be used to draw reliable conclusions about
composition in this energy range [52].

Interactions of the accelerated nuclei in the environ-
ment of the sources may give rise to copious fluxes of nu-
cleons below the ankle energy, produced through photo-
disintegration. Neutrons escaping from the magnetic
confinement regions may then explain the observed flux
of protons deduced from Xmax measurements [24, 25] in
this energy range, due to neutron decay during propaga-
tion [46, 53–57]. To make up the all-particle spectrum
and to fit the composition data below ⇡ 5⇥1018 eV, an
additional component is further required (see e.g. [58–60]
for discussions). This could be the high-energy tail from
the sources emitting the bulk of Galactic cosmic rays of

A. Aab et al., Phys. Rev. Lett. (2020).
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Fig. 1.— The Universe emits gravitational radiation from a variety of sources across the gravita-
tional wave spectrum. Ground-based interferometers (e.g., LIGO, Cosmic Explorer shown here;
Virgo, KAGRA, LIGO-India, and Einstein Telescope are other present and future instruments),
space-based interferometers (e.g., LISA), and pulsar timing arrays (e.g., NANOGrav and the Inter-
national Pulsar Timing Array (IPTA)) provide access to a wide swath of this spectrum. Produced
with http://gwplotter.com/.

better statistics, more precise measurements, and ultimately reach to the edge of the universe for
O(100)M� systems.

With the arrival of LISA, tens of thousands of individual systems will be discovered, many of
which with masses inaccessible to ground-based detectors. The population of WD-WD binaries
in the Milky Way will enable investigations from the structure of our own galaxy, to the connec-
tion between WD-WD binaries and type Ia SNe (Adams et al. 2012). Beyond the Milky Way,
hundreds of heavy stellar-mass BH binaries far from coalescence will provide precious comple-
mentary information to that gathered by ground-based detectors. Systems such as GW150914 will
first sweep through the LISA band, crossing to the ground-based frequency band a few years later
(Sesana 2017). LISA will allow precise determination of the sky location and time of coalescence
weeks or more in advance, making it possible to schedule massive and deep EM coverage of the

Shoemaker et al., Astro2020 Science WP (2019). 
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Outline

• Overview on current status 

• Core-collapse supernovae and compact binary mergers 

• Cosmic accelerators  

• Outlook 



The Sun

Multi-messenger observations.      

 Image credits: Super-Kamiokande Collaboration.
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 Multi-Messenger Sources as of 2022: No. 1

Discovery of neutrino oscillations.  
Test of Standard Solar Model.  
Constraints on New Physics scenarios.



 Image credits: NASA, CERNCOURIER.

Time (s)

E
n

e
rg

y 
(M

e
V

)

Supernova 1987A

Multi-Messenger Sources as of 2022: No. 2

Multi-messenger observations.      Test of core-collapse physics.  
Constraints on New Physics scenarios.



Multi-Messenger Sources as of 2022: No. 3
Cosmic Accelerators

IceCube Neutrino 
Observatory 

 Several likely point source associations 

 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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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

Test particle acceleration theory.  
Need for improved source modeling. 

Starburst Galaxies Blazars Tidal Disruption Events



Core-Collapse Supernovae

Figure credits: Royal Society



The Next Local Supernova (SN 2XXXA)

Figure from Nakamura et al., MNRAS (2016). 

2 K. Nakamura et al.
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Figure 1. Time sequence for neutrino (red lines for ⌫e and ⌫̄e and magenta line for ⌫x; ⌫x represents heavy lepton neutrino ⌫µ, ⌫⌧ , ⌫̄µ, or
⌫̄⌧ ), GW (blue line), and electromagnetic (EM, black line) signals based on our neutrino-driven core-collapse simulation of a non-rotating
17M� progenitor. The solid lines are direct or indirect results of our CCSN simulation, whereas the dashed lines are from literatures or
rough speculations. The left (right) panel x-axis shows time before (after) core bounce. Emissions of pre-CCSN neutrinos as well as the
core-collapse neutrino burst are shown as labeled. For the EM signal, the optical output of the progenitor, the SBO emission, the optical
plateau, and the decay tail are shown as labeled. The GW luminosity is highly fluctuating during our simulation and the blue shaded
area presents the region between the two straight lines fitting the high and low peaks during 3 – 5 seconds postbounce. The hight of
the curves does not reflect the energy output in each messenger; total energy emitted after bounce in the form of anti-electron neutrino,
photons, and GW is ⇠ 6⇥ 1052 erg, ⇠ 4⇥ 1049 erg, and ⇠ 7⇥ 1046 erg, respectively. See the text for details.

cannot resolve individual neutrino events. Smaller detectors
with sensitivity to CCSN neutrinos include, e.g., Baksan,
Borexino, DayaBay, HALO, KamLAND, LVD, MiniBooNE,
and NO⌫A (for their detection potentials, see, e.g., recent
review Mirizzi et al. 2015). In the near-future, the Jiang-
men Underground Neutrino Observatory (JUNO, Li 2014)
will augment Super-K and IceCube, and with future ex-
periments such as Hyper-Kamiokande (Hyper-K, Abe et al.
2011) and Deep Underground Neutrino Experiment (DUNE,
Acciarri et al. 2015), neutrino event statistics and neutrino
flavor information will be dramatically improved. GW de-
tectors such as Advanced LIGO (aLIGO), Advanced Virgo
(adVirgo), and KAGRA are expected to be able to detect
CCSN GW out to a few kpc from the Earth, while future
detectors such as the Einstein Telescope (ET) can reach the
entire Milky Way.

