
Cosmic Neutrinos: 
From meV to PeV

Shin’ichiro Ando 
University of Amsterdam

25th CAN Symposium

26 March 2021



“Grand unified” neutrino spectrum
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FIG. 1 Grand Unified Neutrino Spectrum (GUNS) at Earth, integrated over directions and summed over flavors. Therefore,
flavor conversion between source and detector does not a↵ect this plot. Solid lines are for neutrinos, dashed or dotted lines for
antineutrinos, superimposed dashed and solid lines for sources of both ⌫ and ⌫. The fluxes from BBN, the Earth, and reactors
encompass only antineutrinos, the Sun emits only neutrinos, whereas all other components include both. The CNB is shown for
a minimal mass spectrum of m1 = 0, m2 = 8.6, and m3 = 50 meV, producing a blackbody spectrum plus two monochromatic
lines of nonrelativistic neutrinos with energies corresponding to m2 and m3. See Appendix D for an exact description of the
individual curves. Top panel: Neutrino flux � as a function of energy; line sources in units of cm�2 s�1. Bottom panel: Neutrino
energy flux E ⇥ � as a function of energy; line sources in units of eV cm�2 s�1.

Biggio et al., 2009; Ohlsson, 2013), spin-flavor oscillations
by large nonstandard magnetic dipole moments (Ra↵elt,
1990; Haft et al., 1994; Giunti and Studenikin, 2015), de-
cay and annihilation into majoron-like bosons (Schechter
and Valle, 1982; Gelmini and Valle, 1984; Beacom et al.,
2003; Beacom and Bell, 2002; Denton and Tamborra,
2018b; Funcke et al., 2020; Pakvasa et al., 2013; Pagliaroli
et al., 2015; Bustamante et al., 2017), for the CNB large
primordial asymmetries and other novel early-universe
phenomena (Pastor et al., 2009; Arteaga et al., 2017), or
entirely new sources such as dark-matter decay (Barger

et al., 2002; Halzen and Klein, 2010; Fan and Reece, 2013;
Feldstein et al., 2013; Agashe et al., 2014; Rott et al.,
2015; Kopp et al., 2015; Boucenna et al., 2015; Chianese
et al., 2016; Cohen et al., 2017; Chianese et al., 2019; Es-
maili and Serpico, 2013; Bhattacharya et al., 2014; Higaki
et al., 2014; Fong et al., 2015; Murase et al., 2015) and an-
nihilation in the Sun or Earth (Srednicki et al., 1987; Silk
et al., 1985; Ritz and Seckel, 1988; Kamionkowski, 1991;
Cirelli et al., 2005). We will usually not explore such
topics and rather stay in a minimal framework which of
course includes normal flavor conversion.
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High-energy neutrinos: Detection
• Neutrinos interact with target 

nucleons (protons in water), 
and produce charged leptons

Image: physics.aps.org 
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https://physics.aps.org/articles/v7/88


High-energy neutrinos: Highlights

• Detected: Starting events and up-going muon events 


• Their distribution is consistent with isotropy


• No source has been identified yet (largest TS corresponds to p = 0.092)

The high-energy neutrino sky (2017) 

23 

P(astro)>50% HESE+HEMU 

48

FIG. H.1. Point source TS map. The TS at each point on the sky is indicated by the blue color scale. The Galactic center
and Galactic plane are indicated by the gray dot and gray curve, respectively. Unlike in previous analyses [58–61], the most
significant position is well separated from the Galactic plane, at (↵, �) = (342.1�, 1.3�), indicated by the white ⇥.

Appendix I: Event comparison

Event
ID HPD Area (7.5yr) [sr] HPD Area (prev.) [sr] HPD Overlap Area [sr]

1 50%: 0.564
90%: 1.71

50%: 0.253
90%: 0.826

50%: 0.116
90%: 0.584

2 50%: 0.940
90%: 3.02

50%: 0.605
90%: 2.75

50%: 0.226
90%: 1.17

3 50%: 1.26⇥ 10�3

90%: 4.19⇥ 10�3
50%: 1.81⇥ 10�3

90%: 6.06⇥ 10�3
50%: 0.00
90%: 7.31⇥ 10�4

4 50%: 0.0421
90%: 0.141

50%: 0.0481
90%: 0.160

50%: 0.00
90%: 0.0413

5 - 50%: 1.33⇥ 10�3

90%: 4.43⇥ 10�3
-

6 - 50%: 0.0913
90%: 0.302

-

7 50%: 1.10
90%: 3.18

50%: 0.545
90%: 1.76

50%: 0.00
90%: 0.195

8 50%: 1.87⇥ 10�3

90%: 6.22⇥ 10�3
50%: 1.65⇥ 10�3

90%: 5.51⇥ 10�3
50%: 3.64⇥ 10�4

90%: 3.09⇥ 10�3

9 50%: 1.93
90%: 5.78

50%: 0.259
90%: 0.848

50%: 0.259
90%: 0.848

10 50%: 0.0308
90%: 0.102

50%: 0.0624
90%: 0.206

50%: 0.00
90%: 4.31⇥ 10�3

IceCube, arXiv:2011.03545 [astro-ph.HE]



High-energy neutrinos: Highlights
IceCube, Nature 591, 220 (2021)First possible Glashow resonance event (6.3 PeV)
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Pole, instruments a cubic kilometre of ice 1,450–2,450!m beneath the 
surface8—a natural detection medium. It has measured the flux of neu-
trinos between 10!GeV and 10!PeV, and is sensitive to neutrinos beyond 
1!EeV. As neutrinos are uncharged, they are detected in IceCube by the 
Cherenkov radiation from secondary charged particles produced by 
their interactions. Cherenkov light collected by digital optical modules 
(DOMs) is used to reconstruct properties such as the visible energy and 
incoming direction of the primary neutrino9,10. The visible energy is 
defined as the energy required of an electromagnetic (EM) shower to 
produce the light yield observed. As it has no magnet, IceCube cannot 
distinguish between neutrino and antineutrino interactions on the basis 
of the charge of the outgoing lepton—whether neutrinos are Dirac or 
Majorana particles (the latter implying that they are their own antiparti-
cles) remains unresolved. However, owing to the good timing resolution 
(about 2!ns) of the DOMs11,12, the structure of waveforms recorded by 
individual modules may contain additional information on the event13.

A machine-learning-based algorithm was run to obtain a sample of 
PeV energy partially contained events (PEPEs)14. By selecting events near 
the edge of the detector, the detection volume is increased compared to 
previous analyses that rely on a smaller, central fiducial volume. Data from 
May 2012 to May 2017, corresponding to a total live-time of 4.6!years, were 
analysed. One event was detected on 2016 December 8 at 01:47:59!"#$ 
with visible energy greater than 4!PeV, which is an energy threshold well 
below the resonance energy and chosen a!posteriori in order to study 
this particular event. The event is shown in Fig.!1, with a reconstructed 
vertex approximately 80!m from the nearest DOM. The same event was 
also found in the 9-year extremely high energy search15. Accounting for 
systematic uncertainties in photon propagation due to the ice model—a 
parameterization of the scattering and absorption lengths of light in 
the ice16—and the overall detector calibration, the visible energy of the 
event is 6.05!±!0.72!PeV. This is consistent with a 6.3-PeV W! that decays 
hadronically, since roughly 5% of that energy is expected to be taken by 
particles that do not emit detectable Cherenkov radiation10. The boosted 
decision tree (BDT) classification score is well above the signal threshold, 
and a!posteriori studies of this event, discussed below, lead us to conclude 
that the event is very likely to be of astrophysical origin.

The main shower was reconstructed by repeating Monte Carlo (MC) 
simulations under different parameters to find the best-fit energy, ver-
tex and direction9. By varying the ice model used in the reconstruction, 
detector systematic uncertainties on the visible energy, direction and 
vertex position of the shower were evaluated. Additionally, a global 
energy scale uncertainty associated with the overall detector calibra-
tion was applied to the energy reconstruction.

After reconstruction, three of the DOMs closest to the reconstructed 
vertex were found to have detected pulses earlier than is possible 
for photons travelling in ice at v"=!2.19!#!108!m!s%1. Such pulses can, 
however, be produced by muons created from meson decays in the 
hadronic shower, which travel close to the speed of light in vacuum 
(c"=!3.00!#!108!m!s%1). These muons outrun the Cherenkov wavefront 
of the main shower (by about 1.23!ns per m) while producing Cheren-
kov radiation near the DOMs, thus depositing early pulses in them, as 
illustrated in Fig.!1a.

A second reconstruction using only the early pulses to fit a track 
hypothesis further improves and verifies the directional reconstruction 
of this event. The two reconstructed directions agree within uncertain-
ties, as shown in Fig.!2. This indicates that the muons and the hadronic 
shower travel along the same general direction, as is expected from 
relativistic kinematics. On the basis of the observation that early pulses 
occurred only on the nearest string, a most-probable leading muon 
energy of 26.4 GeV%12.4

+28.6  was obtained. This is consistent with a distri-
bution of leading muon energies from MC simulations of a 6.3-PeV 
hadronic shower, which has quartiles of (20, 37, 72)!GeV.

Information from both reconstructions refines the estimate of 
expected backgrounds compared to the sample average. The only 
possibility for a cosmic-ray-induced atmospheric muon to produce 
both a 6-PeV cascade and early pulses, as in this event, is for it to reach 
IceCube at PeV energies and deposit nearly all its energy over a few 
metres. As a conservative estimate, this background rate was evaluated 
by considering all atmospheric muons that intersect a cylinder centred 
on IceCube with radius 800!m and height 1,600!m. By then requiring 
that muons deposit a visible energy similar to that of the cascade over 
a short distance, but retain the energy allowed by early pulses, the 
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of an escaping muon travelling at faster than the speed 
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string 67) ahead of the Cherenkov photons produced 
by the EM component of the hadronic shower (blue) as 
these travel at the speed of light in ice. The blue line is 
associated with the average distance travelled by the 
main shower, while the orange line extends further and 
is associated with the muons. Each black dot arranged 
vertically is a DOM on the nearest string, with the two 
(slightly larger) dots inside the orange cone the first 
two to observe early pulses. The time t1 indicates the 
approximate time elapsed since the neutrino 
interaction at which this snapshot graphic was taken.  
b, Event view, showing DOMs that triggered across 
IceCube at a later time. Each bubble represents a DOM, 
with its size proportional to the deposited charge. 
Colours indicate the time each DOM first triggered, 
relative to our best knowledge of when the initial 
interaction occurred. The small black dots are DOMs 
further away that did not detect photons 3!ms after t1.  
c, d, Distributions of the deposited charge over time on 
the two earliest hit DOMs, 54 (c) and 55 (d). The dotted 
red line is at t1!=!328!ns, the instant shown in a. The 
histogram in red (blue) shows photons arriving before 
(after) t1, and the blue shaded region denotes 
saturation of the photomultiplier tube.
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background muon flux is further reduced to give an expectation rate 
of 1.1!!!10"7 events in 4.6!years. This allows an a!posteriori rejection of 
the cosmic-ray muon background hypothesis by over 5#.

Similarly, the early pulse signature can be used to reject the atmos-
pheric neutrino background hypothesis. Above roughly 100!TeV, the 
atmospheric neutrino flux from the prompt decay of charmed mesons 
is expected to be greater than that from the decay of longer-lived pions 
and kaons. Charmed mesons can decay to electron (anti)neutrinos that 
are often accompanied by muons produced in other branches of the 
same air shower. These muons can be used to veto atmospheric neu-
trinos17,18. The expectation rate of atmospheric neutrinos passing the 
PEPE event selection with accompanying muon energy consistent with 
the observed early pulses is around 2!!!10"7 in 4.6!years. We conclude 
that the event is induced by an astrophysical neutrino.

Given the negligible atmospheric background rate, the remainder 
of this Article assumes that the event originated from a single 
high-energy astrophysical neutrino interaction. The major back-
grounds to the Glashow resonance are charged-current (CC) interac-
tions (mediated by the exchange of a virtual W±) of electron (anti)
neutrinos with nucleons. Neutral-current (NC) interactions (mediated 
by the exchange of a virtual Z0) from all three flavours are a secondary 
background. Figure!3b illustrates the expected rate from each interac-
tion channel. The posterior distribution of visible energy, reconstructed 
assuming a cascade hypothesis for different ice models, has a 68% 
highest-probability-density region of 6.05!±!0.72!PeV and is shown in 
Fig.!3a. Assuming a single power-law astrophysical flux with $ $: = 1 : 1, 
astrophysical spectral index %astro!=!2.49 and normalization at 100!TeV 
of 2.33!"!10"18!GeV"1!cm"2!s"1!sr"1 (ref. 2), we expect to observe 1.55 Glashow 
resonance hadronic cascades in our data.

Assuming the best-fit flux in ref. 2, a likelihood-ratio test based on the 
visible energy rejects both CC and NC interactions in favour of Glashow 
resonance with a P value of 0.01, corresponding to a (one-sided) signifi-
cance of 2.3#. Systematic uncertainties due to the ice modelling and 
the global energy scale, which affect the visible energy reconstruction, 
are included. The P value is also tested against spectral assumptions 
under a single power-law flux, and the results for other spectra are 

given in Methods. The test’s sensitivity is due to the fact that the visible 
energy distribution from Glashow resonance differs both in shape and 
in normalization from the background at these energies.

This is a conservative estimate that does not rely on early pulses. 
As muons are produced in meson decay, the energy of the hadronic 
shower is directly related to the leading muon energy. In electron neu-
trino CC interaction at these energies, on average only about 20% of 
the total neutrino energy is deposited hadronically. Thus, while the 
amount of early Cherenkov light is consistent with the leading muon 
energy expected from a hadronic shower at the Glashow resonance 
(6.3!PeV), it is an order of magnitude above that expected from a CC 
electron neutrino interaction at those energies. In NC interactions, the 
outgoing neutrino escapes undetected and carries away a large por-
tion of the total energy. Thus, while an NC shower is purely hadronic, a 
much higher incoming neutrino energy is required. The steeply falling 
power-law flux of astrophysical neutrinos results in a suppression of 
the NC background.

Although we would ideally incorporate early pulses for CC and 
NC background rejection, there are several technical challenges 
that this can pose, including full resimulations of the MC sets that 
include systematic uncertainties of the hadronic interaction models. 
Such studies are under way, and inclusion of this information will be 
especially important for IceCube-Gen219, which, owing to its much 
larger effective area, will record many more events at the Glashow 
resonance.

