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Cosmic-Ray Origin – A Century Old Puzzle
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“What is the origin?”

1 EeV=1018 eV

- How is the spectrum formed? 
(ex. Galactic-extragalactic transition)

- How are CRs accelerated? 
(ex. Fermi mechanism: sCR~2)

- How do CRs propagate? 
(diffusion, rectilinear, or?)
…
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cosmic rays = protons, nuclei, electrons…



High-Energy Multi-Messenger Astro-Particle Origin?

gamma neutrino UHECR

unresolved

particle energy

al
l-s

ky
 fl

ux

3x10-8 GeV cm-2 s-1 sr-1



Unification or Conspiracy?

Energy generation rate densities of 3 messengers are all comparable

(KM & Fukugita 19)
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spp~30 mb

resonance

weak energy dependence

sppspg

High-Energy Neutrino Production
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high star-formation 
→ many supernovae

gigantic reservoirs w. 
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Fate of High-Energy Gamma Rays
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CASCADE GAMMA-RAY SIGNALS PRODUCED IN COSMIC VOIDS AS A CLUE OF ULTRA-HIGH-ENERGY
COSMIC RAYS FROM ACTIVE GALACTIC NUCLEI EMBEDDED IN THE STRUCTURED UNIVERSE

KOHTA MURASE
1

AND HAJIME TAKAMI
2

ABSTRACT

Active galactic nuclei Cocoon shocks might work as a accelerator if the Mach number is high enough. Even
if the This model leads to the strong emission, Possibly, neutrinos might be detecable as the diffuse neutrino
background.

Subject headings: gamma rays: bursts — gamma rays: theory — plasmas

1. INTRODUCTION

The origin of ultrahigh energy cosmic rays (UHECRs) is
still one of the open problems. Active galactic nuclei (AGNs)
are one of the most widely discussed UHECR sources. There
are radio loud AGNs that are supposed to have strong jets and
radio quiet AGNs that are not supposed. The former class can
be divided into two classes: FR I galaxies and FR II galax-

ies. FR I galaxies typically have L j ! 1045 erg s−1 while FR

II galaxies have L j " 1045 erg s−1. The local source density

is ns ∼ 10−4 Mpc−3 and ns ∼ 10−7.5 Mpc−3, respectively. See
Kawakatsu et al. 2009 and Collin 2008. When these AGNs
are observed by on-axis observers, they are seen as blazars.
Especially, FR II galaxies are supposed to be observed as FS-

RQs that typically have L j " 1047 erg s−1. See Ghisellini et al.
2009.

Radio quiet AGNs include Seyfert galaxies and their source

density is higher, ns ∼ 10−3 Mpc−3. They may also have weak
jets. See e.g., Hodge et al. 2008.

There are

2. THE COCOON SHOCK SCENARIO

The Hillas condition implies the necessary condition for
UHECRs to be accelerated. The source may move towards
us with the relativistic speed of cβ. When the bulk Lorentz
factor of the source is Γ, the distance of the emission re-
gion is written as r ≈ 2Γ2cδt and l ≈ r/2Γ is the comoving
source size. When the source moves nonrelativistically, r it-
self should be interpreted as the source size. The Hillas con-
dition rL < ZeBlβ becomes

LB > 6.7× 1045 erg s−1 Z−2E2
20Γ

2β−1 (1)

The acceleration time scale tacc ≡ ηE/ZeBc should also be
smaller than the dynamical time scale tdyn ≈ l/βc or the dif-

fusion time scale tdiff ≈ l2/3κ. In the former case, tacc < tdyn

leads to

LB > 6.7× 1045 erg s−1 η2Z−2E2
20Γ

2β3 (2)

η depends on acceleration mechanisms. In the latter case, we
have

LB > 6.7× 1045 erg s−1 η2Z−2E2
20Γ

2β

(

κ
1
3
lc

)2

(3)

Therefore, it would be possible for FR I and FR II galaxies to
generate UHE protons while radio quiet galaxies only produce
UHE nuclei rather UHE protons.

1 YITP, Kyoto University, Kyoto, 606-8502, Japan
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3. METHOD

Taking into account the pair creation, inverse Compton,
synchrotron radiation and adiabatic loss, we numerically cal-
culate the cascade emission by solving the Boltzmann equa-
tions that are often referred as kinetic equations ???,
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Here c̃ = (1−µ)c, Psyn is the synchrotron energy loss rate, Pad is
the adiabatic energy loss rate, Nγ and Ne are photon and elec-

tron/positron number densities per energy decade, and Q
inj
γ

and Q
inj
e are photon and electron/positron injection rate.