In order to exploit these potentials, a multi-messenger
observing strategy is necessary. In this context, the neutrino
signal is particularly important. The neutrino emission in
fact starts before the core collapse even begins. Neutrinos
emitted during the final states of silicon burning can reach
⇠ 5⇥ 1050 erg for a massive star (Arnett et al. 1989), which
can be detected by Hyper-K out to a few kpc away (Odrzy-
wolek et al. 2004), thereby providing an early warning signal.
During the first ⇠ 10 seconds after the core collapse, a co-
pious ⇠ 3 ⇥ 1053 erg of energy is emitted as neutrinos as
was confirmed in SN 1987A (Hirata et al. 1987; Bionta et al.
1987; Sato & Suzuki 1987).

In addition to signaling unambiguously the occurrence
of a nearby core collapse, the detected neutrinos will point
to the location of the core collapse within an error circle
of a few to ten degrees in the sky (Beacom & Vogel 1999;
Tomas et al. 2003; Bueno et al. 2003). This pointing infor-
mation is particularly important for electromagnetic signals,
which remain a crucial component of studies of CCSNe in
the Milky Way and nearby galaxies. A few hours to days
after the core collapse, the supernova shock breaks out of
the progenitor surface, suddenly releasing the photons be-
hind the shock in a flash bright in UV and X-rays, known as
shock breakout (SBO) emission (Matzner & McKee 1999;
Blinnikov et al. 2000; Tominaga et al. 2009; Gezari et al.
2010; Kistler et al. 2013). Although the SBO signal pro-
vides important information about the CCSN, such as the
radius of the progenitor, detection is di�cult because of its
short duration. Knowing where to anticipate the signal will
dramatically improve its detection prospects. In addition to
the SBO, more traditional studies of CCSN properties (e.g,
energy, composition, velocity) and its progenitor are impor-
tant diagnostics of a CCSN, and a well-observed early light
curve is important for accurate reconstruction of the CCSN
evolution (e.g., Tominaga et al. 2011).

Already, various aspects of multi-messenger physics of
Galactic and nearby CCSNe have been investigated. For ex-
ample, signal predictions of neutrino and GW messengers
have been investigated by many authors. In particular, the
first ⇠ 500 milliseconds following core collapse is thought to

MNRAS 000, 1–21 (2016)



Neutrino Alert & Timing

Network to alert astronomers of a burst.

SuperNova Early Warning System (SNEWS 2.0).
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Determination of supernova direction with neutrinos 
[crucial for electromagnetically dim supernovae].

Determination of core bounce time with neutrinos 
[timing for gravitational wave detection]. 

SNEWS 2.0, New J. Phys. (2021). Sarfati, Hansen, Tamborra, PRD (2022). Tomas et al. (2003). Fisher et al. (2015). Linzer & 
Scholberg, PRD (2019). Brdar, Lindner, Xu, JCAP (2018). Muehlbeier et al., PRD (2013). Halzen & Raffelt PRD (2009).



Supernova Mechanism 

Tamborra et al., PRL (2013),  PRD (2014). Kuroda et al., ApJ (2017). Walk, Tamborra et al., PRD (2018, 2019, 2020). Andresen et al., 
MNRAS (2017,2019). Takiwaiki et al., MNRAS (2021) Lin et al., PRD (2020). Mezzacappa et al., arXiv: 2208.10643.
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Georg Ra/elt, MPI Physik, München Supernova at Hyper-Kamiokande, Tokyo, 11–12 Feb 2017

Breaking Spherical Symmetry (3D E/ects)

Melson et al, ApJL 808, L42 (2015)

Georg Ra/elt, MPI Physik, München Supernova at Hyper-Kamiokande, Tokyo, 11–12 Feb 2017

Breaking Spherical Symmetry (3D E/ects)

Melson et al, ApJL 808, L42 (2015)

Georg Ra/elt, MPI Physik, München Supernova at Hyper-Kamiokande, Tokyo, 11–12 Feb 2017

Breaking Spherical Symmetry (3D E/ects)

Melson et al, ApJL 808, L42 (2015)

Neutrinos and gravitational waves 

• Carry imprints of pre-explosion physics.

• Probe black hole formation.



Figure from Abe et al., PRD (2021). Moller, Suliga, Tamborra, Denton, JCAP (2018). Kresse, Ertl, Janka, ApJ (2021). 
Lunardini & Tamborra, JCAP (2012). Horiuchi et al., PRD (2021). Ziegler et al., arXiv: 2205.07845. 

Diffuse Supernova Neutrino Background

• Independent test of local supernova rate and fraction of black hole forming collapses. 

• Modeling uncertainties are to be reduced.  