A segmented differential flux fit20 was also performed using three 
equal-width bins in the logarithm of the neutrino energy over the 
range 4!PeV to 10!PeV. The results, shown in Fig.!4 (red), complement 
other IceCube diffuse analyses21–24. The central energy bin extends the 
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• One event identified with deposited energy: 
 (background is rejected at )


• 1.55 Glashow resonance event expected (assuming 
 ratio expected for pp interactions)


• Reject CC interaction at 

6.05 ± 0.72 PeV > 5σ

ν̄ : ν = 1 : 1

2.3σ

ν̄e (6.3 PeV)
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High-energy neutrinos: Highlights
IceCube, Nature 591, 220 (2021)

Energy spectrum and flavor ratio

• Single power-law fits to different data sets imply 
tension in spectral index


• First -like events reported in 2020


• Flavor ratio is consistent with 1:1:1 expected from 
flavor mixing and standard astrophysics

ντ

20

FIG. VI.2. Single power-law profile likelihood. Diagonal
panels show the TS, as a function of different model param-
eters, and the one sigma intervals assuming Wilks’ theorem.
Other panels show the best-fit point and two-dimensional con-
tours. Solid (dashed) contours represent the 68.3% (95.4%)
confidence regions assuming Wilks’ theorem. The parameter
�astro is the single power-law spectral index, �astro is a scal-
ing factor of the astrophysical flux at 100TeV, and �prompt

is a scaling factor of the BERSS prompt neutrino flux cal-
culation [101]; further descriptions of these parameters are
provided in Section IV.1, Eq. (VI.1), and Eq. (IV.1)

contours show results from IceCube’s 5yr inelasticity mea-
surement [167], and the blue contour show results from
this work. Assuming a continuous single power law across
all energies, the large values of �astro in the preferred re-
gions of this analysis are disfavored by the through-going
muon and cascade sample results. While these differences
may be statistical, other explanations have been explored.
A thorough examination of possible detector systematics
and physics systematics has not revealed a systematic
cause for the differences in single power-law best-fit pa-
rameters between samples. However, these samples cover
different energies, flavors, regions of the sky, and are
susceptible to different systematics and physical effects.
Differences due to these factors could help to explain the
different spectral measurements and have been tested for
within the samples, although presently, we have not found
evidence of a primary cause. Tests performed with the
cascade sample reveal a preference for spectral softening
in the tens to hundreds of TeV energy range [63]. The flux
inferred for the overlapping energy range is well consistent
with the results reported here. We briefly describe the
samples for the sake of comparison.

The up-going muon neutrino sample [94], collected over
9.5 years, consists of well-reconstructed muon tracks with
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FIG. VI.3. Comparison of single power-law parameters
from different analyses. Assuming an unbroken single
power-law model for the astrophysical neutrino flux, results
from different IceCube samples are shown. The horizontal axis
is the spectral index of the model and the vertical axis is six-
neutrino flux normalization at 100TeV given as a dimension-
less multiplicative factor relative to 10�18 GeV�1sr�1s�1cm�2.
The stars denote the different best-fit points, solid contours
show the 68.3% confidence region using the asymptotic ap-
proximation given by Wilks’ theorem, and dashed contours
show the 95.4% confidence regions. Blue represents results
from this work, while the purple shows results from IceCube’s
5yr inelasticity measurement [167], salmon shows results from
IceCube’s 6yr cascade sample [63], and orange shows IceCube’s
9.5yr Northern track sample preliminary result [94]. The differ-
ing preferred regions of parameter space for the astrophysical
flux between the samples suggest a level of discrepancy, how-
ever a small region of parameter space is compatible with all
samples at the 95.4% level. Many checks have been performed
for possible explanations of the discrepancy without definitive
conclusions.

zenith angle ✓z � 85° that also pass a boosted decision-
tree based cut designed to select for through-going muon
neutrino events while removing down-going muon and cas-
cade backgrounds [57]. This sample, which has negligible
overlap with the sample presented in this work, contains
muons of energy between ⇠ 100GeV and ⇠ 10PeV, with
the energy distribution peaked at ⇠ 1TeV. Atmospheric
neutrinos dominate the sample, comprising > 99% of
events in it. The signal of astrophysical events is only ap-
parent at the sample’s high-energy range, where the atmo-
spheric spectrum falls below the astrophysical component.
At ⇠ 20TeV in reconstructed muon energy the astrophys-
ical component is ⇠ 1/10th the atmospheric component.
The components are equal in flux at ⇠ 200TeV, and the
atmospheric component is ⇠ 1/10th of the astrophysical
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measurement of the differential neutrino energy spectrum to 6.3!PeV, 
while 68% upper limits are shown for the lower and upper energy 
bins. Arguments based on energetics25 and astrophysical unification 
models26–30 suggest a common origin of diffuse "-rays, high-energy 
neutrinos and ultra-high-energy cosmic rays. A precise measurement 
of the cosmic neutrino flux at the Glashow resonance energy would 
be able to test these predictions, and possibly uncover the origins of 
ultra-high-energy cosmic rays if the sources can be identified directly 
via multimessenger observations.

Although the present results focus on just one event, the techniques 
developed here have implications for the future direction of neutrino 
astrophysics. For example, the idealized p! muon damped model of 
neutrino production is already inconsistent with the result presented 
here of a likely Glashow resonance because such sources produce no 
electron antineutrinos. With just one event, pp source models cannot be 
constrained, but the planned IceCube-Gen2 experiment19 will increase 
the instrumented volume by an order of magnitude. The statistics col-
lected by such a detector should allow us to differentiate between pp 
and idealized p! models at a high significance level.

In more realistic source models31, multi-pion production in p! sources 
generates antineutrinos and the " ":e e  ratio depends on the photon 
density, the mass composition of cosmic rays and also the magnetic 
field strength of the source. In such cases, a multi-messenger campaign 
to detect the sources of future Glashow resonance candidates could 
help determine their production mechanisms. Using the hybrid  
(early muon and cascade reconstruction) approach could reduce the 
angular uncertainty by a factor of about 5, and, as this technique shows, 
an uncertainty of about 68!deg2 at 90% containment is possible for 
hadronic cascades. In the near future, such techniques would greatly 
aid searches for multimessenger counterparts in real time.
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Fig. 4 | Measured flux of astrophysical neutrinos. Global picture of 
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limits (UL)15,34,35 and the ultra-high-energy cosmic-ray spectrum36. The y axis is 
given in terms of the energy, E, squared times the flux, #. We assume the ratio 
" ": = 1 : 1, a flavour ratio of 1:1:1 at Earth, an astrophysical spectrum measured 

from ref. 2, and cross-sections according to equation!(1) and ref. 32. This result 
extends the measured astrophysical flux to 6.3!PeV. The luminosity densities of 
high-energy neutrinos and extragalactic ultra-high-energy cosmic rays are 
found to be comparable.
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FIG. 4. Measured flavor composition of IceCube HESE events
with ternary topology ID and extended multi-dimensional
analysis of the double cascades (black). Contours show the 1�
and 2� confidence intervals assuming Wilks’ theorem holds.
The shaded regions show previously published results [28, 49]
without direct sensitivity to the tau neutrino component. Fla-
vor compositions expected from various astrophysical neu-
trino production mechanisms are marked, and the entire ac-
cessible range of flavor compositions assuming standard 3-
flavor mixing is shown.

on the ⌫µ fraction as compared to [28] and [49].
The test statistic TS = �2

�
lnL(�0

⌫⌧
) � lnL(�b.f.

⌫⌧
)
�

com-
pares the likelihood of a fit with a ⌫⌧ flux normalization
fixed at a value �0

⌫⌧
to the free fit where �⌫⌧ assumes

its best-fit value �b.f.
⌫⌧

. Evaluated at �0
⌫⌧

= 0 and using
Wilks’ theorem, it gives the significance at which a van-
ishing astrophysical tau neutrino flux can be disfavored.
The test statistic is expected to follow a half-�2

k distri-
bution with k = 1 degree of freedom [50]. See the Sup-
plemental Material for a discussion. The observed test
statistic is TS = 6.5, which translates to a significance
of 2.8�, or a p-value of 0.005. A one-dimensional scan
of the astrophysical ⌫⌧ flux normalization is performed
with all other components of the fit profiled over. The
1� confidence intervals are defined by TS  1, and the as-
trophysical tau neutrino flux normalization is measured
to

�⌫⌧ = 3.0+2.2
�1.8 · 10�18 GeV�1 cm

�2
s�1 sr�1. (5)

This constitutes the first non-zero measurement of the
astrophysical tau neutrino flux.

Summary and outlook. 7.5 years of HESE events
were analyzed with new analysis tools. The previously

shown data set was reprocessed using an improved de-
tector calibration. Using a ternary topology classifica-
tion directly sensitive to tau neutrinos, a flavor compo-
sition measurement was performed. This analysis found
the first two double cascades, indicative of ⌫⌧ interac-
tions, with an expectation of 1.5 ⌫⌧ -induced signal events
and 0.8 ⌫e,µ-induced background events at the best-
fit single-power-law spectrum with flavor equipartition,
�6⌫ = 6.4·10�18·GeV�1 cm

�2
s�1 sr�1, and �astro = 2.87,

[30]. The first event, “Big Bird,” has a short double cas-
cade length for its energy, and an energy asymmetry at
the boundary of the selected interval for double cascades.
No firm conclusion can be drawn about the nature of the
neutrino interaction. The second event, “Double Double”,
shows an energy asymmetry and double cascade length
expected from the simulation of ⌫⌧ . The photon arrival
pattern is well described with a double cascade hypothe-
sis, but not with a single cascade hypothesis. An a poste-
riori analysis was performed to determine the compati-
bility of each of the events with a background hypothesis,
based on targeted MC. The a posteriori analysis confirms
the compatibility of “Big Bird” with a single cascade, in-
duced by a ⌫e interaction, at the 25% level. A “Big Bird”-
like event is ⇠ 3 (15) times more likely to be induced by a
⌫⌧ than a ⌫e (⌫µ), the result being only weakly dependent
on the astrophysical spectral index. “Double Double” is
⇠ 80 times more likely to be induced by a ⌫⌧ than either
a ⌫e or a ⌫µ. All background interactions have a com-
bined probability of ⇠ 2%, almost independent of the
spectral index of the astrophysical neutrino flux. While
the a posteriori analysis was ongoing, two complemen-
tary analyses using the “double pulse” method to search
for tau neutrinos have been performed. Both also iden-
tify “Double Double” as a candidate tau neutrino event
[51, 52].
Using an extended likelihood for double cascades which
allows for the incorporation of a multi-dimensional PDF
as evaluated by a kernel density estimator, the flavor
composition was measured. The best fit is ⌫e : ⌫µ : ⌫⌧ =
0.20 : 0.39 : 0.42, consistent with all previously pub-
lished results by IceCube [28, 49], as well as with the ex-
pectation for astrophysical neutrinos assuming standard
3-flavor mixing. The astrophysical tau neutrino flux is
measured to:

d�⌫⌧

dE
=3.0+2.2

�1.8

✓
E

100 TeV

◆�2.87[�0.20,+0.21]

· 10�18 · GeV�1 cm
�2

s�1 sr�1,

(6)

with a zero ⌫⌧ flux disfavored with a significance of 2.8�,
or, p = 0.005.
A limitation of the analysis presented here is the small
sample size. Merging the HESE event selection with
the contained cascades event selection [53] for the ⌫⌧
search is expected to enhance the number of identifiable
⌫⌧ events by ⇠ 40% [54]. Due to the small effective

IceCube, arXiv:2011.03561 [hep-ex]



multimessenger astronomy
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à cosmic ray + neutrino

à p + p0

à cosmic ray + gammao

• PeV gamma rays accompany PeV neutrinos
• PeV gamma rays are absorbed by CMB photons
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Possible astrophysical explanations
Active galactic nuclei (AGN)

Star-forming galaxies (SFG) 
Starburst galaxies (SB)

Gamma-ray bursts (GRB)

Galaxy clusters

Unknown sources? 
Particle dark matter?

Tidal disruption events



Starburst galaxies: pp source
• Starbursts are bright in 

gammas (M82 and NGC 
253 at ~3 Mpc)


• Gamma-ray spectrum 
roughly follows E−2.3


• Modeling the gamma-ray 
and neutrino luminosity 
functions following 
Tamborra, Ando, Murase 
(2014) with


• IR luminosity function 
(Herschel)


• IR-gamma correlation 
(Fermi)

LAT collaboration: Fermi/LAT observations of Local Group galaxies: Detection of M31 and search for M33

Fig. 1. Gaussian kernel (! = 0.5!) smoothed counts maps of the region of interest (ROI) in a true local projection before (left) and after subtraction
of the background model (right) for the energy range 200 MeV – 20 GeV and for a pixel size of 0.05! " 0.05!. Overlaid are IRIS 100 µm contours
of M31 convolved with the LAT point spread function to indicate the extent and shape of the galaxy. The boxes show the locations of the 4 point
sources that have been included in the background model.

that we introduced above. The M31 template was derived from
the Improved Reprocessing of the IRAS Survey (IRIS) 100 µm
far infrared map (Miville-Deschênes & Lagache 2005). Far in-
frared emission can be taken as a first-order approximation of
the expected distribution of gamma-ray emission from a galaxy
since it traces interstellar gas convolved with the recent mas-
sive star formation activity. The spatial distributions of di!use
gamma-ray emission from our own Galaxy or the LMC are in-
deed traced by far-infrared emission to the first order. From the
IRIS 100 µm map, we removed any pedestal emission, which
we estimated from an annulus around M31, and we clipped the
image beyond a radius of 1.6!.

Using this IRIS 100 µm spatial template for M31 and as-
suming a power-law spectral shape led to a detection above the
background at TS = 28.8, which corresponds to a detection sig-
nificance of 5.0! for 2 free parameters. We obtained a > 100
MeV photon flux of (11.0 ± 4.7stat ± 2.0sys) " 10#9 ph cm#2 s#1
and a spectral index of " = 2.1±0.2stat±0.1sys using this model.
Systematic errors include uncertainties in our knowledge of the
e!ective area of the LAT and uncertainties in the modelling of
di!use Galactic gamma-ray emission. As an alternative we fitted
the data using the IRIS 60 µm, IRIS 25 µm, a template based on
H" emission (Finkbeiner 2003) or the geometrical ellipse shape
we used earlier for source localization. All these templates pro-
vide results that are close to (and consistent with) those obtained
using the IRIS 100 µmmap. Fitting the data using a point source
at the centre of M31 provided a slightly smaller TS (25.5) and a
steeper spectral index (" = 2.5± 0.2stat ± 0.1sys), which provides
marginal evidence (at the 1.8! confidence level) of a spatial ex-
tension of the source beyond the energy-dependent LAT point
spread function.