4. RESULTS

We have performed numerical calculations using the same
code.

4.1. The photon flux

We have to consider the two points as for those loss pro-
cesses. First, the acceleration time should be smaller than all
the loss time scales due to synchrotron cooling and photo-
hadronic cooling and so on. In addition, accelerated particles
should escape from the source before they lose their energy
due to those loss processes.

For discussions below, we need the target photon field.
Here we assume the broken power-law spectrum which can
be expected for various nonthermal phenomena of GRBs and
AGNs. For given observed break energy of εb

ob = Γεb and lu-
minosity of Lγ , we use

dn

dε
∝

Lγ

4πr2Γ(βc)
(ε/εb)

β−1
(5)

# Moreover, accelerated electrons make g rays by synchrotron & Compton processes

>TeV-PeV g rays are cascaded to GeV-TeV g rays

comparable
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“cosmic rays are easily deflected”

γ +γCMB/EBL → e+ + e−

“photons easily interact”

Multi-Messenger ”Complementarity”



All-Sky Neutrino Flux & Spectrum
all-sky n flux at En ~200 TeV
En

2Fn ~ 3x10-8 GeV cm-2 s-1 sr-1

IceCube Collaboration 20 PRL
IceCube Collaboration 21 Nature
IceCube Collaboration 22 

from KM & Yoshida 22
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fishing!!

Where do neutrinos mainly come from?
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What Can We Learn from Neutrinos?
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energy generation rate density

Rare source classes (e.g., blazars) are likely to be “subdominant”
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all-sky flux = line of sight integral
over the Hubble size



IceCube Source Searches

“Catches” (~3s) exist but none have reached the discovery level 

IceCube Collaboration 20 PRL
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Multi-Messenger Approaches?

gamma neutrino UHECR

unresolved

particle energy
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Fig. 3.— Top Panel: Integrated emission of blazars (with and without EBL absorption),
compared to the intensity of the EGB (datapoints from AC14). Lower Panel: as above,

but including also the emission from star-forming galaxies (gray band, Ackermann et al.
2012) and radio galaxies (black striped band, Inoue 2011) as well as the sum of all non-

exotic components (yellow band). An example of DM-induced γ-ray signal ruled out by
our analysis is shown by the solid pink line, and summed with the non-exotic components
(long-dashed pink line). The inset shows the residual emission, computed as the ratio of the

summed contribution to the EGB spectrum, as a function of energy as well as the uncertainty
due to the foreground emission models (see AC14).

Ajello+ 15 ApJL

~100 % come from blazars
at sub-TeV energies?

FIG. 1: In the left (right) panel the adaptively smoothed count map of one simulation (real sky) in the energy range 50 GeV-2
TeV is represented in Galactic coordinates and Hammer-Aito↵ projection. The two maps contain about 60000 �-ray events.

The results from analyzing the sources in the simu-
lated data can be used to measure the detection e�-
ciency !(S), which is a weighting factor that takes into
account the probability to detect a source as a function
of flux. The detection e�ciency is simply derived from
the simulations measuring the ratio between the number
of detected sources and the number of simulated ones
as a function of measured source flux. The result re-
ported in Fig. 3 shows that the LAT detects any source
in the |b| > 10� sky for fluxes larger than ⇡ 2⇥ 10�11 ph
cm�2 s�1, but misses 80–90% of the sources with fluxes
of ⇡ 1 ⇥ 10�11 ph cm�2 s�1 and many more below this
flux. The peak (!(S) >1) clearly visible at a flux of
⇡ 2⇥ 10�11 ph cm�2 s�1 is due to the Eddington bias.

A reliable estimate of the detection e�ciency is funda-
mental in order to correct the observed flux distribution
of the 2FHL catalog and in turn to derive the intrinsic
source count distribution, which is obtained as:

dN

dS
(Si) =

1

⌦�Si

Ni

!(Si)
[cm2 s deg�2], (1)

where ⌦ is the solid angle of the |b| > 10� sky, �Si is
the width of the flux bin, Ni is the number of sources in
each flux bin and Si is the flux at the center of a given
bin i. We verified through simulations that this method
allows us to retrieve the correct source count distribution
as long as the distribution used in the simulations is a
faithful representation of the real one.