• Detection expected to happen soon! 
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FIG. 25. The 90% C.L. expected and observed upper limits on the extraterrestrial electron antineutrino flux from the present
work, in comparison with previously published results from SK [22, 23] and KamLAND [25] and DSNB theoretical predictions
from Fig. 1 (in gray). The upper limit from Ref. [22] (blue) has been derived in Ref. [23].

described in Ref. [22] and divide these backgrounds into
the following five categories.

a. Invisible muons and pions: this category re-
groups events with electrons produced by the decays of
invisible muons and pions. The energy distribution of
these electrons follows a Michel spectrum, whose shape
is independent of the Cherenkov angle and the neutron
multiplicity and will therefore be the same across all six
regions. For this study, we estimate the shape of the
Michel spectrum at SK directly from data, using a sam-
ple of electrons produced by cosmic ray muon decays
(a similar sample for atmospheric and accelerator neu-
trino oscillation and proton decay analyses is described
in Refs. [90, 91]). We then use the atmospheric neu-
trino Monte-Carlo simulation to compute the fractions
of background events in the di↵erent signal and back-
ground regions. Since electrons cannot be distinguished
from positrons at SK this background dominates in the
signal regions II and V and are negligible everywhere else.

b. ⌫e CC interactions: in this category we find back-
grounds arising from CC interactions of electron neutri-
nos and antineutrinos, with no visible muons and pions
in the final state. Their contributions will dominate in
the signal regions II and V above 50 MeV. We estimate
the associated spectral shapes in all regions using the
atmospheric neutrino Monte-Carlo simulation. Similarly
to Michel electrons, this background is negligible outside
the regions II and V.

c. µ/⇡-producing interactions: visible muons and
pions will be associated with low Cherenkov angles, as
these particles are significantly heavier than electrons.
The associated background will therefore dominate in
the low Cherenkov angle regions I and IV, and, after
positron candidate selection cuts, will be negligible in the
signal regions. We extract the associated spectral shapes
by considering an atmospheric Monte-Carlo sample with
only CC interactions, visible muons and pions, and no
electrons.
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Neutrinos interact among themselves.



• Neutrino conversion is strongly affected by collisions and advection.   

• Neutrino decoupling from matter is affected by flavor conversion. 

• Implications on multi-messenger observations yet to be determined.

Shalgar & Tamborra, arXiv: 2206.00676, arXiv: 2207.04058. Padilla-Gay, Tamborra, Raffelt, PRL (2022). Shalgar, Padilla-Gay, 
Tamborra, JCAP (2020). Shalgar, Tamborra, PRD (2020, 2021). Richers, Willcox, Ford, PRD (2021). Wu et al., PRD (2021). …

Flavor Conversion in the Supernova Core 
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High Energy Emission from Supernovae

Sarmah, Chackraborty, Tamborra, Auchettl, JCAP (2022). Brose, Sushch, Mackey, arXiv: 2208.04185. 
Murase, Guetta, Ahlers, PRL (2016). Murase, Ioka, PRL (2013). Tamborra, Ando, PRD (2014).

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?).

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

"
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+
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, (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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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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Compact Binary Mergers

Figure credit: Price & Rosswog, Science (2006).



Figure credit: R. Fernandez & B. Metzger, Ann. Rev. Nucl. Part. Sci. (2016).

The Next Binary Merger (GW XXXX22)

Figure 1

Phases of a neutron star merger as a function of time, showing the associated observational signatures and underlying
physical phenomena. Coalescence inset courtesy of D. Price and S. Rosswog [see also (15)].

forms. Obtaining an accurate source position is multiplicative, as it enables a much larger
range of electromagnetic facilities (often more sensitive, but with narrower fields of view,

e.g. the Hubble Space Telescope) to obtain complementary observations.
Due to their transient nature, discovering the EM counterparts of NSNS/NSBH merg-

ers requires follow-up observations with time-sensitive facilities. NASA’s Swift and Fermi

satellites provide nearly continuous coverage of the sky at hard X-ray and gamma-ray wave-
lengths. Several optical/IR transient surveys have been in operation over the last several

years, with more coming online in the next several years, culminating in the Large Syn-

optic Survey Telescope (9). Wide-field radio arrays, such as LOFAR (10), provide nearly
continuous coverage of the northern hemisphere sky in the hundreds of MHz radio band.

NSNS/NSBH mergers also represent an important topic in Nuclear Astrophysics. The
neutron star equation of state (EOS) plays an important role in the GW signal, both

during the late inspiral phase and in the fate of the post-merger remnant. The ejecta

from NS mergers are an astrophysical source of rapid neutron-capture (r-process) nuclei,
the origin of which has remained a mystery for almost 70 years (11, 12). The short-lived,

neutron-rich nuclei produced during the r-process serve as probes of the nuclear force in

asymmetric conditions and of the limits of nuclear stability (13). Significant efforts are
underway to improve experimental capabilities to measure the masses and lifetimes of these

nuclei, including the Facility for Rare Isotope Beams (14).
This review summarizes the state-of-the art in the predicted EM emission from NSNS

and NSBH mergers. The structure of the paper follows the time evolution of the merger

www.annualreviews.org • EM Signatures of NS Mergers in the aLIGO Era 3



Margalit 
& M

etzger (
2019)

Margalit & Metzger, ApJL (2019).  Bauswein et al., ApJL (2017). 

Using EM observations to ascertain the outcomes of future compact mergers detected in GWs, we could 
assess the diversity of their r-process contributions and probe nuclear EoS. 