Using the gamma-ray luminosity spectrum determined
from a GALPROP model of the MW that was scaled to the

assumed distance of 780 kpc of M31 (Strong et al. 2010)5
instead of a power law allows determination of the >100 MeV
luminosity ratio r# between M31 and the MW. We obtain
r# = 0.55 ± 0.11stat ± 0.10sys where we linearly added uncer-
tainties in the assumed halo size of the model to the systematic
errors in the measurement. The luminosity of M31 is thus about
half that of the MW. The model gives TS = 28.9, which is
comparable to the value obtained using a power law, yet now
with only one free parameter, the detection significance rises to
5.3!. According to this model, the >100 MeV photon flux of
M31 is (9.1 ± 1.9stat ± 1.0sys) " 10#9 ph cm#2 s#1.

We determined the spectrum of the gamma-ray emission
from M31 independently of any assumption about the spectral
shape by fitting the IRIS 100 µm template in five logarithmi-
cally spaced energy bins covering the energy range 200 MeV –
50 GeV to the data. Figure 2 shows the resulting spectrum on
which we superimposed the GALPROP model of the MW for
r# = 0.55. Overall, the agreement between the observed spec-
trum ofM31 and the model is very satisfactory. The upturn in the
spectrum at high energies, though not significant, could possibly
be attributed to emission from the BL Lac object 1ES 0037+405,
the only known blazar in the line of sight towardsM31. In a dedi-
cated analysis above 5 GeV, we found a cluster of 6–7 counts that
are positionally consistent with coming from that blazar. Adding
1ES 0037+405 as a point source to our model and extending
the energy range for the fit to 200 MeV – 300 GeV results in a

5 We use throughout this work a representative model of the MW
from Strong et al. (2010) with a halo size of 4 kpc and that assumes
di!usive reacceleration. The model is based on cosmic-ray, Fermi-LAT
and other data, and includes interstellar pion-decay, inverse Compton
and Bremsstrahlung. Varying the halo size between 2 and 10 kpc a!ects
the >100 MeV luminosity and photon flux by less than 10% and 3%,
respectively.
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Fig. 1.— Test statistic maps obtained from photons above 200 MeV showing the celestial
regions (6! by 6!) around M82 and NGC 253. Aside from the source associated with each

galaxy, all other Fermi-detected sources within a 10! radius of the best-fit position have been
included in the background model as well as components describing the di!use Galactic and

isotropic !-ray emissions. Black triangles denote the positions of M82 and NGC 253 at
optical wavelengths; gray lines indicate the 0.68, 0.95, and 0.99 confidence level contours
on the position of the observed !-ray excess; green squares show the positions of individual

background sources. The color scale indicates the point-source test statistic value at each
location on the sky, proportional to the logarithm of the likelihood ratio between a !-ray

point-source hypothesis (L1) versus the null hypothesis of pure background (L0); TS !

2(ln L1 " ln L0) (Mattox et al. 1996).

Table 1: Results of maximum likelihood analyses (gtlike) of M82 and NGC 253.

RAa Deca ra
95 F(> 100 MeV)b photon indexb significancec

(deg) (deg) (deg) (10"8 ph cm"2 s"1)

M82 149.06 69.64 0.11 1.6±0.5stat ± 0.3sys 2.2±0.2stat ± 0.05sys 6.8
NGC 253 11.79 -25.21 0.14 0.6±0.4stat ± 0.4sys 1.95±0.4stat ± 0.05sys 4.8

aSource localization results (J2000) with r95 corresponding to the 95% confidence error radius

around the best-fit position.
bParameters of power-law spectral models fitted to the data: integrated photon flux > 100
MeV and photon index.
cDetection significance of each source.
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Figure 2. Left: comparison between the di�use emission of starburst galaxies modeled with the blending of spectral indexes (short-dashed lines) and with the
assumption of M82 as prototype (Peretti et al. 2020) (long-dashed lines) for the benchmark case with ?max = 5 PeV. The normalization of the SBG emission
is fixed to account the 30% of the total EGB integrate flux above 50 GeV (see Eq. (17)). The blue (orange) color corresponds to the neutrino (gamma-ray)
flux. Right: Relative di�erence of the two di�erent SBG modelings with blending (blen.) and prototype (prot.) for the di�use neutrino (blue solid line) and the
gamma-ray (orange dot-dashed line) fluxes as a function of energy. Below (above) the horizontal dashed line, the blending of the spectral indexes leads to a
lower (higher) flux.

Eq.s (15) and (16) could be in principle extended to the other param-
eters describing the SBG emission. Regarding the parameter ?max,
however, no direct measurements of the cut-o� energy exist for this
class of sources and therefore a data-driven distribution for this
parameter cannot be inferred. On the other hand, several measure-
ments have been carried out for example to infer the magnetic field
⌫ inside the starburst nucleus. According to the analysis (Thomp-
son et al. 2006), the observational estimates for the magnetic field
range from tens to thousands `G. However, we have checked that
the magnetic field has a very marginal impact on the neutrino and
gamma-ray fluxes as expected in the calorimeter scenario. Indeed,
the magnetic field only a�ects the di�usion time )di� that is in gen-
eral much higher than the other timescales involved (Peretti et al.
2019, 2020). As a result, larger values for the magnetic field than our
benchmark of ⌫ = 200 `G would slightly increase the neutrino flux
at high energies where )di� ⇠ )adv. Furthermore, other parameters
such as the density of the interstellar medium only a�ect the nor-
malization of the neutrino flux without changing its spectral shape.
The same e�ect is also produced by taking di�erent values for the
threshold star formation rate k⇤. Indeed, as shown in Ref. (Peretti
et al. 2020), the di�use fluxes asymptotically scale as �a,W / k0.4.
Therefore, to account for the e�ect of all these parameters, we sim-
ply introduce the overall normalization #SBG as free parameter in
the multi-messenger analysis discussed in the next section.

4 MULTI-MESSENGER ANALYSIS

In order to quantitatively discuss the role of starburst galaxies in
the production of astrophysical neutrinos, we perform a statistical
multi-messenger analysis which takes into account both neutrino
and gamma-ray data. In particular, we analyze two neutrino Ice-
Cube data samples: the 7.5-year HESE data (Schneider 2020) and
the 6-year high-energy cascade data (Aartsen et al. 2020c). The for-
mer contains neutrino events of all flavours with track and shower
topologies above 60 TeV. The latter, instead, only includes shower-

like events (mostly electron and tau neutrino flavours) and character-
izes the di�use neutrino flux down to few TeV thanks to the smaller
background contamination. Concerning gamma-ray data, we exam-
ine the extragalactic gamma-ray background (EBG) measured by
Fermi-LAT (Ackermann et al. 2015). Most of the EBG spectrum
is accounted by for resolved and unresolved blazars, while the con-
tribution of other sources is in general sub-dominant (Ajello et al.
2015; Ackermann et al. 2016; Lisanti et al. 2016). Therefore, in
addition to the starburst galaxies, we take into account other classes
of sources contributing to the neutrino and gamma-ray skies. In
particular, we have:

• Neutrinos

– Starburst galaxies: the modeling of the neutrino flux from
starburst galaxies has been detailed in the previous sections. In
particular, the shape of the SBG spectrum strongly depends on
the maximum energy ?max of the cosmic protons in the galaxy;

– Blazars: for this subclass of Active Galactic Nuclei, we fol-
low Palladino et al. (2019b) where the blazar neutrino flux has
been computed by assuming the baryonic loading directly linked
to the blazar sequence trend (Ghisellini et al. 2017) and taking
the same blazar distribution as used by Ajello et al. (2015). Three
di�erent models for the blazar neutrino flux are provided accord-
ing to di�erent assumptions on the baryonic loading. We have
checked that our results do not depend on the particular blazar
model considered. Therefore, in the following we just use as a
benchmark the “scenario 1” (see Figure 5 in (Palladino et al.
2019b)) where the baryonic loading is assumed to be constant
(see also Zhang & Li (2017)). In any case, as will be clear in the
following, we check that in our best-fit scenarios the blazar neu-
trino component is always compatible with the IceCube stacking
limit (Aartsen et al. 2017b).

• Gamma-rays

– Starburst galaxies: the gamma-ray flux from starburst
galaxies has been discussed in the previous sections;

MNRAS 000, 1–13 (2020)



Blazars: pγ source

• The cosmic ray protons 
accelerated in jets interact 
with surrounding photons


• The neutrino spectrum 
depends on that of seed 
photons 


• Consequences are in general 
much more model dependent
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Dermer 2014). Our approach has some similarities but
many di↵erences with previous work, as detailed below.

5.3.1 Similarities

(i) the BL Lac �-ray emission has a (photo)hadronic
origin (at least for the models presented in Fig. 4);

(ii) in BL Lacs the targets for photopion interactions
are the low-energy synchrotron photons.

5.3.2 Di↵erences

(i) we use as a starting point the knowledge gained
from detailed SED fitting of BL Lacs instead of using a
generic neutrino spectrum (e.g. Mannheim, Protheroe &
Rachen 2001; Kistler, Stanev, & Yüksel 2014; Murase,
Inoue & Dermer 2014). By establishing a connection be-
tween the �-ray and neutrino emission for each source
(see eqs. 2 – 5), we are able to assign to each simulated
BL Lac in the Monte Carlo code a unique neutrino spec-
trum. We then calculate the NBG by summing up the
fluxes of all sources in each energy bin;

(ii) for the calculation of the NBG we do not normalise
a priori a generic neutrino spectrum to the extragalactic
�-ray background (EGB) (e.g. Mannheim 1995; Mücke et
al. 2003). In fact, we do not need to, as our simulation
naturally reproduces the observed EGB above 10 GeV
(Giommi & Padovani 2015);

(iii) the NBG spectrum is not a priori normalised to
the IceCube observations (e.g. Tavecchio & Ghisellini
2015). Instead, for a specific choice of Y⌫� , which is the
only tuneable parameter in our framework, we compare
our model predictions with the IceCube data;

(iv) the maximum proton energy is taken to be a few
times larger than the threshold energy for photopion in-
teractions with the peak energy synchrotron photons of
the low-energy hump. This is usually lower than the val-
ues used in previous studies (e.g. Halzen & Zas 1997;
Mücke et al. 2003), which also explains the di↵erence in
the peak energies of the NBG;

(v) the �-ray emission of individual BL Lacs in our ap-
proach is a combination of synchrotron radiation emitted
by electron-positron pairs produced through ⇡

± decay
and synchrotron self-Compton from primary electrons.
The cascade emission initiated by ⇡

0
�-rays has a negli-

gible e↵ect in the formation of the blazar SED. This is
in contrast to previous studies, where the blazar �-ray
emission is explained either as proton synchrotron radia-
tion (e.g. Mücke et al. 2003) or as cascade emission (e.g.
Halzen & Zas 1997; Kistler, Stanev, & Yüksel 2014).

5.3.3 Detailed comparison

Fig. 4 compares the predicted neutrino background for
our benchmark case for all BL Lacs (blue solid line) and
HBL (blue dotted line) with some of the previous results.
In chronological order, these are: Mannheim (1995) (long
dashed cyan line, upper limits at low energies), Halzen &
Zas (1997) (short dashed green line), Mücke et al. (2003)
(dot long-dashed black lines), and Tavecchio & Ghisellini
(2015) (dot short-dashed magenta line). The two curves

0.1 1 10 100

Figure 4. The predicted neutrino background per neutrino
flavour for Y⌫� = 0.8 and Ebreak = 200 GeV, �� = 0.5,
for all BL Lacs (blue solid line) and HBL (blue dotted line)
compared to previous results. Namely, in chronological or-
der: Mannheim (1995) (long dashed cyan line; upper limits at
low energies), Halzen & Zas (1997) (short dashed green line),
Mücke et al. (2003) (dot long-dashed black lines: LBL, upper
curve; HBL, lower curve), and Tavecchio & Ghisellini (2015)
(dot short-dashed magenta line). The (red) filled points are
the data points from IceCube Collaboration (2014), while the
open points are the 3� upper limits. See text for details.

from Mücke et al. (2003) represent the maximum contri-
bution expected from LBL (upper curve) and HBL (lower
curve), respectively. A few things about Fig. 4 are worth
mentioning:

(i) the model by Mannheim (1995) at first glance is the
one that best describes the IceCube data. This, taken at
face value, would imply that radio-loud AGN explain the
entire NBG, something that contradicts the preliminary
IceCube results of Glüsenkamp et al. (2015), who find
a maximal contribution from Fermi 2LAC (Ackermann
et al. 2011) blazars ⇠ 20%. However, since it gives only
upper limits at low energies, it could be still reconciled
with the data. This model has a very di↵erent shape as
compared to the others because it includes two hadronic
components, i.e. a low-energy soft one (E⌫ . 2 PeV), pro-
duced through pp collisions of the escaping CRs from the
blazar jet with the ambient medium, and a high-energy
flat one (E⌫ & 2 PeV), related to p⇡ interactions of CRs
with the synchrotron photons in the blazar jet;

(ii) the model by Halzen & Zas (1997), although very
close to ours at low energies, lies above the 3� upper
limits at E⌫ & 5 PeV, while the sum of the two curves
by Mücke et al. (2003) remains consistently below the
IceCube data. Although the model curve of Tavecchio &
Ghisellini (2015) passes through the data points, this is
by construction, i.e. the NBG was a priori normalised to
the IceCube data. Moreover, this model might also con-

c� 2015 RAS, MNRAS 000, 1–13

Padvani et al., Mon. Not. R. Astron. Soc. 452, 1877 (2015)



Neutrinos from TXS 0506+056?
A neutrino event (IceCube-170922A) at ~290 TeV 
coincident with blazar gamma-ray flare (3σ)

13±5 neutrinos above 
backgrounds in 2014-2015 (3.5σ) 

But no gamma-ray counterpart

Science 361, eaat1378 (2018)

Science 361, 147 (2018)



Neutrinos from TDE AT2019dsg?

• ~0.2 PeV neutrino IC19001A 
(59% probability of being 
astrophysical) was detected on 
1 October 2019


• Followup observation by ZTF 
revealed TDE, AT2019dsg


• Chance probability of 0.5% (but 
0.2% of TDE at least as bright as 
this one)

AT2019dsg
Discovered 9 April 2019

Distance DL = 230 Mpc (z = 0.051)

ARTICLESNATURE ASTRONOMY ARTICLESNATURE ASTRONOMY

Extended Data Fig. 6 | LAT count map of the Region Of Interest (ROI). The map shows the integrated search period G3, showing the IC191001A 90% 
localisation region in orange. The position of AT2019dsg is marked by a white star. The neutrino best-fit position is marked with a orange ‘!!!’. Two 
gamma-ray sources are significantly detected (" 5 !) in the ROI but outside the neutrino uncertainty region as marked with white crosses. There is no 
excess consistent with the position of AT2019dsg.
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programme. The data were processed by our multimessenger pipe-
line (Methods), which performs searches for extragalactic transients 
in spatial and temporal coincidence with high-energy neutrinos4, 
and the radio-emitting tidal disruption event (TDE) AT2019dsg 
was identified as a candidate neutrino source.