This is found to be consistent, down to the sensitivity
of the 2FHL catalog (⇡ 8⇥ 10�12 ph cm�2 s�1), with a
power-law function with slope ↵1 = 2.49±0.12 (see right
panel of Fig. 3). This best-fit value is consistent with
the Euclidean expectation and motivated us to choose
↵1 = 2.5 in the simulations.

Fig. 4 shows the cumulative source count distribution
that is defined as:

N(> S) =

Z Smax

S

dN

dS0 dS
0 [deg�2], (2)

where Smax is fixed to be 10�8 ph cm�2 s�1.

In order to infer the shape of the dN/dS below the flux
threshold for detecting point sources we have performed
a photon fluctuation analysis. This helps us to probe the
source count distribution to the level where sources con-
tribute on average 0.5 photons each. The analysis is per-
formed by comparing the histogram of the pixel counts
of the real sky with the ones obtained via Monte Carlo
simulations and allows us to constrain the slope of the
di↵erential flux distribution below the threshold of the
survey [15, 16]. We consider a di↵erential flux distribu-
tion described as a broken power law where the slope
above the break is ↵1 = 2.5 as determined in this work
while below the break the slope varies in di↵erent sim-
ulations between ↵2 2 [1.3, 2.7]. For each value of the
slope we derive the model pixel count distribution av-
eraging over the pixel count distributions obtained from
20 simulations. The simulated and real maps have been
pixelized using the HEALPix tool 2 [17]. We have used a
resolution of order 9, which translates into 3145728 pixels
and an pixel size of about 0.11�. Consistent results are
obtained when using a resolution of order 8. We consider
a single energy bin from 50 GeV to 2 TeV.

The model (averaged) pixel count distributions are
compared to the real data using a �2 analysis to deter-
mine the most likely scenario. As expected, there is a
degeneracy between the best-fit value of the slope ↵2 and
the choice of the break flux, Sb. The result of the analy-
sis is that the break flux is limited to the range between
Sb 2 [8⇥10�12, 1.5⇥10�11] ph cm�2 s�1 while the index
below the break is in the range ↵2 2 [1.60, 1.75]. The
best configuration, which we refer to as our benchmark
model, has a break flux at 1 ⇥ 10�11 ph cm�2 s�1 and
a slope ↵2 = 1.65 with a �2 = 12.4 (for 12 degrees of
freedom). This implies that the source count distribu-
tion must display a hard break |↵1 � ↵2| ⇡ 0.9 from the
Euclidean behavior measured at bright fluxes. We show
in Fig. 5, for the best-fit configuration, the comparison

2 See http://healpix.sourceforge.net

Fermi Collaboration 16 PRL

Extragalactic Gamma-Ray Sky: Dominated by Jetted AGN
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compared to the intensity of the EGB (datapoints from AC14). Lower Panel: as above,

but including also the emission from star-forming galaxies (gray band, Ackermann et al.
2012) and radio galaxies (black striped band, Inoue 2011) as well as the sum of all non-

exotic components (yellow band). An example of DM-induced γ-ray signal ruled out by
our analysis is shown by the solid pink line, and summed with the non-exotic components
(long-dashed pink line). The inset shows the residual emission, computed as the ratio of the

summed contribution to the EGB spectrum, as a function of energy as well as the uncertainty
due to the foreground emission models (see AC14).
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FIG. 1: In the left (right) panel the adaptively smoothed count map of one simulation (real sky) in the energy range 50 GeV-2
TeV is represented in Galactic coordinates and Hammer-Aito↵ projection. The two maps contain about 60000 �-ray events.

The results from analyzing the sources in the simu-
lated data can be used to measure the detection e�-
ciency !(S), which is a weighting factor that takes into
account the probability to detect a source as a function
of flux. The detection e�ciency is simply derived from
the simulations measuring the ratio between the number
of detected sources and the number of simulated ones
as a function of measured source flux. The result re-
ported in Fig. 3 shows that the LAT detects any source
in the |b| > 10� sky for fluxes larger than ⇡ 2⇥ 10�11 ph
cm�2 s�1, but misses 80–90% of the sources with fluxes
of ⇡ 1 ⇥ 10�11 ph cm�2 s�1 and many more below this
flux. The peak (!(S) >1) clearly visible at a flux of
⇡ 2⇥ 10�11 ph cm�2 s�1 is due to the Eddington bias.