Multi-Messenger Opportunities



Supernovae and neutron-star mergers
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Synthesis of heavy elements depends on neutrino flavor.

Nucleosynthesis of the Heavy Elements
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FIG. 7. Left panel: Abundance distributions as functions of the atomic mass number of elements synthesized in the ejected
material in models m1, m1mix1, m1mix1f, m1mix2, and m1mix3 measured at t = 1 d after the birth of the disk. The imprint
of flavor conversions is most visible in the enhanced abundances of lanthanides. Right panel: Kilonova signal powered by
radioactive heating of synthesized material for models m1 (dashed lines) and m1mix1 (solid lines) estimated using spherically
averaged ejecta properties. The top panel shows the bolometric luminosities (black) and e↵ective heating rates (including
thermalization; grey), the bottom panel depicts AB magnitudes in selected bands. Flavor conversions induce more powerful
heating but also higher opacities, causing the peak emission to take place with nearly the same luminosity but for an extended
period of time.

always below 10GK, we start the evolution at the time
t = 0 corresponding to the start of the hydrodynamic
simulation. As anticipated from the previously found re-
duction of Ye in the ejecta, flavor conversions enhance
the production of nearly all r-process elements, while the
largest relative increase (of up to a factor of ⇠ 2 depend-
ing on the model) is observed for the lanthanides. Not
surprisingly, for di↵erent models the size of the impact
of flavor conversions on the mass fractions scales pretty
well with the size of the impact on Ye, i.e. models with
smaller reduction of Ye exhibit a milder increase of XLA

etc.
In order to assess the impact on the kilonova light

curves, we use the trajectories and results from the nu-
cleosynthesis analysis, assume constant velocities beyond
r = 109 cm, and construct spherically symmetric dis-
tributions of mass, heating rates, mass fractions of lan-
thanides plus actinides, and mean atomic mass numbers
as functions of velocity (as was also done in Ref. [38]).
We then plug these data into the spherically symmet-
ric version of the scheme described in Ref. [137], which
solves the radiative transfer equations in the M1 approxi-
mation using simplified, parametrized opacities (see [137]
for technical details of the solver). The right panels of
Fig. 7 provide the results for the two models m1 (dashed
lines) and m1mix1 (solid lines), namely the radioactive
heating rates powering the light curve and bolometric lu-
minosities (top panel) and the broadband magnitudes for
selected frequency bands (bottom panel).

The kilonova is a↵ected in two ways by the modi-

fied nucleosynthesis pattern in models with flavor oscil-
lations: First, the radioactive heating rates are boosted
at 3 <

⇠ t <⇠ 20 d by several tens of percent mostly as a
consequence of the increased abundance of 2nd-peak ele-
ments, which dominate the heating rates during this pe-
riod of time. The second e↵ect is given by the increased
opacities, which mainly result from the higher abundance
of lanthanides. Since the second e↵ect to some extent
counteracts the first e↵ect, the light curve in the model
with flavor conversions is barely more luminous until the
plateau-like peak epoch at about t ⇡ 10 d than in the
model without conversions. After the plateau the light
curve decays more slowly and reaches the asymptotic be-
havior (given by the radioactive heating rate) several
days later. The broadband light curves exhibit similar
di↵erences between both models. Overall, the impact of
fast flavor conversions on the kilonova predicted by our
models is noticeable mostly in the duration of the high-
luminosity emission.

C. Model dependence

In this section we examine the sensitivity of the find-
ings of the previous section to variations of the flavor-
mixing prescription, the chosen threshold for the onset
of flavor instabilities, the disk mass, and to replacing the
↵-viscosity with an MHD treatment.
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of flavor conversions is most visible in the enhanced abundances of lanthanides. Right panel: Kilonova signal powered by
radioactive heating of synthesized material for models m1 (dashed lines) and m1mix1 (solid lines) estimated using spherically
averaged ejecta properties. The top panel shows the bolometric luminosities (black) and e↵ective heating rates (including
thermalization; grey), the bottom panel depicts AB magnitudes in selected bands. Flavor conversions induce more powerful
heating but also higher opacities, causing the peak emission to take place with nearly the same luminosity but for an extended
period of time.

always below 10GK, we start the evolution at the time
t = 0 corresponding to the start of the hydrodynamic
simulation. As anticipated from the previously found re-
duction of Ye in the ejecta, flavor conversions enhance
the production of nearly all r-process elements, while the
largest relative increase (of up to a factor of ⇠ 2 depend-
ing on the model) is observed for the lanthanides. Not
surprisingly, for di↵erent models the size of the impact
of flavor conversions on the mass fractions scales pretty
well with the size of the impact on Ye, i.e. models with
smaller reduction of Ye exhibit a milder increase of XLA

etc.
In order to assess the impact on the kilonova light

curves, we use the trajectories and results from the nu-
cleosynthesis analysis, assume constant velocities beyond
r = 109 cm, and construct spherically symmetric dis-
tributions of mass, heating rates, mass fractions of lan-
thanides plus actinides, and mean atomic mass numbers
as functions of velocity (as was also done in Ref. [38]).
We then plug these data into the spherically symmet-
ric version of the scheme described in Ref. [137], which
solves the radiative transfer equations in the M1 approxi-
mation using simplified, parametrized opacities (see [137]
for technical details of the solver). The right panels of
Fig. 7 provide the results for the two models m1 (dashed
lines) and m1mix1 (solid lines), namely the radioactive
heating rates powering the light curve and bolometric lu-
minosities (top panel) and the broadband magnitudes for
selected frequency bands (bottom panel).