TDEs are rare transients that occur when stars pass close to 
supermassive black holes. Studies have suggested that TDEs are 
sources of high-energy neutrinos and ultra-high-energy cosmic  
rays5–7; this holds in particular for the subset of TDEs with  
relativistic particle jets8–11. Those TDEs with non-thermal emis-
sion are considered the most likely to be sources of high-energy 
neutrinos. AT2019dsg was thus quickly identified as a promis-
ing candidate neutrino source12. Given that there are typically !2 
radio-emitting TDEs in the entire northern sky at any one time, 
we find that in the 80 sq. deg. of sky observed during the eight 
neutrino follow-up campaigns by ZTF up to March 2020 the 
probability of finding a radio-detected TDE–neutrino association 
by chance is <0.5%. With the second-highest bolometric energy 
flux of all 17 TDEs detected by ZTF, the probability of finding a 
TDE at least as bright as AT2019dsg by chance is just 0.2%. These 
calculations are valid for any isotropic distribution, and therefore 
quantify the probability that the AT2019dsg–IC191001A associa-
tion would arise from atmospheric backgrounds. Our programme 
targets four neutrino population hypotheses13, of which the great-
est sensitivity is for TDEs (Methods). Thus, although not directly 
reflected in the calculation, the impact of multiple hypothesis tests 
on these estimates would be modest. While an atmospheric origin 
for the IC191001A–AT2019dsg association cannot be excluded, 
the improbability of chance temporal and spatial coincidence 
substantially reinforces the independent energy-based evidence 
of an astrophysical origin for IC191001A, and indicates that any 
atmospheric origin is unlikely.

AT2019dsg was discovered14 by ZTF on 2019 April 9, and 
was classified as a TDE on the basis of its optical spectrum15 (see 
Extended Data Fig. 1). This spectrum showed a redshift of z = 0.051, 
implying a luminosity distance DL " 230 Mpc assuming a flat cos-
mology with !" = 0.7 and H0 = 70 km s#1 Mpc#1. The optical/UV 
continuum of AT2019dsg is well described by a single blackbody 
photosphere with a near-constant temperature16 of 104.59±0.02 K and 
radius of 1014.59±0.03 cm. The peak luminosity of 1044.54±0.08 erg s#1 is in 
the top 10% of the 40 known optical TDEs to date16, and the tem-
perature is in the top 5%. The late-time evolution is consistent with 
the rapid formation of an accretion disk17,18 (Fig. 1), which would be 
expected on these relatively short timescales for disruptions around 
higher-mass supermassive black holes. Indeed the total mass of the 
host galaxy of AT2019dsg is in the top 10% of all optical TDE hosts. 
Assuming that 50% of the host mass is in the bulge, we estimate19 a 
black hole mass of ~3 $ 107 M%.

AT2019dsg was also detected in X-rays, beginning 37 d after dis-
covery (Fig 1, see also Extended Data Fig. 2). Though the first X-ray 
observation indicated a bright source, with a high X-ray to optical  
ratio of LX/Lopt " 0.1, this X-ray flux faded extremely rapidly, as 
shown in Fig. 1. This rate of decline is unprecedented, with at least 
a factor of 50 decrease in X-ray flux over a period of 159 d. Similarly 
to the optical/UV emission, the observed X-ray spectrum is consis-
tent with thermal emission, but from a blackbody of temperature 
105.9 K (0.072 ± 0.005 keV) and, assuming emission from a circular 
disk, a radius of ~2 $ 1011 cm (see Extended Data Fig. 3). As for most 
X-ray-detected TDEs20–22, the blackbody radius appears to be much 
smaller than the Schwarzschild radius (RS " 1013 cm) inferred from 
the galaxy scaling relation19. X-ray emission is generally expected 
to arise close to the Schwarzschild radius. Small emitting areas can 
arise from an edge-on orientation, because the relativistic veloci-
ties at the inner disk can Doppler boost a large area of the disk out 
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Fig. 1 | Multiwavelength lightcurve of AT2019dsg. a, The optical photometry in bands g and r from ZTF (in green and red, respectively), alongside UV 
observations in bands UVW2, UVM2, UVW1 and U from the Neil Gehrels Swift Observatory (Swift)-UVOT (Ultraviolet/Optical Telescope) (in pink, violet, 
navy and blue, respectively). The left axis shows #F#, where F# is the spectral flux density at frequency #, while the right axis shows #L#, where L# is the 
luminosity at frequency #. The late-time UV observations show an apparent plateau, which is not captured by a single-power-law decay. The dashed pink 
line illustrates a canonical t#5/3 power law, while the dotted pink line illustrates an exponentially decaying lightcurve. Neither model describes the UV data 
well. b, The integrated X-ray energy flux, from observations with Swift-XRT (X-Ray Telescope) and XMM-Newton, in the energy range 0.3–10!keV. Arrows 
indicate 3$ upper limits. The vertical dotted line illustrates the arrival of IC191001A. Error bars represent 1$ intervals.
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of the X-ray band. Since our observations probe close to the Wien 
tail of the spectrum, a small temperature decrease due to absorp-
tion would also yield a substantially underestimated blackbody 
radius and luminosity22. The exponential decrease of the flux could 
be caused by cooling of the newly formed TDE accretion disk18 or 
increasing X-ray obscuration.

Radio observations shown in Fig. 2 reveal a third distinct spec-
tral component, namely synchrotron emission from non-thermal 
electrons (see also Extended Data Figs. 4 and 5). We model this 
emission with a conical geometry as expected for outflows (for 
example jets or winds) that are launched from—and collimated 
by—the inner parts of flared accretion disks that emit close to the 
Eddington limit. Given that electrons are typically accelerated with 
much lower efficiency than protons in astrophysical accelerators23, 
we assume that they carry 10% of the energy carried by relativistic 
protons (!e = 0.1). We further assume that the magnetic fields carry 
0.1% of the total energy (!B = 10!3), as indicated by radio observa-
tions of other TDEs24 and supernovae25. We note that the opening 
angle for the outflow is largely unconstrained. For a half-opening 
angle, ", of 30° we find R = 1.5 " 1016 cm in our first epoch (41 d 
after discovery), increasing to R = 7 " 1016 cm shortly after the 
neutrino detection (177 d after discovery). These radii scale26 as 
R # [1 ! cos(")]!8/19. The implied expansion velocity is roughly 
constant at v=c ! _R=c ! 0:12 ± 0:01

I
 during the first three epochs, 

with a significant (>3#) acceleration to v/c = 0.21 ± 0.02 for the last 
epoch. These are the velocities of the synchrotron-emitting region, 
and thus provide a lower limit to the velocity at the base of the out-
flow. Indeed even the hotspots of relativistic jets from active galaxies 
that are frustrated by gas in their host galaxy are typically observed27 
to have subrelativistic expansion velocities of ~0.1 c.

The inferred outflow energy, E, shows a linear increase from 
2.5 " 1049 erg to 2 " 1050 erg (Fig. 2), which would not be expected 
from models of TDE radio emission that involve a single injection 
of energy28,29. The constant increase of energy implies a constant  

injection rate at the base of the outflow of approximately 
2 " 1043 erg s!1. While some scenarios can yield an increase in 
inferred energy from a single energy injection, none of these are 
consistent with the full set of observed properties. First, a single 
ejection with a range of velocities could explain the observed lin-
ear increase of energy with time (the slower ejecta arrive later), but 
is incompatible with the increasing velocity. Second, an increase of 
the efficiency for conversion of Poynting luminosity to relativistic 
particles is unlikely because the target density that is available to 
establish this conversion is decreasing. Finally, an apparent increase 
of the inferred energy due to an increase of solid angle that emits to 
our line of sight is only expected for relativistic outflows that decel-
erate. Instead, for AT2019dsg, the observations suggest the presence 
of a central engine that yields continuous energy injection through 
a coupling of accretion power to the radio emission30, with accelera-
tion in the final radio epoch due to a decrease in the slope of the 
ambient matter density profile.

Neutrino emission from AT2019dsg
With this strong evidence for three distinct emission zones derived 
purely from multiwavelength observations, we consider whether 
this picture is consistent with AT2019dsg being the source of the 
neutrino IC191001A. In particular, neutrino production requires 
protons to be accelerated to sufficiently high energies, and to col-
lide with a suitably abundant target. The detection of a single 
high-energy neutrino implies a mean expectation in the range 
0.05 < N$,tot < 4.74 at 90% confidence, where N$,tot is the cumulative 
neutrino expectation for all TDEs that ZTF has observed, while for 
an individual object the expectation will be substantially lower31. 
AT2019dsg emits fbol $ 0.16 of the population bolometric energy 
flux, and if we take this as a proxy for neutrino emission we would 
expect 0.008 % N$ % 0.76 for this source.

Radio observations confirm that particle acceleration is indeed 
occurring, and that this continues without decline until the detection 
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Fig. 2 | Synchrotron analysis of AT2019dsg. a, Radio measurements from MeerKAT (1.3!GHz), the Karl G. Jansky Very Large Array (VLA; 2–12!GHz) and 
the Arcminute Microkelvin Imager (AMI; 15.5!GHz) at four epochs with times listed relative to the first optical detection. The coloured lines show samples 
from the posterior distribution of synchrotron spectra fitted to the measurements at each epoch, and the dashed lines trace the best-fit parameters for 
that epoch. The free parameters are the electron power-law index (p!=!2.9!±!0.1) and the host baseline flux density, plus the magnetic field and radius for 
each epoch. b, The energy at each epoch for a conical outflow geometry with an half-opening angle of 30°. The dotted line indicates a linear increase of 
energy. c, The corresponding radius for each epoch, with a dotted line illustrating a linear increase. Error bars represent 1# intervals.
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Neutrinos from tidal disruption events
Tidal disruption events are an excellent probe for supermassive black holes in distant inactive galaxies because 
they emit bright multi-wavelength flares that last several months to years. AT2019dsg represents the first potential 
association of neutrino emission with such an explosive event.

Kimitake Hayasaki

According to the Big Bang theory, 
the neutrino is the second most 
common elementary particle in our 

Universe after photons1,2. Neutrinos are 
called ghost particles because they interact 
very weakly with matter, making it difficult 
to detect them. However, there is a silver 
lining: neutrinos carry direct physical 
information about astronomical phenomena 
that are otherwise obscured, allowing us to 
understand them more deeply. High-energy 
astrophysical neutrinos are produced by 
the interaction of relativistically accelerated 
cosmic rays with ambient matter or photons. 
While the observation of astrophysical 
neutrinos has increased in recent years, 
they are often detected without a clearly 
identifiable source. Only three astrophysical 
sources of neutrinos have been identified 
so far: the Sun, the 1987A supernova, and 
the blazar TXS 0506+056 (ref. 3), the last 
of which is still under debate. The first two 
associations were detected by Homestake, 
Kamiokande and Super-Kamiokande4, 
which are sensitive to low-energy neutrinos, 
while the blazar neutrino was detected 
by IceCube, which is sensitive to very 
high-energy neutrinos. Writing in Nature 
Astronomy, Robert Stein and collaborators5 
report that a recently detected high-energy 
IceCube neutrino, IceCube-191001A, is 
associated with the tidal disruption event 
(TDE) AT2019dsg. This neutrino has an 
energy of ~0.2 PeV and is thus the second 
most energetic astrophysical neutrino source 
ever detected, with energies above 100 TeV.

A TDE occurs when a star on a Keplerian 
orbit gets close enough to a supermassive 
black hole (SMBH) to be disrupted by the 
SMBH’s tidal forces. Then the stellar debris 
falls back to the SMBH at a super-Eddington 
rate, showing a characteristic flare that 
lasts for months to years6. TDEs are among 
the brightest transient phenomena in our 
Universe over a wide range of wavebands 
from optical to X-rays and, therefore, work 
as excellent probes of dormant SMBHs 
at the centres of distant inactive galaxies. 
Recent multi-wavelength observations have 
revealed the diverse properties of TDEs7,8. 

TDEs are divided into two categories: 
thermal TDEs without a relativistic jet 
and non-thermal TDEs with a relativistic 
jet (so-called jetted TDEs). Remarkably, 
most thermal TDEs shine brightly only in 
soft-X-ray wavebands (soft-X-ray TDEs) 
or in optical/UV wavebands (optical/
UV TDEs). However, AT2019dsg is an 
unusual type of TDE because it shows 
bright emission from optical to soft-X-ray 
wavebands as well as weak but observable 
radio emission5,8. Figure 1 depicts a 
hypothetical picture of a disk-outflow-jet 
system after tidal disruption of a star by an 
SMBH to explain the observed diversity. The 
IceCube-191001A-AT2019dsg association 
can help us understand the observed 
diversity of TDEs.

The probability that IceCube-191001A 
has an astrophysical origin is estimated to 
be 59% from a simple energetics argument5. 
The possibility that it is of an atmospheric 

origin thus cannot be excluded completely. 
While the IceCube probability is only 59%, if 
the number of atmospheric neutrinos is low, 
the temporal and spatial association with 
AT2019dsg increases the probability that 
the two are associated. In the following, we 
assume that the neutrino was emitted from 
AT2019dsg and explore the relevant physical 
mechanism that could have caused it. 
According to the blazar neutrino analogy3, 
it is natural to consider that the TDE 
neutrino was produced in a relativistic jet. 
As a companion paper of Stein et al., Walter 
Winter and Cecilia Lunardini9 propose a 
model in which neutrinos are generated 
from internal shocks in a relativistic jet 
by a photo-meson interaction. In their 
model, neutrino production is driven by 
back-scattered X-ray photons inside the 
outflow, which are delivered to the plasma 
shell (shocked region) that travels inside 
the jet. While the neutrino production 
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Fig. 1 | An illustration of the disk-outflow-jet system formed after the tidal disruption of a star, as in 
the case of AT2019dsg. Depending on the viewing angle, the waveband of observable thermal emission 
from TDEs changes from soft-X-rays to the optical/UV15. Here ! indicates a neutrino. AT2019dsg shows 
optical to X-ray variability with weak radio emission5,8. It has been proposed that the high-energy 
neutrino is produced from (i) the relativistic jet9, (ii) the disk (a super-Eddington MAD and/or RIAF)13, 
(iii) the disk corona or (iv) the wind/outflow12.
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KM3NeT

• ARCA for astrophysics; 
ORCA for particle physics


• Good coverage of the 
Galactic plane/center


• Better angular resolution 
than IceCube 
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Cascades (CC ne nt - NC) 
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ANTARES

• Diffuse flux results compatible with 
IceCube


• Followup of TXS 0506+056, TDE 
AT2019dsg, GW sources, and upper 
limits on neutrino counterpart


• Indirect dark matter searches

A. Kouchner@NeuTel 2021
Search for diffuse flux from Galactic ridge 
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"  Phys. Rev. D 96, 062001 (2017) 
"  ApJL 868, L20 (2018) 

Combined U.L. at 90% CL (blue line) on the 3-flavor 
neutrino flux of the KRAγ model (5-50 PeV cutoff) 

ANTARES 
IceCube 

ANTARES 
IceCube 

Result: total flux contribution of diffuse 
Galactic neutrino emission <9% of the total 
diffuse IC astrophysical signal (Eν> 30 TeV) 

Updates ongoing… 

Stacked expected signal vs. δ (top) and energy 
(bottom). Colors relative contribution to the sensitivity 

Combined ANTARES-IceCube PS search 
20 

Significant improvement of limits especially for hard energy spectra 
Best limits on neutrino point source emission in Southern Hemisphere 

 
 

ANTARES data set is public : see https://antares.in2p3.fr 

" The Astrophysical Journal 892 (2020) 2  

Combined point-source search

Other interesting physics results



Statistical analysis: Anisotropies
• So far spatial distribution of neutrino events 

is consistent with isotropy / diffuse


• Any models that yield strong anisotropies 
are already disfavored


• Small-scale power (very bright point 
sources)


• Large-scale power (Galactic sources; 
dark matter decay / annihilation)


• Cross correlations with, e.g., catalogs of 
galaxies


e.g., Ando, Tamborra, Zandanel (2015); Mertsch et al. 
(2017); Fang et al. (2020)

Dekker, Ando, JCAP 1902, 002 (2019)

the result is presented in Fig. 5 as a red solid curve. Moreover, the blue and light-blue shaded
regions show the expected 1� and 2� containment bands, respectively, from the analysis using
the APS of the simulated isotropic neutrino sky as mock data, and the green horizontal line
shows the exclusion limit with p = 0.05. Following this exclusion line, we find a lower limit of
N? > 82 at 95% CL, which is well within the 1� exclusion region using the simulated isotropic
sky. This exclusion limit corresponds to very rare and bright sources, which are indeed not
expected to dominate since the distribution of the 21 events are consistent with an isotropic
expectation.