A reliable estimate of the detection e�ciency is funda-
mental in order to correct the observed flux distribution
of the 2FHL catalog and in turn to derive the intrinsic
source count distribution, which is obtained as:

dN

dS
(Si) =

1

⌦�Si

Ni

!(Si)
[cm2 s deg�2], (1)

where ⌦ is the solid angle of the |b| > 10� sky, �Si is
the width of the flux bin, Ni is the number of sources in
each flux bin and Si is the flux at the center of a given
bin i. We verified through simulations that this method
allows us to retrieve the correct source count distribution
as long as the distribution used in the simulations is a
faithful representation of the real one.

This is found to be consistent, down to the sensitivity
of the 2FHL catalog (⇡ 8⇥ 10�12 ph cm�2 s�1), with a
power-law function with slope ↵1 = 2.49±0.12 (see right
panel of Fig. 3). This best-fit value is consistent with
the Euclidean expectation and motivated us to choose
↵1 = 2.5 in the simulations.

Fig. 4 shows the cumulative source count distribution
that is defined as:

N(> S) =

Z Smax

S

dN

dS0 dS
0 [deg�2], (2)

where Smax is fixed to be 10�8 ph cm�2 s�1.

In order to infer the shape of the dN/dS below the flux
threshold for detecting point sources we have performed
a photon fluctuation analysis. This helps us to probe the
source count distribution to the level where sources con-
tribute on average 0.5 photons each. The analysis is per-
formed by comparing the histogram of the pixel counts
of the real sky with the ones obtained via Monte Carlo
simulations and allows us to constrain the slope of the
di↵erential flux distribution below the threshold of the
survey [15, 16]. We consider a di↵erential flux distribu-
tion described as a broken power law where the slope
above the break is ↵1 = 2.5 as determined in this work
while below the break the slope varies in di↵erent sim-
ulations between ↵2 2 [1.3, 2.7]. For each value of the
slope we derive the model pixel count distribution av-
eraging over the pixel count distributions obtained from
20 simulations. The simulated and real maps have been
pixelized using the HEALPix tool 2 [17]. We have used a
resolution of order 9, which translates into 3145728 pixels
and an pixel size of about 0.11�. Consistent results are
obtained when using a resolution of order 8. We consider
a single energy bin from 50 GeV to 2 TeV.

The model (averaged) pixel count distributions are
compared to the real data using a �2 analysis to deter-
mine the most likely scenario. As expected, there is a
degeneracy between the best-fit value of the slope ↵2 and
the choice of the break flux, Sb. The result of the analy-
sis is that the break flux is limited to the range between
Sb 2 [8⇥10�12, 1.5⇥10�11] ph cm�2 s�1 while the index
below the break is in the range ↵2 2 [1.60, 1.75]. The
best configuration, which we refer to as our benchmark
model, has a break flux at 1 ⇥ 10�11 ph cm�2 s�1 and
a slope ↵2 = 1.65 with a �2 = 12.4 (for 12 degrees of
freedom). This implies that the source count distribu-
tion must display a hard break |↵1 � ↵2| ⇡ 0.9 from the
Euclidean behavior measured at bright fluxes. We show
in Fig. 5, for the best-fit configuration, the comparison

2 See http://healpix.sourceforge.net
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Extragalactic Gamma-Ray Sky: Dominated by Jetted AGN
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Figure 4: Di↵use emission arising from blazars (with or without EBL absorption), in comparison with
the intensity of the total emission from sources (both resolved and unresolved), called here “EGB” (red
data points, from Ref. [9]). Taken from Ref. [25]

.

sample. The sources were considered as either one single population, or split into HSPs
and a second sub-class including ISPs and LSPs. In their best-fit model, HSPs dominates
the dN/dS below S = 5⇥ 10�9cm�2s�1 and their SED extends to much higher energies
than in the ISP+LSP class (the best-fit cut-o↵ energy is 910 GeV for HSPs and 37 GeV
for the class of ISPs and LSPs). That is the reason why the cumulative emission from
HSPs (computed from Eq. (1) above L� � 1038erg s�1) can extend up to very high
energies and it is able to explain the whole DGRB emission reported in Ref. [112] above
few tens of GeV (see Fig. 3). Between 0.1 and 100 GeV, unresolved BL Lacs account
for ⇠ 11% of the Fermi LAT DGRB in Ref. [112], in agreement with Ref. [23].