The kilonova is a↵ected in two ways by the modi-

fied nucleosynthesis pattern in models with flavor oscil-
lations: First, the radioactive heating rates are boosted
at 3 <

⇠ t <⇠ 20 d by several tens of percent mostly as a
consequence of the increased abundance of 2nd-peak ele-
ments, which dominate the heating rates during this pe-
riod of time. The second e↵ect is given by the increased
opacities, which mainly result from the higher abundance
of lanthanides. Since the second e↵ect to some extent
counteracts the first e↵ect, the light curve in the model
with flavor conversions is barely more luminous until the
plateau-like peak epoch at about t ⇡ 10 d than in the
model without conversions. After the plateau the light
curve decays more slowly and reaches the asymptotic be-
havior (given by the radioactive heating rate) several
days later. The broadband light curves exhibit similar
di↵erences between both models. Overall, the impact of
fast flavor conversions on the kilonova predicted by our
models is noticeable mostly in the duration of the high-
luminosity emission.

C. Model dependence

In this section we examine the sensitivity of the find-
ings of the previous section to variations of the flavor-
mixing prescription, the chosen threshold for the onset
of flavor instabilities, the disk mass, and to replacing the
↵-viscosity with an MHD treatment.

Just, Abbar, Wu, Tamborra, Janka, Capozzi, PRD (2022). Wu, Tamborra, Just, Janka, PRD (2017). Wu & Tamborra, PRD 
(2017). Padilla-Gay, Shalgar, Tamborra, JCAP (2021). George, Wu, Tamborra, Ardevol-Pulpillo, Janka, PRD (2020). Li & 
Siegel, PRL (2021). Fernandez, Richers, Mulyk, Fahlman, arXiv: 2207.10680.

• Flavor conversion enhances synthesis nuclei with A>130 by a factor 2-3. 

•More work needed to grasp how neutrinos affect electromagnetic emission.
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of flavor conversions is most visible in the enhanced abundances of lanthanides. Right panel: Kilonova signal powered by
radioactive heating of synthesized material for models m1 (dashed lines) and m1mix1 (solid lines) estimated using spherically
averaged ejecta properties. The top panel shows the bolometric luminosities (black) and e↵ective heating rates (including
thermalization; grey), the bottom panel depicts AB magnitudes in selected bands. Flavor conversions induce more powerful
heating but also higher opacities, causing the peak emission to take place with nearly the same luminosity but for an extended
period of time.

always below 10GK, we start the evolution at the time
t = 0 corresponding to the start of the hydrodynamic
simulation. As anticipated from the previously found re-
duction of Ye in the ejecta, flavor conversions enhance
the production of nearly all r-process elements, while the
largest relative increase (of up to a factor of ⇠ 2 depend-
ing on the model) is observed for the lanthanides. Not
surprisingly, for di↵erent models the size of the impact
of flavor conversions on the mass fractions scales pretty
well with the size of the impact on Ye, i.e. models with
smaller reduction of Ye exhibit a milder increase of XLA

etc.
In order to assess the impact on the kilonova light

curves, we use the trajectories and results from the nu-
cleosynthesis analysis, assume constant velocities beyond
r = 109 cm, and construct spherically symmetric dis-
tributions of mass, heating rates, mass fractions of lan-
thanides plus actinides, and mean atomic mass numbers
as functions of velocity (as was also done in Ref. [38]).
We then plug these data into the spherically symmet-
ric version of the scheme described in Ref. [137], which
solves the radiative transfer equations in the M1 approxi-
mation using simplified, parametrized opacities (see [137]
for technical details of the solver). The right panels of
Fig. 7 provide the results for the two models m1 (dashed
lines) and m1mix1 (solid lines), namely the radioactive
heating rates powering the light curve and bolometric lu-
minosities (top panel) and the broadband magnitudes for
selected frequency bands (bottom panel).

The kilonova is a↵ected in two ways by the modi-

fied nucleosynthesis pattern in models with flavor oscil-
lations: First, the radioactive heating rates are boosted
at 3 <

⇠ t <⇠ 20 d by several tens of percent mostly as a
consequence of the increased abundance of 2nd-peak ele-
ments, which dominate the heating rates during this pe-
riod of time. The second e↵ect is given by the increased
opacities, which mainly result from the higher abundance
of lanthanides. Since the second e↵ect to some extent
counteracts the first e↵ect, the light curve in the model
with flavor conversions is barely more luminous until the
plateau-like peak epoch at about t ⇡ 10 d than in the
model without conversions. After the plateau the light
curve decays more slowly and reaches the asymptotic be-
havior (given by the radioactive heating rate) several
days later. The broadband light curves exhibit similar
di↵erences between both models. Overall, the impact of
fast flavor conversions on the kilonova predicted by our
models is noticeable mostly in the duration of the high-
luminosity emission.