If we still measure an isotropic sky with 10 years of IceCube exposure, we can exclude
N? = 10–4⇥ 103 with 95% CL, where the region is the 1� exclusion region.

Figure 5: The p-value obtained by fitting the APS from the simulated sky maps using N? to
the APS from two years of IceCube data, shown as a red solid curve. Also illustrated are the
expected 1� and 2� containment bands, where the simulated isotropic sky is used as mock
data, shown as the shaded areas in blue and light blue respectively, and the horizontal green
line represents the exclusion limit.

4.3.2 IceCube-Gen2

IceCube-Gen2 is expected to have an effective area of a factor of ten times larger than IceCube,
and we assessed its sensitivity using ten years of exposure. We first assumed that we keep
on measuring an isotropic sky in the future, with mock data Ns = 1, and find the p-
values presented in the top left panel of Fig. 6, where the shaded regions are the 1� and 2�
containment bands from the 105 analyzed APS, and the horizontal green line represents the
exclusion limit of p = 0.05. We find an exclusion of bright sources below N? = 104–2 ⇥ 105,
where the range represents the 1� band.

If, however, we do measure clustering of events in the future due to bright sources, the
contribution of less bright sources can be constrained and the exclusion tendencies will change.
The middle and bottom left panels of Fig. 6 show the results by assuming N? = 104 and

– 11 –

Excluded

Allowed

10-year exposure assuming �N! = "

IceCube-Gen2 KM3NeT

!17

Source N*
Blazars 600

Radio galaxies 105

Starbursts 107



Anisotropy constraints on dark matter
Dekker, Chianese, Ando, JCAP 09, 007 (2020) 6

neutrino events
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FIG. 2. Neutrino sky maps under di↵erent flux hypotheses after 10 years of observation in IceCube-Gen2. The
left panel shows the angular distribution of neutrino events under the null hypothesis of a nearly isotropic flux (atmospheric
and astrophysical power-law components). The middle and right panels display the sky maps for the signal hypothesis with an
additional component coming from decaying and annihilating DM particles, respectively.

atmospheric flux measured by IceCube since the muon veto of the experiment highly suppresses the down-going
atmospheric neutrinos. However, in our settings, above a neutrino energy of 60 TeV, we expect less than 1 atmospheric
neutrino event per year with a shower-like topology. This explains why we consider only shower events when analyzing
IceCube. For KM3NeT, since the contamination of the atmospheric neutrino background above 60 TeV is still expected
to be small, the null hypothesis flux can be statistically approximated to be isotropic.

Hence, the ratio between anisotropic and isotropic number of neutrino events depends on DM parameters like for
instance the density profile, boost factor and DM lifetime or cross-section. We thus aim to constrain DM parame-
ters by testing our two-component model (signal hypothesis) with respect to an isotropic astrophysical model (null
hypothesis). Figure 2 illustrates the di↵erences in angular patterns for the null hypothesis (left) and for two signal
hypotheses with decaying (middle) and annihilating (right) DM component. These sky maps corresponds to one
Monte Carlo realization with 10 years of IceCube-Gen2 exposure. The number of galactic neutrino events coming
from annihilating DM is related to the halo density as N

gal.
DM / ⇢

2, while N
gal.
DM / ⇢ for decaying DM. This produces

di↵erent amount of anisotropy as can be seen in the figure. In both cases, we have considered the NFW halo density
and the semi-analytical HAI model for the boost factor. We will be examining these angular patterns with an angular
power spectrum analysis, as described below.

IV. ANGULAR POWER SPECTRUM ANALYSIS

The angular power spectrum (APS) shows to be a powerful probe to asses anisotropies on the neutrino sky [25].
The fluctuations on the neutrino sky map is found by expanding the map into spherical harmonics:

N (✓,�) =
X

`m

a`mY`m (✓,�) , (15)

where N (✓,�) is the neutrino event at declination (✓) and right ascension (�), and Y`m(✓,�) are the spherical harmonic
functions. The APS is then given by averaging the expansion coe�cients over the sky:

C
0
` =

1

2` + 1

X̀

m=�`

|a`m|
2
. (16)

We compute the APS using the numerical function anafast from the software package HEALPix [121]. Since we are
only interested in anisotropic e↵ects, we want to remove any information on the number of events. We therefore
remove the monopole and normalize the remaining coe�cients as

C` =
C

0
`

N
2
tot

for ` > 0 , (17)

where Ntot is the total number of neutrino events. The first multipole moments show larger angular power due to
the anisotropy of events coming from the galactic center, which is detectable on top of the isotropic distribution. We
calculate the APS up to `max = 9 for IceCube, IceCube-Gen2 and KM3NeT maps, which corresponds to the typical
angular resolution of IceCube for HESE events, 11� [1, 2]. Even though KM3NeT has a better angular resolution of
0.07�, including larger multipole moments will not improve our analysis since only the first multipole moments are
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FIG. 5. Future sensitivity to decaying dark matter models. Sensitivity at 95% CL to DM lifetime as a function of
DM mass after 10-year exposures of IceCube (orange), KM3NeT (green) and IceCube-Gen2 (blue) experiments. The bands
represent the median (dashed lines) and 95% (solid lines) conservative sensitivity from the Monte Carlo simulations. The
current constraints from 6-year HESE data are shown with solid black lines. The left and right plots correspond to the ⌧+⌧�

and tt channels, respectively. The black stars show the current best-fit of the DM component deduced by 7.5-year IceCube
HESE data [53]. The gamma-ray constraints are represented by light grey lines: solid from HAWC galactic halo searches [86]
and dot-dashed from Ref. [90].

FIG. 6. Future sensitivity to annihilating dark matter models. The plots are explained in the caption of Fig. 5. In
addition, the dashed black lines mark the unitarity limit on DM cross-section.

The main results of the present analysis are reported in Figs. 5 and 6, where we show the future sensitivity of
neutrino telescopes to decaying and annihilating DM models, respectively. We consider the channels into tau leptons
(⌧+⌧�) and top quarks (tt) as representative of di↵erent energy neutrino spectrum of the DM signals. The current
constraints deduced from 6-year IceCube data are shown by the solid black lines. Other bounds shown are: gamma-ray
searches from the galactic halo by HAWC [86] (grey solid lines), global gamma-rays constraints from Ref. [90] (grey
dot-dashed lines), and the unitarity constraints on cross-section [122] (black dashed lines).

In the plots, the bands have been obtained by performing the APS analysis on simulated sky maps with di↵erent
DM mass. They represent the sensitivity for an observed p–value of 0.05 from the median and upper 95% values on
the total DM events from the Monte Carlo simulations. Both KM3NeT and IceCube-Gen2 will probe a much bigger
parameter space of DM models. In particular, KM3NeT turns out to be more sensitive to DM models with a low
DM mass, as also shown in Fig. 4. However, for DM masses larger than PeV, the sensitivity of KM3NeT is weaker
than the one of IceCube-Gen2. This is due to two e↵ects. At high energies, there is an enhancement in the expected
number of shower events in IceCube thanks to the Glashow resonance of anti-electron neutrinos. This is not the
case for KM3NeT, as it is based only on track-like events related to CC interactions of muon neutrinos. Moreover,
KM3NeT will observe the galactic center through the Earth. While at low energies this is important to reduce the

7

FIG. 4. The expected constraints to be obtained by KM3NeT after 10 years of operation for bb̄ (left) and ⌧+⌧� (right)
channels. The shaded regions correspond to the 68% and 95% range for the expected sensitivity obtained with Monte Carlo
simulations. The thin dashed and dot-dashed lines corresponds to cascade-only and track-only analyses, respectively. Also
shown are the best-fit parameter points for the dark matter interpretation of the 7.5 yr IceCube HESE analysis [17], and the
strongest gamma-ray constraints from Refs. [38, 39].

KM3NeT. There are several factors that could be con-
sidered in the future, which could o↵er further improve-
ments.

For simplicity, we choose to perform a binned analy-
sis, consider a relatively small sky portion, and conserva-
tively taking the bin width twice the energy and angular
resolutions. In principle, an unbinned analysis would of-
fer the most complete information on the events. All-sky
observations including above horizon events can also be
combined statistically. Adding these information should
further improve the sensitivity.

We have assumed all ⌫⌧ events would produce cascade
signatures in the detector and is indistinguishable with
⌫e cascade events. Future analyses with improved flavor
selection capabilities [31, 32, 44] could improve the signal-
to-noise of dark matter searches, as the atmospheric neu-
trino background is practically ⌫⌧ -free above ⇠TeV.

The predicted dark matter signal depends on the neu-
trino spectrum per dark matter decay. For heavy dark
matter, the spectrum could be significantly modified by
high-order e↵ects. We have taken a simple scaling ap-
proach in our spectrum modeling, which were test against
Pythia [17, 25]. However, significant corrections could
still be present that were not covered by Pythia [38, 40],
which will a↵ect the interpretation of the dark matter
parameter space.

Our analysis have assumed a fixed single-power law
astrophysical background model. In practice, uncertain-
ties on the astrophysical component could a↵ect the dark
matter analysis, which could be incorporated into the

analysis, where the background models are fit to the
data continuously. If the astrophysical component is
more complicated than expected, such as having more
than one spectral components, the dark matter sensitiv-
ity could weaken depending on the assumed background
model in the analysis due to potential degeneracies. In
that case, improved neutrino source identification and
multi-messenger observations will be important to mini-
mize the background model uncertainty.

For simplicity we ignore the extragalactic dark matter
component in this work, which also makes our results
conservative. Towards the Galactic Center the extra-
galactic contribution is subdominant, but for a full-sky
analysis it is not, and should be considered in the future.

One advantage of KM3NeT dark matter analysis is its
ability to observe the Galactic Center, which has a larger
dark matter column density. The Galactic Center, how-
ever, could also be a source of astrophysical neutrinos in
additional to the extragalactic component. This compo-
nent, if exist, could be di�cult to distinguish from dark
matter. Future high-energy gamma rays instruments,
such as the Cherenkov Telescope Array1 and the South-
ern Wide-Field Gamma-Ray Observatory [45] could be
used to constrain the Galactic source contribution.

1 https://www.cta-observatory.org/

Ng, Dekker, Ando et al., arXiv:2007.03692 [astro-ph.HE] 
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Right: The projected sensitivity of KM3NeT (green) together with current upper bound from Planck
(blue) [119–121], as labelled, in the {m�, mZ0}-plane for fixed couplings of gµ�⌧ << g� = 1. The
yellow region denotes the model parameter space favoured to alleviate the Hubble tension [122, 123].
The dotted black line represents the relic density line.

branching ratio to neutrinos is 100%. This is favourable to neutrino telescopes, both those
such as Super-Kamiokande [129], which are sensitive to light dark matter [130, 131], as well
as those most sensitive to heavier dark matter, such as KM3NeT.

Of course, with a new light vector, relatively large couplings with SM particles are
strongly constrained by colliders and precision experiments. It is, however, completely le-
gitimate to take gµ�⌧ ⌧ g�. This model comes under the category of secluded dark matter
models [85], and specifically features a very light mediator (mZ0 ⌧ m�), large and perturba-
tive g� while negligible coupling to the SM sector, gµ�⌧ . 10�4 at least. This last requirement
is set to evade strong constraints on light fields coupling to SM leptons, but the meaning of
this model is deeper than simply avoiding experimental bounds. For such coupling strength
hierarchy, the dominant annihilation channel is ��̄ ! Z

0
Z

0 (see fig. 4 centre), which implies
that the dark matter can achieve the correct relic density independently of its coupling with
the SM, because h�vi depends only on g

4
�. Since the Z

0 is not stable, it will eventually decay
into four SM neutrinos, even though gµ�⌧ is extremely tiny. Depending on the mZ0 value,
annihilation into charged leptons, when kinematically allowed, takes place with equal branch-
ing ratios and gives rise to a 4µ or 4⌧ final state. For simplicity we do not consider mixed
final states in this study. Very light Z

0 mediators are boosted in the very heavy dark matter
annihilation reference frame. Subsequently, they decay into neutrinos producing characteris-
tic box-shaped neutrino signals. While the box-shaped gamma-ray signals have already been
explored in certain depth in the literature, see i.e. [36, 132–135], box-shaped neutrino signals
have only been poorly studied, see [20].

Let us now quantify how constrained is the model parameter space in the light of current
bounds. In the secluded regime, high intensity experiments constrain gµ�⌧ . 10�4 for mZ0 .
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FIG. 1 Grand Unified Neutrino Spectrum (GUNS) at Earth, integrated over directions and summed over flavors. Therefore,
flavor conversion between source and detector does not a↵ect this plot. Solid lines are for neutrinos, dashed or dotted lines for
antineutrinos, superimposed dashed and solid lines for sources of both ⌫ and ⌫. The fluxes from BBN, the Earth, and reactors
encompass only antineutrinos, the Sun emits only neutrinos, whereas all other components include both. The CNB is shown for
a minimal mass spectrum of m1 = 0, m2 = 8.6, and m3 = 50 meV, producing a blackbody spectrum plus two monochromatic
lines of nonrelativistic neutrinos with energies corresponding to m2 and m3. See Appendix D for an exact description of the
individual curves. Top panel: Neutrino flux � as a function of energy; line sources in units of cm�2 s�1. Bottom panel: Neutrino
energy flux E ⇥ � as a function of energy; line sources in units of eV cm�2 s�1.