Ref. [25] repeated the analysis of Ref. [23] on a sample of 403 blazars from 1FGL,
this time considering both FSRQs and BL Lacs as one single population by allowing
the spectral index distribution to depend on L� . A double power-law energy spectrum,
proportional to [(E0/Eb)1.7+(E0/Eb)2.6]�1, is assumed and the energy scale Eb is found
to correlate with the index � obtained when the SED is fitted by a single power law.
The same LF used in Ref. [23] and based on a luminosity-dependent density evolution
is implemented in Ref. [25], together with other evolution schemes. They all provide an
acceptable description of the blazar population, even if the luminosity-dependent density
evolution is the one corresponding to the largest log-likelihood. The predicted cumula-
tive emission of blazars (FSRQs and BL Lacs, resolved and unresolved) can be seen in
the Fig. 4 as a dotted blue band, compared to the total emission from resolved and unre-
solved sources taken from Ref. [9] (labeled “EGB” here, red data points). Blazars (both
resolved and unresolved) accounts for the 50+12

�11
% of the total emission from resolved

and unresolved sources, above 100 MeV. Unresolved blazars, on the other hand, are

14
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blazar!



Can Blazars be the Origin of IceCube Neutrinos? 

g-ray bright blazars are largely resolved -> stacking analyses are powerful

Blazars are subdominant in all parameter space (most likely <~ 30%)
Complementary constraints from neutrino clustering limits (KM & Waxman 16 PRD)

(IceCube 17 ApJ, Hooper+ 19 JCAP, Yuan, KM & Meszaros 20 ApJ)
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Fig. 1.—Expected event rates for muon neutrinos ( ) in IceCube-like¯n ! nm m

detectors from five nearby CGs: Virgo, Centaurus, Perseus, Coma, and Oph-
iuchus. Broken power-law CR spectra with , , andp p 2.0 p p 2.4 ! p1 2 b

eV is assumed, and the isobaric model with is used. Note17.510 X p 0.029CR

that IceCube and KM3NeT mainly cover the northern and southern celestial
hemispheres, respectively. Neutrino oscillation is taken into account. [See the
electronic edition of the Journal for a color version of this figure.]

Fig. 2.—Cumulative neutrino ( ) background from¯ ¯ ¯n ! n ! n ! n ! n ! ne e m m t t

CGs for broken power-law CR spectra with and . The breakp p 2.0 p p 2.41 2

energies are eV (thick lines) and eV (thin lines), re-17.5 16.5! p 10 ! p 10b b

spectively. The CR power is normalized to 2 45 "3˙! (dn/d!) p 2 # 10 erg Mpc
at eV, as required to account for CRs above the second knee."1 18yr ! p 10

For the isobaric model, the corresponding is 0.029 and 0.067. For theXCR

central-AGN model, Kolmogorov-like turbulence is assumed with k pCG

. We take Gyr and . WB represents the30 2 "110 cm s t p Dt p 1 z p 2dyn max

Waxman-Bahcall bounds (Waxman & Bahcall 1998).culations of the neutrino spectra using formulae based on the
SIBYLL code at high energies (Kelner et al. 2006).

The neutrino and gamma-ray fluxes can be estimated via the
effective optical depth for the pp reaction as f ≈pp

, where is the target nucleon density in the ICM,0.8j n ct npp N int N

is the pp cross section, and tint ∼ tdyn or max( , tdiff) is thej r/cpp

pp interaction time. Because at Mpc"4.5 "3n ∼ 10 cm r ∼ 1.5N

(Colafrancesco & Blasi 1998; Pfrommer & Enßlin 2004),
, and in the 100 PeV range (Kelner"25 2k ∼ 0.6 j ∼ 10 cmpp pp

et al. 2006), we obtain

"3f ∼ 2.4 # 10 n (t /1 Gyr). (1)pp N,"4.5 int

Roughly speaking, high-energy neutrinos from charged-pion
decay have typical energy (true only in the average! ∼ 0.03!n

sense, because charged particles have wide energy distributions
and high multiplicities as expected from the KNO scaling law)
(Kelner et al. 2006). Hence, neutrinos "PeV are directly related
to CRs above the second knee.

First we obtain numerically the neutrino spectra and expected
event rates from five nearby CGs, utilizing the b model or
double-b model description in Tables 1 and 2 in Pfrommer &
Enßlin (2004) for the thermal gas profile of each CG (Fig. 1).
Our gamma-ray fluxes for single power-law spectra agree with
the results of Pfrommer & Enßlin (2004). As is apparent in
Figure 1, the detection of neutrino signals from individual CGs
could be challenging even for nearby objects. It may be achiev-
able, however, through a detailed stacking analysis.