C. Model dependence

In this section we examine the sensitivity of the find-
ings of the previous section to variations of the flavor-
mixing prescription, the chosen threshold for the onset
of flavor instabilities, the disk mass, and to replacing the
↵-viscosity with an MHD treatment.

Nucleosynthesis of the Heavy Elements



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. 

• Neutrinos from long-lived ms magnetar following the merger. 

• Neutrinos from 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”



Abe et al., ApJ (2021). Doga Veske, ICRC 2021, PoS 950. Abbassi et al., arXiv: 2208.09532.

14 The Super-Kamiokande collaboration

(a) Limits on E
⌫µ
iso (b) Limits on Eall�flavors

iso

Figure 4. 90% C.L. upper limits on the isotropic energy emitted in neutrinos for the 36 GW triggers followed up by SK, as a
function of source distance. The distance and its error, as well as the source type (indicated by the di↵erent colors and markers),
are provided using the data from Abbott et al. (2020b) (m < 3M� = NS, m > 3M� = BH). The limits are following two lines
E90%

iso / distance2 based on geometrical considerations, one of the lines shows events dominated by UPMU ⌫⌫/⌫̄µ contributions
(giving more stringent limits) while the other line contains GW triggers that are less constrained. The two GW used in Table 3
are labelled in the plots.

(a) Limits on Eiso assuming same emission (b) Limits on f⌫ assuming scaling with total mass

Figure 5. 90% C.L. upper limits on the isotropic energy emitted in neutrinos by combining GW triggers with the same nature,
for ⌫µ, ⌫µ + ⌫̄µ, ⌫e + ⌫̄e and all-flavor emission (assuming equipartition). The left figure shows the results assuming all selected
sources are emitting the same Eiso while the right figure is assuming neutrino emission is scaling with the total mass of the
binary system.

5.2. Low-energy neutrino emission

As for the flux limits, the low-energy case is much simpler. Eiso limits are directly obtained by scaling the flux limits
using the source distance estimate. In case per-flavor limits are combined, the limit on the total energy emitted in all
flavors, assuming equipartition, is however dominated by the ⌫̄e limit. To cover the distance uncertainty, the following

Neutrinos from Gravitational Wave Sources

No neutrino counterpart found, upper limits in agreement with theoretical expectations.

Super-Kamiokande

10 Abbasi et al.

Figure 5. p-value distribution for the LLAMA (top panel)
and UML (bottom panel) analyses of the 11 events in
GWTC-1 (Abbott et al. 2019), 44 GW events in GWTC-2.1
(The LIGO Scientific Collaboration et al. 2021a), and the 36
GW events in GWTC-3 (The LIGO Scientific Collaboration
et al. 2021b). The distributions are consistent with back-
ground expectations. The p-value distributions obtained for
the events in GWTC-1 were already published in Aartsen
et al. (2020). The LLAMA background expectations shown
here is taken from that of one representative GW, and scaled
to 91 GW events. The orange and blue bands represent the
Poisson errors on the observed distribution of LLAMA and
UML p-values, respectively.

Figure 6 shows the Eiso ULs for all GW events in
GWTC-1, GWTC-2.1 and GWTC-3 along with the to-
tal rest mass energy of the initial compact objects and
the total energy radiated by the system post-merger.
The total radiated energy is computed by taking the
di↵erence of the total rest mass energy of the two pro-
genitors and the final remnant object.
No significant neutrino emission was observed in

the second archival search presented here, which
is the 2-week follow-up. There are only 3
GW events in GWTC-2.1 which may have at
least one neutron star in the binary system:
GW190425, GW190814, and GW190917 114630. Also
4 NSBH events were published in the GWTC-3 cata-
log: GW191219 163120, GW200105 162426 (marginal
event), GW200115 042309, GW200210 092254. All of
these events have at least one progenitor object with a

Figure 6. Eiso ULs for 91 GW candidates in GWTC-1,
GWTC 2.1 and GWTC-3. The blue, green, and orange tri-
angles show the BBH, BNS and NSBH events, respectively.
Note that the 36 GW candidates present in both GWTC-2
and GWTC-2.1 do not have updated skymaps available so
the results shown here are using the GWTC-2 skymaps. The
black crosses represent the total rest mass energy of the pro-
genitors of the binary merger. The grey plusses represent the
total energy radiated by the binary system. Also shown for
reference is the observed Eiso in photons by Fermi GBM for
GW170817 (red star) (Abbott et al. 2017). The grey band
represents the best and worst median UL that IceCube can
place based on a point source hypothesis. The Eiso ULs for
the 11 GW events from GWTC-1 remain the same as those
published in Aartsen et al. (2020).

mass estimate lower than 3 M� (The LIGO Scientific
Collaboration et al. 2021a,b). The 2-week follow-up is
performed on these 7 GW events. Once again, we place
90% ULs on the time-integrated neutrino emission from
each of the 7 GWs tested here. Table 3 shows the p-
values and ULs for these events and Fig. 7 shows the
final test statistic maps for these events. There was no
di↵erence between the neutron star containing events in
GWTC-2 and GWTC-2.1.
Finally, no significant neutrino emission was found for

the follow-ups on the candidate optical counterpart of
GW190521 by both analysis methods. The modelled
search of LLAMA yielded a p-value of 0.79, 90% upper
limit on the E2F of 0.05 GeV cm�2 and 90% upper
limit on Eiso of 8⇥1053 erg. The UML analysis found
a p-value of 0.25, with a 90% upper limit on the time-
integrated flux of E2F=0.081 GeV cm�2.