Biggio et al., 2009; Ohlsson, 2013), spin-flavor oscillations
by large nonstandard magnetic dipole moments (Ra↵elt,
1990; Haft et al., 1994; Giunti and Studenikin, 2015), de-
cay and annihilation into majoron-like bosons (Schechter
and Valle, 1982; Gelmini and Valle, 1984; Beacom et al.,
2003; Beacom and Bell, 2002; Denton and Tamborra,
2018b; Funcke et al., 2020; Pakvasa et al., 2013; Pagliaroli
et al., 2015; Bustamante et al., 2017), for the CNB large
primordial asymmetries and other novel early-universe
phenomena (Pastor et al., 2009; Arteaga et al., 2017), or
entirely new sources such as dark-matter decay (Barger

et al., 2002; Halzen and Klein, 2010; Fan and Reece, 2013;
Feldstein et al., 2013; Agashe et al., 2014; Rott et al.,
2015; Kopp et al., 2015; Boucenna et al., 2015; Chianese
et al., 2016; Cohen et al., 2017; Chianese et al., 2019; Es-
maili and Serpico, 2013; Bhattacharya et al., 2014; Higaki
et al., 2014; Fong et al., 2015; Murase et al., 2015) and an-
nihilation in the Sun or Earth (Srednicki et al., 1987; Silk
et al., 1985; Ritz and Seckel, 1988; Kamionkowski, 1991;
Cirelli et al., 2005). We will usually not explore such
topics and rather stay in a minimal framework which of
course includes normal flavor conversion.

Vitagliano, Tamborra, Raffelt, Rev. Mod. Phys. 92, 045006 (2020)
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DARWIN
• DARWIN is a 40t liquid xenon 

TPC


• ~5x bigger than XENONnT 


• Much lower radioactive 
backgrounds


• Ultimate DM detector


• Also rich neutrino program! 

Marco Kraan/Nikhef

DARWIN in Borexino Watertank

2021 2023 2024 2027

CDR TDR ScienceConstruction

Based on slides by Patrick Decowski



Low-energy solar neutrinos

• 1% measurement of solar pp-neutrinos

• Map out the vacuum to matter oscillation 

transition

• Detailed measurement of other ν components 

allows to determine metallicity of the Sun

• Non-standard neutrino interactions

Borexino E-threshold → 

DARWIN sensitive to:  Elastic scattering of solar ν on Xe electrons 
Coherent Neutrino-Nucleus Scattering

DARWIN, arXiv:2006.03114

Based on slides by Patrick Decowski



Other neutrino physics
• Extremely low backgrounds, excellent energy 

resolution


• World competitive 0ν2β sensitivity, covering 
most of the inverted mass ordering


• Enhanced neutrino magnetic moment 


• Galactic supernova


• sensitive to all active neutrino species from 
core-collapse supernovae
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Hundreds of events will allow 

detailed ν measurements

R. Lang et al, Phys. Rev. D 94, 103009 (2016)

Based on slides by Patrick Decowski

DARWIN, EPJC 80, 808 (2020)



“Grand unified” neutrino spectrum
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FIG. 1 Grand Unified Neutrino Spectrum (GUNS) at Earth, integrated over directions and summed over flavors. Therefore,
flavor conversion between source and detector does not a↵ect this plot. Solid lines are for neutrinos, dashed or dotted lines for
antineutrinos, superimposed dashed and solid lines for sources of both ⌫ and ⌫. The fluxes from BBN, the Earth, and reactors
encompass only antineutrinos, the Sun emits only neutrinos, whereas all other components include both. The CNB is shown for
a minimal mass spectrum of m1 = 0, m2 = 8.6, and m3 = 50 meV, producing a blackbody spectrum plus two monochromatic
lines of nonrelativistic neutrinos with energies corresponding to m2 and m3. See Appendix D for an exact description of the
individual curves. Top panel: Neutrino flux � as a function of energy; line sources in units of cm�2 s�1. Bottom panel: Neutrino
energy flux E ⇥ � as a function of energy; line sources in units of eV cm�2 s�1.

Biggio et al., 2009; Ohlsson, 2013), spin-flavor oscillations
by large nonstandard magnetic dipole moments (Ra↵elt,
1990; Haft et al., 1994; Giunti and Studenikin, 2015), de-
cay and annihilation into majoron-like bosons (Schechter
and Valle, 1982; Gelmini and Valle, 1984; Beacom et al.,
2003; Beacom and Bell, 2002; Denton and Tamborra,
2018b; Funcke et al., 2020; Pakvasa et al., 2013; Pagliaroli
et al., 2015; Bustamante et al., 2017), for the CNB large
primordial asymmetries and other novel early-universe
phenomena (Pastor et al., 2009; Arteaga et al., 2017), or
entirely new sources such as dark-matter decay (Barger

et al., 2002; Halzen and Klein, 2010; Fan and Reece, 2013;
Feldstein et al., 2013; Agashe et al., 2014; Rott et al.,
2015; Kopp et al., 2015; Boucenna et al., 2015; Chianese
et al., 2016; Cohen et al., 2017; Chianese et al., 2019; Es-
maili and Serpico, 2013; Bhattacharya et al., 2014; Higaki
et al., 2014; Fong et al., 2015; Murase et al., 2015) and an-
nihilation in the Sun or Earth (Srednicki et al., 1987; Silk
et al., 1985; Ritz and Seckel, 1988; Kamionkowski, 1991;
Cirelli et al., 2005). We will usually not explore such
topics and rather stay in a minimal framework which of
course includes normal flavor conversion.

Vitagliano, Tamborra, Raffelt, Rev. Mod. Phys. 92, 045006 (2020)
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Cosmic neutrino background:　
Relic of the hot Big Bang

• Relic neutrino 
temperature is precisely 
calculated as 




• Their momentum follows 




• Number density: 
 per 

flavor

Tν = (4/11)1/3TCMB = 1.95 K

f(p) =
1

1 + exp(p/Tν)

nν+ν̄ ≈ 110 cm−3

e+e− → γγ

a

ρ

1 s 
T ~ MeV

40,000 yr 
T ~ eV

Tν = 1.9 K

Tγ = 2.7 K

Neutrino 
decoupling

Photon 
decoupling

CMB

CνB



Detection of CNB

• “Same” Feynman 
diagram


• No threshold: neutrinos 
with very small energy 
can be detected!

Tritium beta decay
3H 3He

e−

ν̄e

3H 3He

e−νe

Tritium beta decay induced by CNB

W

W

Neutrino mass measurement: 
Sensitive down to ~0.2 eV

KATRIN

Weinberg, Phys. Rev. 128, 1457 (1962)



Detection of CNB: PTOLEMY

• Very fine energy resolution needed -> 
molecular tritium (like KATRIN) doesn’t 
work -> graphene target


• Uncertainty principle might be the 
bottleneck
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that we will collect, and in addition the energy window will determine the mass range in which we are 
sensitive to these sterile neutrinos and new interactions. 
 
Relic Neutrinos: Detection with PTOLEMY 
 
Workpackages WP2, WP3, and WP4 of this proposal are dedicated to the discovery of relic neutrinos. In 
WP2 we will focus on a graphene target that lightly binds the tritium atoms. In WP3 we will develop 
techniques to make energy measurements with a few eV precision on electrons using radio-frequency 
(RF) pickup antennas. Finally, WP4 will bring together the tritiated graphene target with the RF antenna 
system in the test facility in the Gran Sasso National Laboratory (LNGS – Italy).  
 
Key to the research is the decay of the heavy isotope of hydrogen: tritium. 
 

 
Figure 4: Ptolemy and a) Ordinary beta decay of tritium. b) Cosmic neutrino induced decay of tritium. 
In both cases a neutron in the tritium nucleus is mutated into a proton under emission of an electron. 
For ordinary decays an electron anti-neutrino is also emitted, while in the other decays the reaction is 
induced by a collision with a relic neutrino. 
 
Tritium is a beta emitter with an available energy, or Q value, of 18.6keV and an energy spectrum for 
the electrons corresponding to a three-body decay. The process by which one of the neutrons in tritium 
is converted into a proton, an electron and an electron anti-neutrino, can in principle be induced by an 
incoming electron-neutrino as shown in Figure 4b [9] [10]. In that case the electrons are emitted mono-
chromatically with an energy separated from the three-body endpoint by two times the neutrino mass.  

 
 
Figure 5: Energy spectrum of 
electrons near the endpoint of 
the tritium decay assuming a 
100g tritium target. The last 
few 100meV of the ordinary 
three-body decay show a 
spectrum that is orders of 
magnitude higher than the 
small peak caused by the 
capture of the relic neutrinos. 
The red (blue) line indicate the 
so called, normal (inverted) 
mass ordering of the 
neutrinos: currently only the 
difference in mass between the 
different species is known, but 
not its absolute value. 
 
 

PonTecorvo Observatory for Light, Early-universe, Massive-neutrino Yield 

Figure 1. Expected event rates versus electron energy Ee in a direct-detection experiment like
PTOLEMY (assuming 100 g of tritium source) near the � decay endpoint for different lightest neutrino
masses and energy resolutions. Solid lines represent the total event rates convolved with a Gaussian
envelope of FWHM equal to the assumed energy resolution, as computed from Eqs. (3.10) and (3.11).
Dashed lines represent the signal event rates as it would be measured by the experiment without the
background, while dotted lines show the background (� decay) event rates without the convolution,
i.e. for � = 0. Red (blue) lines indicate normal (inverted) ordering. All lines are obtained considering
Dirac neutrinos and neutrino overdensity according to the semi-analitic expression from [25].

The integrated number of signal events is expected to be, for Dirac neutrinos and ignor-
ing the possible enhancement due to clustering, around 4 per year [48]. Depending on the
neutrino masses and nature, this number can be enhanced. As already argued, for Majorana
neutrinos the event rate can be a factor two larger, if neutrinos are massive enough to be
all non-relativistic today or the correct mass ordering is the inverted one [49]. Concerning
the enhancement due to the local relic neutrino density, it mostly depends on the mass of
each mass eigenstate and on the mass ordering. The event rate may be unaltered if the mass
ordering is inverted and the neutrinos are very light, it could be 10-20% larger for normal
ordering and nearly minimal neutrino masses, or it may be significantly increased for masses
above ⇠100-150 meV [24].

In Fig. 1 we show the expected event rates at energies close to the � decay endpoint
for different neutrino masses and energy resolutions, and comparing the two possible mass
orderings, considering Dirac neutrinos and taking into account the neutrino overdensity ac-

5 For the form factors and the axial coupling we use |F |2 ' 0.9987, |GT |2 ' 2.788 and gA ' 1.2695 [92].
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FIG. 3. The estimate of the smearing of the electron emission spectrum due to the bonding of the Tritium atom to
graphene. Left panel: The electron emission spectrum for the physisorbed atomic Tritium ($osc = 0.6!A). The red line depicts
the !-decay emission and the green line corresponds to the C"B emission line. Right panel: The dependence of the emission
spectrum (blue lines correspond to the fixed event rate d!/dEel measured in yr!1eV!1) both on the energy of electron and
the dimensionless parameter # that characterizes the emitter, Eq. (6) (for the physisorbed Tritium # # 3" 10!4). One can see
that with increasing # the two C"B peaks merge with the continuum.

C"B peak is visible

C"B peak is not visible

<
10
!
4 ov

erl
ap
pin

g e
ven

ts
pe
r y

ear

>
4 o

ve
rla
pp
ing

ev
en
ts
pe
r y

ea
r

10 20 30 40 50

0

0.05

0.1

0.15

0.2

m! [meV]

#
"

10
4

FIG. 4. Visibility of the C"B peak depending on the mass
of the lightest neutrino and a dimensionless parameter # that
characterizes the emitter, Eq. (6) (for the physisorbed Tritium
# # 3"10!4). The visibility is defined by the number of C"B
event that overlap with the continious spectrum.

A possible avenue is to search for substrates with sub-
stantially weaker lateral potential. In the limiting case
of the perfect in-plane mobility, electrons emitted par-
allel to the graphene will not have any additional un-
certainty in the energy. Correspondingly, for the out-
of-plane angles ! < !max = arcsin (!Emax/!E) the
energy uncertainty will be bounded by !Emax. Here
!E denotes the energy uncertainty for the isotropic case
with finite mibility. Restricting the detection collection
to ! < !max reduces the number of events by a factor
"!1 ! #!max/90". As an example, for !Emax = 10meV
one obtains !max ! 3", " ! 10. This direction requires a

full in-depth analysis which we leave for future studies.

An alternative route to achieve a better performance
of the detector would be through the parameter $. This
parameter only depends on the internal properties of a
%-emitter such as the mass of the nucleus and the energy
released in the decay process. Therefore, to improve the
energy resolution of the experiment one needs to search
for the %-emitter that minimizes $ while simultaneously
satisfying other experimental constaints, e.g. su"ciently
long half-life time. The e#ect of the parameter $ on the
visibility of the C&B peak is shown on the right-hand
panel of FIG. 3 and FIG. 4. One can see that, e.g.,
Tritium which has $ ! 3"104, lies deep inside the region
where the obervation of the C&B peak is impossible.

The zero-point motion of a Tritium atom adsorbed
on a substrate does not exhaust the list of mechanisms
that introduce uncertainty and errors into the beta-decay
spectrum. Other mechanisms which we believe to be sig-
nificant are the electrostatic interaction of the ionized
atom with the sheet, charge relaxation in graphene, X-
ray edge singularity, etc. We leave these questions for
further studies.

Acknowledgements —We are grateful to Chris Tully,
A.P. Colijn and the whole PTOLEMY collaboration
for fruitful discussions and feedback on the manuscript
that allowed for its significant improvement. We also
thank Kyrylo Bondarenko and Anastasiia Sokolenko for
the useful discussion. YC is supported by the fund-
ing from the Netherlands Organization for Scientific Re-
search (NWO/OCW) and from the European Research
Council (ERC) under the European Union’s Horizon
2020 research and innovation programme. AB is sup-
ported by the European Research Council (ERC) Ad-
vanced Grant “NuBSM” (694896). VC is grateful to

Cheipesh et al., arXiv:2101.10069 [hep-ph]
Figure 5. Statistical significance for the detection of the CNB as a function of the fiducial lightest
neutrino mass m̂lightest and the energy resolution �, considering 100 g yr of PTOLEMY data. The
top (bottom) panel represents normal (inverted) ordering of the neutrino mass eigenstates.