6. CONCLUSION

Finding joint sources of GWs and high-energy neu-
trinos can help shed light on the sources of the high-
est energy neutrinos and cosmic rays (Murase & Bartos

IceCube
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Marek Kowalski, ICRC 2021, PoS 022.

Blazars~80% Blazars<30%

Multimessenger spectroscopy
with 7.5 years of High-Energy Starting Events

PRD (2021), https://arxiv.org/abs/2011.03545

γ ! • Spectral index of astro. flux: γ=2.3-2.9 
depends on analysis / energy range 

• Similar energies among messengers … 

• … but also evidence for different origin! 

• Gamma-obscured sources? 

Other channels: Phys.Rev.Lett. 125 (2020), 
PoS ICRC2019, 1017 (2020), Phys.Rev.D 99 
(2019) 3, 032004

 The first decade of discoveries

10

Do We See a Connection Among All Messengers?



High-Energy Neutrinos from Blazars?
Several IceCube neutrino events may be in coincidence with blazars.
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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 

12

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

Figure credit: F. Oikonomou. 

• Models statistically consistent with the detection of neutrinos but require extreme parameters, 
atypical of the blazar population. 

• Need to move beyond one-zone model as well as investigate time variability.  

• Multi-wavelength long-term evolution needs to be explored.  

• Emerging trend of possible correlation between neutrino and radio/X-ray data to be understood. 



Stein et al., Nature Astronomy (2021). K. Hayasaki, Nat. Astr. (2021). Winter & Lunardini, Nat. Astr. (2021). Liu et al., PRD 
(2020). Murase et al., ApJ (2020). van Velzen et al., arXiv: 2111.09391. Liao et al., ApJL (2022). Reusch et al., PRL (2022). 

• Copious UV and optical emission, weak in X-rays and radio, very large bolometric flux. 

• No signature of relativistic jet. 

• Neutrinos detected >O(100) days after discovery.  

• Theoretical scenarios under debate.

High-Energy Neutrinos from Tidal Disruptions?

Name
Neutrino 
energy 

(PeV)

Neutrino 
arrival time 

(day)

Distance 
(Mpc) Core

AT2019dsg 0.2 150 220 Non-AGN

AT2019fdr 0.08 300 1360 LL-AGN

AT2019aalc 0.15 150 160 LL-AGN



Source Misidentification?

Pitik, Tamborra, Angus, Auchettl, ApJ (2022).

• AT 2019fdr: coincident with neutrino event IC200530A (80 TeV). 

• Is AT2019fdr a TDE in a narrow-line Seyfert Galaxy or a superluminous supernova? 

• Hydrogen-rich superluminous supernova scenario compatible with IC200530A. 

• Rebrigthening recently observed. Challenging to explain by invoking TDE origin.
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S. Bradley Cenko, Nature Astronomy (2017).

New Species in the Transient Zoo?



Fast Blue Optical Transients

Perley et al., MNRAS (2019). Drout et al., ApJ (2014). Coppejans et al., ApJL (2020). Ho et al., arXiv: 2105.08811.

• Extremely fast rise time. 

• Powered by a compact object launching an asymmetric outflow responsible for multi-
wavelength EM emission.  



Fast Blue Optical Transients

Guarini, Tamborra, Margutti, ApJ (2022).  
Gottlieb, Tchekhovskoy, Margutti, MNRAS (2022). Metzger, ApJ (2022). 

Neutrinos can shed light on the engine of FBOTs.

12 Guarini, Tamborra & Margutti

Figure 3. Muon neutrino fluence expected from AT2018cow (left panel, z = 0.0141, � = 22�) and CSS161010 (right panel, z = 0.034, � = �8�).
The blue shaded region corresponds to the contribution to the neutrino signal from the choked jet, while the orange (purple) shaded region
displays the signal from interaction between the CSM and the fast component of the outflow in the cocoon (merger) model. The continuous
(dashed) lines are the upper (lower) limits on the neutrino fluence, corresponding to the ranges of parameter values listed in Table 1. For
comparison, we show the results of Fang et al. (2019) (green dashed line), corresponding to the neutrino fluence in the event that a magnetar
powers AT2018cow. The sensitivity of IceCube for point sources is plotted at a declination � = 22� and � = �8� (Aartsen et al. 2014) (black
dot-dashed lines), as measured for AT2018cow and CSS161010, respectively. The sensitivity of IceCube-Gen2 to a point source at � = 0� is also
shown (sienna line). The neutrino fluence from the choked jet harbored in LFBOTs is comparable with the sensitivities of IceCube and IceCube-
Gen2. For AT2018cow, we show the upper limit set by IceCube on the time-integrated ⌫µ fluence (IceCube UL, red line), corresponding to the
observation of two neutrino events in coincidence with AT2018cow (Blaufuss 2018; Stein 2020).

AT2018cow) and � = �8� (for CSS161010) (Aartsen et al.
2014) and the projected sensitivity of IceCube-Gen2 for a
point-like source at � = 0� (Aartsen et al. 2021). If a source
similar to AT2018cow (or CSS161010) were to be observed
in the future at this declination by IceCube-Gen2, the detec-
tion chances of neutrinos from the choked jet scenario would
be comparable to the ones of IceCube. This is mainly due
to the fact that the sensitivity of IceCube-Gen2 will be better
than the one of IceCube in the PeV–EeV energy range but
comparable at lower energies; the fluence from the choked
jet peaks in the TeV–PeV range. As for the CSM interaction,
the neutrino fluence lies well below the sensitivity curve of
both IceCube and IceCube-Gen2.

Other neutrino detectors are planned to be operative in the
future, such as GRAND 200k (Álvarez-Muñiz et al. 2020),
RNO–G (Aguilar et al. 2021) and POEMMA (Olinto et al.
2021). These neutrino telescopes aim to probe ultra high en-
ergy neutrinos, but their sensitivity in the PeV–EeV energy
range is worse than the one of IceCube-Gen2; therefore we
do not show them in Fig. 3.

In Fig. 3, we plot the upper limit set by IceCube on the
muon neutrino fluence for AT2018cow. This upper limit cor-
responds to the observation of two IceCube neutrino events
in coincidence with AT2018cow at 1.8� confidence level
within a time window of 3.5 days after the optical discov-
ery (Blaufuss 2018; Stein 2020). The envelope obtained for

AT2018cow overshoots this limit for Ẽ0, j & 1052 erg. Inter-
estingly, Ẽ0, j & 1052 erg falls in the range inferred by electro-
magnetic observations, see Table 1. This finding intriguingly
suggests that existing neutrino data can further restrict the
allowed parameter space shown in Fig. 2 for AT2018cow, as
displayed in Fig. 4. No neutrino search has been performed in
the direction of CSS161010 instead. As discussed in Sec. 3,
the CO of LFBOTs could be a magnetar. In this case, high-
energy neutrinos could be produced in the proximity of the
magnetar (Murase et al. 2009; Fang et al. 2014; Fang & Met-
zger 2017). Protons (or other heavier nuclei) may be accel-
erated in the magnetosphere and then interact with photons
and baryons in the ejecta shell surrounding the CO. Both p�
and pp interactions can e�ciently produce neutrinos in the
PeV–EeV energy band. The neutrino production from a mil-
lisecond magnetar has been investigated in Fang et al. (2020)
for AT2018cow. We show the expected muon neutrino flu-
ence at Earth obtained in Fang et al. (2020) in Fig. 3 for
comparison with the other scenarios explored in this paper.
For CSS161010, we expect a neutrino fluence qualitatively
similar to the one considered for AT2018cow.

If a magnetar is the central engine of LFBOTs, its contribu-
tion to the neutrino fluence would be relevant in the PeV–EeV
band, at energies higher than the typical ones for neutrino
emission from the choked jet and CSM interaction. Note that
the comparison between the fluence from the magnetar and
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Figure 1. Cartoons of the cocoon model (left panels, Gottlieb et al. (2022)) and merger model (right panels, Metzger (2022)), not to scale. For
the sake of simplicity, we show only the upper half section of the FBOT. Top left panel: A massive star collapses, forming a CO (black region).
The CO is surrounded by helium (He) and H envelopes (regions with yellow hues). The progenitor core (R? ⇠ 1011 cm) is surrounded by an
extended envelope (of radius Renv). Middle left panel: The jet (green) is launched near the surface of the CO and it is choked in the extended
envelope. Internal shocks occur in the proximity of the jet head (gray), where neutrinos can be produced. Bottom left panel: The jet inflates the
cocoon (orange region); the latter breaks out from the stellar surface and interacts with the CSM (aqua outer region). The fastest component of
the cocoon moves with vf & 0.1c, while its slow component (red region; SN ejecta) propagates with vs ' 0.01c in the equatorial direction. While
the fast component of the cocoon propagates into the CSM, collisionless shocks take place (gray line surrounding the cocoon); here, neutrinos
may be produced. Even though the geometry of the cocoon is not perfectly spherical, we assume spherical symmetry for the sake of simplicity
in the analytical treatment of the problem; see main text. Top right panel: As a result of the Wolf-Rayet star-black hole merger, a black hole
forms (BH; black), surrounded by an accretion disk (green region). The equatorial dense CSM (blue region) extends up to ' 1014 cm, while the
polar (aqua region) CSM extends up to ' 1016 cm. Middle right panel: The disk emits a fast outflow (orange region) propagating in the polar
direction with vf ' 0.1c into the CSM. Here, collisionless shocks (gray line) occur and neutrino production takes place. Bottom right panel:
The slow outflow (red shell) is emitted from the disk in the equatorial direction, and it propagates with vs ' 0.01c into the dense equatorial
CSM. Here, radiative shocks take place (orange line) and neutrino production is negligible with respect to the one from the polar outflow.
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Merger model



Conclusions 

Thank you!

Microphysics modeling is still preliminary.

Multi-messenger observations carry imprints of the source engine  
and are crucial to understand the origin of the heavy elements.

Sources of high energy neutrinos unknown. 
Growing number of likely multi-messenger associations.