7 Sterile neutrinos

In this last section we consider the perspectives for detection of a putative light sterile neutrino
at the eV scale as introduced in Section 2. It is interesting to scrutinize the information
that can be obtained from the distortions they induce on tritium decay spectrum as well
as the effect of their capture. For the latter case the feasibility of a direct measurement of
cosmological sterile states is strongly related to the theoretical model under consideration for
the thermalization, which determines the average number density of the fourth mass eigenstate
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that we will collect, and in addition the energy window will determine the mass range in which we are 
sensitive to these sterile neutrinos and new interactions. 
 
Relic Neutrinos: Detection with PTOLEMY 
 
Workpackages WP2, WP3, and WP4 of this proposal are dedicated to the discovery of relic neutrinos. In 
WP2 we will focus on a graphene target that lightly binds the tritium atoms. In WP3 we will develop 
techniques to make energy measurements with a few eV precision on electrons using radio-frequency 
(RF) pickup antennas. Finally, WP4 will bring together the tritiated graphene target with the RF antenna 
system in the test facility in the Gran Sasso National Laboratory (LNGS – Italy).  
 
Key to the research is the decay of the heavy isotope of hydrogen: tritium. 
 

 
Figure 4: Ptolemy and a) Ordinary beta decay of tritium. b) Cosmic neutrino induced decay of tritium. 
In both cases a neutron in the tritium nucleus is mutated into a proton under emission of an electron. 
For ordinary decays an electron anti-neutrino is also emitted, while in the other decays the reaction is 
induced by a collision with a relic neutrino. 
 
Tritium is a beta emitter with an available energy, or Q value, of 18.6keV and an energy spectrum for 
the electrons corresponding to a three-body decay. The process by which one of the neutrons in tritium 
is converted into a proton, an electron and an electron anti-neutrino, can in principle be induced by an 
incoming electron-neutrino as shown in Figure 4b [9] [10]. In that case the electrons are emitted mono-
chromatically with an energy separated from the three-body endpoint by two times the neutrino mass.  

 
 
Figure 5: Energy spectrum of 
electrons near the endpoint of 
the tritium decay assuming a 
100g tritium target. The last 
few 100meV of the ordinary 
three-body decay show a 
spectrum that is orders of 
magnitude higher than the 
small peak caused by the 
capture of the relic neutrinos. 
The red (blue) line indicate the 
so called, normal (inverted) 
mass ordering of the 
neutrinos: currently only the 
difference in mass between the 
different species is known, but 
not its absolute value. 
 
 

PonTecorvo Observatory for Light, Early-universe, Massive-neutrino Yield 

Figure 1. Expected event rates versus electron energy Ee in a direct-detection experiment like
PTOLEMY (assuming 100 g of tritium source) near the � decay endpoint for different lightest neutrino
masses and energy resolutions. Solid lines represent the total event rates convolved with a Gaussian
envelope of FWHM equal to the assumed energy resolution, as computed from Eqs. (3.10) and (3.11).
Dashed lines represent the signal event rates as it would be measured by the experiment without the
background, while dotted lines show the background (� decay) event rates without the convolution,
i.e. for � = 0. Red (blue) lines indicate normal (inverted) ordering. All lines are obtained considering
Dirac neutrinos and neutrino overdensity according to the semi-analitic expression from [25].

The integrated number of signal events is expected to be, for Dirac neutrinos and ignor-
ing the possible enhancement due to clustering, around 4 per year [48]. Depending on the
neutrino masses and nature, this number can be enhanced. As already argued, for Majorana
neutrinos the event rate can be a factor two larger, if neutrinos are massive enough to be
all non-relativistic today or the correct mass ordering is the inverted one [49]. Concerning
the enhancement due to the local relic neutrino density, it mostly depends on the mass of
each mass eigenstate and on the mass ordering. The event rate may be unaltered if the mass
ordering is inverted and the neutrinos are very light, it could be 10-20% larger for normal
ordering and nearly minimal neutrino masses, or it may be significantly increased for masses
above ⇠100-150 meV [24].

In Fig. 1 we show the expected event rates at energies close to the � decay endpoint
for different neutrino masses and energy resolutions, and comparing the two possible mass
orderings, considering Dirac neutrinos and taking into account the neutrino overdensity ac-

5 For the form factors and the axial coupling we use |F |2 ' 0.9987, |GT |2 ' 2.788 and gA ' 1.2695 [92].
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FIG. 3. The estimate of the smearing of the electron emission spectrum due to the bonding of the Tritium atom to
graphene. Left panel: The electron emission spectrum for the physisorbed atomic Tritium ($osc = 0.6!A). The red line depicts
the !-decay emission and the green line corresponds to the C"B emission line. Right panel: The dependence of the emission
spectrum (blue lines correspond to the fixed event rate d!/dEel measured in yr!1eV!1) both on the energy of electron and
the dimensionless parameter # that characterizes the emitter, Eq. (6) (for the physisorbed Tritium # # 3" 10!4). One can see
that with increasing # the two C"B peaks merge with the continuum.
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FIG. 4. Visibility of the C"B peak depending on the mass
of the lightest neutrino and a dimensionless parameter # that
characterizes the emitter, Eq. (6) (for the physisorbed Tritium
# # 3"10!4). The visibility is defined by the number of C"B
event that overlap with the continious spectrum.

A possible avenue is to search for substrates with sub-
stantially weaker lateral potential. In the limiting case
of the perfect in-plane mobility, electrons emitted par-
allel to the graphene will not have any additional un-
certainty in the energy. Correspondingly, for the out-
of-plane angles ! < !max = arcsin (!Emax/!E) the
energy uncertainty will be bounded by !Emax. Here
!E denotes the energy uncertainty for the isotropic case
with finite mibility. Restricting the detection collection
to ! < !max reduces the number of events by a factor
"!1 ! #!max/90". As an example, for !Emax = 10meV
one obtains !max ! 3", " ! 10. This direction requires a

full in-depth analysis which we leave for future studies.

An alternative route to achieve a better performance
of the detector would be through the parameter $. This
parameter only depends on the internal properties of a
%-emitter such as the mass of the nucleus and the energy
released in the decay process. Therefore, to improve the
energy resolution of the experiment one needs to search
for the %-emitter that minimizes $ while simultaneously
satisfying other experimental constaints, e.g. su"ciently
long half-life time. The e#ect of the parameter $ on the
visibility of the C&B peak is shown on the right-hand
panel of FIG. 3 and FIG. 4. One can see that, e.g.,
Tritium which has $ ! 3"104, lies deep inside the region
where the obervation of the C&B peak is impossible.

The zero-point motion of a Tritium atom adsorbed
on a substrate does not exhaust the list of mechanisms
that introduce uncertainty and errors into the beta-decay
spectrum. Other mechanisms which we believe to be sig-
nificant are the electrostatic interaction of the ionized
atom with the sheet, charge relaxation in graphene, X-
ray edge singularity, etc. We leave these questions for
further studies.
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that allowed for its significant improvement. We also
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Figure 5. Statistical significance for the detection of the CNB as a function of the fiducial lightest
neutrino mass m̂lightest and the energy resolution �, considering 100 g yr of PTOLEMY data. The
top (bottom) panel represents normal (inverted) ordering of the neutrino mass eigenstates.

7 Sterile neutrinos

In this last section we consider the perspectives for detection of a putative light sterile neutrino
at the eV scale as introduced in Section 2. It is interesting to scrutinize the information
that can be obtained from the distortions they induce on tritium decay spectrum as well
as the effect of their capture. For the latter case the feasibility of a direct measurement of
cosmological sterile states is strongly related to the theoretical model under consideration for
the thermalization, which determines the average number density of the fourth mass eigenstate
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Figure 1: We aim to detect relic neutrinos that were emitted one second after the Big Bang. This 
is much before any light that we observe today was emitted. As depicted in the ancient painting 
above with the PTOLEMY experiment, we would be looking ‘through’ and ‘beyond’ the night sky. 
 
A first observation of the ࣇ would count as a major discovery on the same footing as the 
discovery of the CMB. It would provide us with a unique window on the Universe one second 
after its creation: a true baby picture. In order to detect the ࣇ we are developing a totally 
new, unique and extremely challenging experiment, called PTOLEMY. The primary goal of this 
proposal is to study and develop crucial technology for detection of the ࣇ.  
 
The PTOLEMY experiment (Figure 6) which is named after the ancient Greek natural philosopher is an 
acronym for the PonTecorvo Observatory for Light, Early-universe, Massive-neutrino Yield. The 
experiment aims to measure electrons from tritium decay with unprecedented precision, by using tritium 
as a source of electrons, and by precise combined radio-frequency and cryogenic calorimetry. In that 
way we can see small changes in electron energy that are caused by the relic neutrinos. With this 
proposal we will bring forward the R&D phase of PTOLEMY, as we focus on some of the key technologies 
and underlying theoretical models. Two of the main applicants for this proposal – Colijn and de Groot - 
are amongst the founding members of the PTOLEMY collaboration, which currently has around 40 
members from Italy, Spain, Germany, the Netherlands and the United States.  
  
What will we achieve 
 
The research we propose here is the first step towards the construction of a full experiment for detection 
of the CǌB. We realize that this innovative program is an extremely high-risk, high pay-off enterprise, 
and that we will not yet have a positive detection at the end of the running time of this project. Our 
aim is to prove multiple key scientific concepts and achieve several key R&D goals of the 
PTOLEMY experiment, for which a symbiotic theoretical and experimental approach is required. 
 
By the end of this project we will have answered the following ‘Key Questions’: 
 

Key Question 1) What is the underlying physics of relic neutrinos? 
Key Question 2) How much tritium will the PTOLEMY experiment need? 
Key Question 3) Can we make the tritium loaded graphene target?  

NWA-ORC Project 
“One second after the big bang”

Ando, Colĳn (PI), de Groot, Lock, van Rossum, Zeitler
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Figure 5: Reach of PTOLEMY at 3� significance as a function of progenitor mass mDM

and lifetime in units of the age of the Universe, ⌧DM/t0. An exposure of 100 g yr (blue
lines) and 500 g yr (green lines) has been assumed for various projected performances on
the electron energy resolution � as labeled, with 10 eV (100 eV) being the optimal (most
conservative) case. All of DM is assumed to be decaying DM = 1. In the left (right) panel
the mass of the lightest neutrino is m⌫1 = 50 meV (m⌫3 = 50 meV) and a normal (inverted)
hierarchy is assumed.

Figure 6: Reach of PTOLEMY at 3� significance to the decaying fraction of DM, DM, as
a function of DM mass. The mass of the lightest neutrino is m⌫1 = 50 meV (m⌫3 = 50 meV);
a normal (inverted) hierarchy is assumed.
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Figure 2. Sky maps of the primary neutrino power spectra, C⇥

l , with the dipole
included, for m⌫ = 10�5 eV (top-left), 10�3 eV (top-right), 10�2 eV (bottom-left) and
10�1 eV (bottom-right). The maps have been generated with the same underlying
random numbers with the HEALPIX package [35].

masses and Fig. 2 shows sky map realisations for these spectra.
The massless case (i.e. 10�5 eV) is consistent with the result of [30]. At high l

the spectra are almost identical, and do not depend on the neutrino mass. The reason

for this can be understood from the following argument: Above a certain k-value, kFS,

neutrinos are completely dominated by free-streaming and this k-value is proportional to

m⌫ . In order to convert this to an l-value one then uses the relation lFS ⇠ kFS�⇤ (where

�⇤ is the comoving coordinate from which the neutrinos originate) and since �⇤ / m�1
⌫

for non-relativistic particles [36], lFS does not depend on m⌫ . Inserting numbers one

finds lFS ⇠ 100 which is in good agreement with Fig. 1. At smaller angular scales,

l >⇠ lFS, the anisotropy comes from the Sachs-Wolfe e↵ect during radiation domination.

For smaller l-values the anisotropy increases dramatically as the mass increases.

This can be understood as follows. As soon as neutrinos go non-relativistic the ✏k
3q 

d ln f0
d ln q

term in  ̇1 begins to dominate the Boltzmann hierarchy evolution. This quickly makes
the higher l modes increase as well, and the final amplitude simply depends on the time

elapsed after neutrinos go non-relativistic.

The e↵ect can be seen in Fig. 3 which shows the evolution of  1,  2 and  10 for

three di↵erent neutrino masses and two di↵erent k-values. As soon as neutrinos go

non-relativistic  1 immediately begins to grow, and the higher  l’s follow with a slight

delay for k = 0.1 hMpc�1. This exactly matches the low l behaviour seen in Fig. 1.

Figure 6: With a polarized tritium target, an angular dependence of the neutrino capture
cross section introduces the possibility of mapping the all sky density of cosmic neutrinos [11,
12]. The lightest neutrinos (top-left, 10�5eV, top-right, 10�3eV, bottom-left, 10�2, bottom-
right, 10�1eV) will probe late-time inflationary density fluctuations and the heaviest neutrinos
will measure the gravitational instability during long-scale structure formation following the
transition from relativistic to non-relativistic kinetic energies.

is the number density without clustering, per neutrino and degree of freedom. It is obtained
from a Fermi-Dirac distribution with a temperature T⌫,0 = 0.168 meV, which corresponds to
the temperature of a relativistic gas of fermions with the same distribution as that of the CNB
today.

Because of the finite energy resolution, the main background to this process comes from the
most energetic electrons of the �-decay of tritium, since they can be measured with energies
larger than the �-decay endpoint. To estimate the rate of such background, we need to account
for the �-decay spectrum [18]. Now we consider the experimental energy resolution �, and
introduce a smearing in the electron spectrum by convolving both, the CNB and the �-decay
spectra, with a Gaussian of full width at half maximum (FWHM) equal to the energy resolution
�. This relates with the standard deviation as

� = �/
p
8 ln 2. (5)

Figs. 7 and 8 show the expected event rates at energies close to the �-decay endpoint. Di↵erent
neutrino masses and energy resolutions are assumed. From these figures we notice that those
neutrinos whose masses are larger than the energy resolution can be more easily resolved from
the �-decay background. Otherwise, their peaks are confused with the endpoint of the more
prominent �-decay spectrum. In the inverted ordering scenario of neutrino masses (see Fig. 8)
we further appreciate the kink in the �-decay spectra produced in the transition when the neu-
trino capture through the two heavier states is kinematically allowed. These figures emphasize
the primary goals of the PTOLEMY prototype, energy resolution and low backgrounds.

The PTOLEMY prototype, operating at LNGS, will leverage the factor of one million in cos-
mogenic background reduction to probe with high sensitivity, the spectrum of backgrounds that
appear in the energy range relevant to the CNB detection. The goal of operating underground
is to demonstrate that the high radio-pure graphene target, cryogenic calorimeter and precision
high-voltage system and electromagnetic filters can achieve the low background requirements
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and phase space distributions, so that lots of computing time can
be saved.

Thermal relic neutrinos. In this work we consider a benchmark
N-one-body simulation with m!= 0.15 eV and thermal
Fermi–Dirac phase space distribution. See the Methods section
for the details about this benchmark simulation. The reweighting
technique then enables us to obtain neutrino densitiy pro!les
n!(r) for other neutrino masses and phase space distributions.
Consider the thermal phase space distribution !rst. In Fig. 1a, we
show the neutrino density contrast "!, de!ned as "! ! n!=n! " 1
with n! being the average neutrino number density ("! corre-
sponds to fc! 1 in ref. 8), as a function of the distance r to the
galactic center of MW. The results of four different neutrino
masses are shown, and the neutrino halos can extend up to a few
mega parsecs. At the location of the Earth (r!= 8 kpc) the
neutrino density is enhanced by about 10% (115%) for the case of
m!= 0.05 (0.15) eV, due to the gravitational clustering effects.

For a !xed distance r, the relationship between the neutrino
density contrast "! and m! is displayed in Fig. 1b. We observe that
for the three different distances of r, all the scatter points obtained
from the N-one-body simulation can be well !tted by a power-
law function of "! / m#

! . The obtained exponents # are around
two for all cases, indicating that the linear approximation5,6 is
appropriate in light of current cosmological constraints that favor
small neutrino masses10. Recall that in the Vlasov equation9 for
the phase space distribution function there exists a term involving
both the gravitational potential $ and the distribution function f.
In the linear approximation, one approximates the distribution
function f in that term with the corresponding distribution
function f0 without the presence of gravitational potential, so that
the modi!ed Vlasov equation becomes linear in both $ and f. The
underlying requirement for making the linear approximation is
that the perturbed distribution function f should be close to the
unperturbed one f0, or the neutrino density contrast does not
exceed greatly over order unity. For the neutrino masses
considered in this work, according to Fig. 1 we !nd that the
gravitational clustering effects are moderate so that the linear
approximation works well here. However, if larger neutrino
masses or heavier halo masses were considered, because of more
enhanced gravitational clustering effects, the linear approxima-
tion would no longer be applicable, and the resulting power-law
indices could have large deviations from two5.

At the location of the Earth, the !tted power-law function for
thermal relic neutrinos is given by

"FD! r#
! "

$ 76:5
m!

eV

# $2:21
;m! 2 0:04; 0:15% & eV: '5(

A similar power-law function11 was obtained for higher neutrino
masses m! " [0.15, 0.6] eV, by !tting previous N-one-body
simulation results5. In the recent literature two benchmark values
of m!= 0.06 eV and 0.15 eV are also studied8. Since the adopted
DM and baryonic matter pro!les in this work are the same as
those in ref. 8, we can directly compare our results with those in
ref. 8. After taking into account the uncertainties from discrete
sampling, we !nd that both results agree with each other,
validating the reweighting technique. With the above !tted
relation we can obtain neutrino number densities for all neutrinos
within the mass range of [0.04, 0.15] eV. For m! < 0.04 eV, the
clustering effects due to the gravitational potential of baryonic
matter and DM in the MW are insigni!cant, namely, the neutrino
density contrast is less than about 0.05 at the location of the
Earth. As a result, other astrophysical uncertainties, such as the
contribution from the Virgo cluster8,12, may play more important
role in predicting the local neutrino number densities. Further-
more, when m! < 0.04 eV, the required energy resolution % (full
width at half maximum of the Gaussian distribution) is estimated
to be %# 0.7m! < 0.03 eV13, which is beyond the reach of the
current proposal of the PTOLEMY experiment2. For these
reasons, we choose not to consider the neutrino masses below
0.04 eV here.

New physics scenarios with non-thermal relic neutrinos. It is
also interesting to consider new physics (NP) scenarios, in which
some chiral states of neutrinos in the early Universe are non-
thermal and possess a phase space distribution that is signi!cantly
deviated from the thermal Fermi–Dirac distribution. For illus-
tration, we consider a fully degenerate phase space distribution14,

f deg'y( $ 1; y<y0; '6(

where y0= 1.76 ensures the same average neutrino density as the
thermal case. With the reweighting technique, we can also obtain
the neutrino density pro!les for this non-thermal case from the
benchmark simulation. From Fig. 2, we observe that the neutrino
contrast "! is about twice of that in the thermal case when
m!$ 0.1 eV. This is due to the fact that in the fully degenerate
case more relic neutrinos reside in the low momentum states. For
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Fig. 1 Clustering of thermal relic neutrinos in the MW. a The neutrino contrast "! $ n!=n! " 1 as a function of the distance r to the galactic center of MW.
The location of the Earth r!= 8 kpc is indicated by a gray vertical line. b The neutrino contrast !" as a function of the neutrino mass m" for three different
distances of r to the galactic center of MW. Both the horizontal and vertical axes are in logarithmic scale. Scatter points are the N-one-body simulation
results. Each set of scatter points is well !tted by a power-law function "! / m#
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spherically symmetric. However, since each relic neutrino still
follows a one-body motion under the total gravitational potential,
the N-one-body simulation and the reweighting technique are
still applicable, except that the normalized evolution equations in
Eq. (2) and the associated weight for each test particle in Eq. (3)
would be in more general forms without the spherical symmetry.
Moreover, the currently used matter density pro!le of the MW
still has some uncertainties8, and thus the reweighting technique
would also become useful, were we plan to update the N-one-
body simulation with more accurate matter density pro!le in the
future. In short, the reweighting technique simpli!es the task of
using the N-one-body simulation method to evaluate the grav-
itational clustering effects on relic neutrinos, and is useful for
studying the phenomenology associated with the future detection
of the cosmic neutrino background.

Methods
DM and baryonic matter density pro!les in the MW. The DM density pro!le is
taken to be a generalized NFW form8,

!DM!r; z" # N !z" r
rs!z"

! "$"

1% r
rs!z"

! "$3%"

: !7"

The parameter " is kept to be redshift-independent, while rs(z) and N !z" are
evolved with redshift z. Here we adopt the best-!t values of !"; rs!0";N !0""=
(0.53, 20.29 kpc, 0.73) from a #2-!t8 to data19. The evolutions of rs(z) and N !z" are
dictated by the evolutions of the viral quantities $vir(z) and cvir(Mvir, z), which are
de!ned as

$vir!z" &
Mvir

4%
3 a

3r3vir!z"!crit!z"
; !8"

cvir Mvir; z! " & rvir!z"
rs!z"

: !9"

Here Mvir and rvir(z) are the virial mass and radius, respectively, and they are
related by the following equation

Mvir # 4%a3
Z rvir!z"

0
!DM!r!; z"r!2dr!: !10"

Note that Mvir is redshift-independent. The evolution of the critical density !crit(z)
is

!crit!z" #
3H2

0

8%G
&m;0!1% z"3 % 1$ &m;0

# $h i
; !11"

where G is the gravitational constant, and H0 and &m,0 are the present values of the
Hubble parameter and the matter density fraction, respectively. Here we adopt the
best-!t values from the Planck data (H0, &m,0)= (67.27 km s!1 Mpc!1, 0.3156)10.

Given the three equations Eqs. (8), (9) and (10) and the quantities Mvir, $vir(z)
and cvir(Mvir, z), we can obtain the redshift evolution for rs; rvir;N! ". The evolution
of $vir(z) is taken to be20

$vir!z" # 18%2 % 82'!z" $ 39'!z"2; !12"

where '(z)=&m(z)! 1 with &m(z) being the matter density fraction at redshift z.
With $vir(0) and Eqs. (8), (10) and (11), we obtainMvir= 3.76 ! 1012M!, beingM!
the solar mass. Subsequently, the evolution of rvir(z) is also found from Eqs. (8) and
(11). The evolution of rs(z) is related to that of rvir(z) via the concentration
parameter cvir(Mvir, z). The evolution of cvir(Mvir, z) is assumed to be cvir(Mvir, z)=
(cavgvir Mvir; z! "8, where cavgvir Mvir; z! " is taken from N-body simulations20,

log10 c
avg
vir Mvir; z! " # A!z" % B!z"log10

Mvir

1:49 ´ 1012M'

! "
; !13"

with the functions of A(z) and B(z) given by20

A!z" # 0:537% 0:488exp $0:718z1:08
% &

;

B!z" # $0:097% 0:024z: !14"

The value of (= 2.09 is then obtained from cavgvir Mvir; 0! " and cvir(Mvir, 0)= rvir(0)/
rs(0). Finally, with the obtained rs(z), the evolution of N !z" can be found from
Eq. (10).

For the baryonic matter density pro!le, in reality it has a bulge shape for the
central region of radius ~5 kpc19 and extends to be a disc in the outer region.
However, since the baryonic matter density is much smaller than the DM density
in the disc region, we choose to ignore the disc part, and assume the overall pro!le
of the baryonic matter density to be spherically symmetric. The actual baryonic
matter density pro!le as a function of the radius at the present time is adopted
from Fig. 2 in ref. 8. The redshift dependence of baryonic matter pro!le is modeled
with a normalization factor N b!z"8, and the evolution of N b!z" is found by
averaging over the evolution of the total stellar mass as obtained in eight MW-sized
simulated halos21.

Benchmark N-one-body simulation. In the benchmark N-one-body simulation,
we set m)= 0.15 eV and consider relic neutrinos with a Fermi–Dirac phase space
distribution. The normalized evolution equations in Eq. (2) are used, and the scale
factor is evolved as

da
dt

# H0

'''''''''''''''''''''''''''''''''''''''''''''''''
a$1&m;0 % a2 1$ &m;0

# $r
: !15"

We utilize an iteration procedure to discretize the initial phase space into !ner
parts5,8, so that a smooth neutrino density pro!le can be achieved up to ~ 5 kpc.
Because of spherical symmetry, the set of variables to be discretized is (r, y, *). In
general, we have r" [0, !), y" [0, !) and *" [0, %). However, for obtaining the
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Fig. 3 Capture rate ! in the PTOLEMY experiment. a Standard Case refers to the scenario predicted by the standard model of cosmology, i.e., only the left
(right)-handed chiral states of (anti-)neutrinos were thermally produced in the early Universe. NH (IH) stands for the normal (inverted) mass hierarchy of
neutrinos. b NP Case I and II are two new physics scenarios, and in both of them the thermal history of the left(right)-handed chiral states of (anti-)
neutrinos is the same as Standard Case. In NP Case I the right(left)-handed chiral states of (anti-)neutrinos were also thermally produced in the early
Universe, while in NP Case II the right(left)-handed chiral states of (anti-)neutrinos are non-thermal and possess the fully-degenerate phase space
distribution. The number density of the right-handed chiral states of neutrinos is taken to be 28% (52%) of that of the left-handed chiral states of neutrinos
in NP Case I (II), when neutrinos began free-streaming
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Radiative decay

5

FIG. 1: E↵ect of neutrino decay and photon absorption on the CMB spectrum. Both panels consider NH and
� = 10�18 s�1 with decay/absorption between the lowest two mass eigenstates, where the lowest mass is taken to be 0.03 eV
(left) and 0.1 eV (right). The black lines correspond to the unperturbed CMB spectrum, the red lines include the e↵ect of
photons from decaying neutrinos, while the blue lines include both decay and absorption. Here, the intensities as a function
of frequency ⌫ are calculated using the approximate formulae given in Sec. II A. In the lower panel, the CMB spectrum is not
included, and only the bare intensities from decay (yellow) and absorption (green) are shown.

FIG. 2: Comparison between the exact and approximate neutrino decay and absorption intensities. The exact
results are shown in green and the approximate results in red, as functions of frequency ⌫. Both left and right-hand panels use
a mass of 0.01 eV for the lightest neutrino, but they consider di↵erent modes: m2 $ m1 (left) and m3 $ m1 (right). The
lower panels show the ratio of the approximate and exact intensities for both absorption and decay.

cluded the e↵ects of temperature deviations, Galactic
contamination, chemical potential µ, and y-distortion.
Since we also include the decay and absorption, we con-
sider an intensity I of the form

I = I0 + �T
@I⌫

@T
+ µ

@I⌫

@µ
+ G0Igal + yIy

+ �ij

�
I
dec
ij + I

abs
ij

�
, (24)

where the derivatives are to be evaluated at T = T0 =
2.725 K and µ = 0, and �T ⌘ T � T0. The index ij

denotes the decay/absorption mode between the di↵er-
ent mass eigenstates of the neutrino: ij 2 {12, 13, 23}.
Furthermore G0 is the amplitude of the Galactic con-
tamination, y is the Kompaneets y parameter, and �ij

is the decay rate for mode ij. I0 is a regular black-body
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FIG. 4: 95% C.L. lower limits on radiative decay lifetime of neutrinos as a function of the lightest neutrino
mass. Values of the neutrino lifetime below the solid curves are excluded by our analysis at the 95% C.L. Left panel: Results
for NH, where m1 is the lowest mass. Right panel: Results for IH where m3 is the lowest mass.

FIG. 5: 95% C.L. upper limits on the magnetic moment of neutrinos, as a function of the lightest neutrino
mass. Values of the e↵ective transition magnetic moment ij [defined in Eq. (34)] above the solid lines are excluded by our
analysis. Results shown are for NH (left panel) and IH (right panel).

of this discrepancy.2

Lastly, when comparing our approximate bounds in
Fig. 6 with the full analysis from Fig. 4, we notice that
the full bounds are typically weaker by a factor of ⇠30.
This implies that we cannot ignore the correlation among

2
Reference [28] defines a reduced chi-squared test statistic, but

do not specify how they calculate upper limits from this, so it is

di�cult to reproduce their bounds exactly.

di↵erent parameters (which are included in the full anal-
ysis). To see the e↵ect more quantitatively, we introduce
the correlation coe�cients:

⇢(✓a, ✓b) ⌘
Cov(✓a, ✓b)

�a�b
, (36)

and show them between �ij and the other parameters in
Fig. 7 for the modes 12 and 13 and for both the NH and
IH (those for the mode 23 is almost identical to those
for 13). In fact, we find very strong anti-correlation be-
tween �13 (or �23) and the Galactic component G0 as

https://arxiv.org/abs/1808.01892


TeV-PeV

Conclusions
• IceCube detected TeV-PeV neutrinos (including a Glashow resonance 

candidate), but no source has been identified


• Interesting coincident with blazar flares and tidal disruption event


• KM3NeT (ANTARES) is complementary in terms of sky coverage and 
better angular resolution

• Unique neutrino physics with DARWIN: pp solar neutrinos at 0.1-0.2 
MeV and hundreds of neutrino events from Galactic supernova

• PTOLEMY aims at detecting the cosmic neutrino background, relic of 1 second 
after the Big Bang 

• Lots of space for exploration even for theorists!

MeV

meV