More promising would be the cumulative background signal.
A rough estimate of the neutrino background is (e.g., Murase
2007; Waxman & Bahcall 1998)

c 1 dN2 2! F ∼ min (1, f )! n (0)fn n pp CG z4pH 3 d! dt0

"9 "2 "1 "1∼ 1.5 # 10 GeV cm s sr fz

18 "p!2.1f (! p 10 eV) !pp n# , (2)[ ] ( )"32.4 # 10 10 PeV

where CGs are assumed to be the main sources of CRs from
the second knee to the ankle. Here, is the local densityn (0)CG

of massive CGs and is a correction factor for the sourcefz

evolution (Murase 2007; Waxman & Bahcall 1998). For de-
tailed numerical calculations of the background, we treat more
distant CGs following Colafrancesco & Blasi (1998) adopting
the mass function of Jenkins et al. (2001). The results for the
broken power-law case are shown in Figure 2. With ! pb

eV, the expected event rates above 0.1 PeV in IceCube17.510
(Ahrens et al. 2004) are ∼2 yr"1 for model A, ∼1 yr"1 for model
B, ∼5 yr"1 for the isobaric model, and ∼3 yr"1 for the central
AGN model.

Hence, upcoming telescopes may be able to find multi-PeV
neutrino signals from CGs, providing a crucial test of our sce-
nario. From equation (2), we can also estimate the correspond-
ing gamma-ray background from decay, which is0 2p ! F ∼g g

for the broken power-law"9 "8 "2 "1 "1(10 to 10 ) GeV cm s sr
case. This is only (0.1–1)% of the EGRET limit, consistent
with the nondetection so far for individual CGs. Note that the
expected gamma-ray background flux would increase if can!b

be decreased, requiring larger CR power from CGs.

4. IMPLICATIONS AND DISCUSSION

To test the CG origin of second knee CRs, high-energy neu-
trinos should offer one of the most crucial multimessenger
signals. Unlike at the highest energies, CRs themselves in the

eV range offer no chance of source identification as they1810
should be severely deflected by Galactic and extragalactic mag-
netic fields. Moreover, due to magnetic horizon effects, extra-
galactic CRs #1017 eV may not reach us at all (Lemoine 2005;
Kotera & Lemoine 2007) so even the broken power-law spectral
form will not be directly observable. Gamma-rays are unaf-
fected by intervening magnetic fields, but those at "PeV en-
ergies relevant for the second knee are significantly attenuated
by pair-creation processes with the CMB and cosmic IR back-
grounds (e.g., Kachelrieß 2008). In contrast, neutrinos in the
PeV–EeV energy range should be unscathed during propaga-
tion (Bhattacharjee & Sigl 2000 and references there in). Con-

KM, Inoue & Nagataki 08 ApJ

3

olate the local 1.4 GHz energy production rate per unit
volume (of which a dominant fraction is produced in qui-
escent spiral galaxies) to the redshifts where most of the
stars had formed through the starburst mode, based on
the observed redshift evolution of the cosmic star forma-
tion rate [24], and calculate the resulting neutrino back-
ground. The cumulative GeV neutrino background from
starburst galaxies is then

E2
νΦν(Eν = 1GeV) ≈

c

4π
ζtH [4ν(dLν/dV )]ν=1.4GHz

= 10−7ζ0.5 GeV cm−2 s−1 sr−1. (2)

Here, tH is the age of the Universe, and the factor
ζ = 100.5ζ0.5 incorporates a correction due to redshift
evolution of the star formation rate relative to its present-
day value. The value of ζ0.5 ∼ 1 applies to activity that
traces the cosmic star formation history [6]. Note that
flavor oscillations would convert the pion decay flavor ra-
tio, νe : νµ : ντ = 1 : 2 : 0 to 1 : 1 : 1 [11], so that
Φνe

= Φνµ
= Φντ

= Φν/2.
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FIG. 1: The shaded region brackets the range of plausible
choices for the spectrum of the neutrino background. Its up-
per boundary is obtained for a power-law index p = 2 of
the injected cosmic-rays, and its lower boundary corresponds
to p = 2.25 for Eν < 1014.5 eV. The solid green line corre-
sponds to the likely value p = 2.15 (see text). Other lines: the
WB upper bound on the high energy muon neutrino intensity
from optically-thin sources; the neutrino intensity expected
from interaction with CMB photons (GZK); the atmospheric
neutrino background; experimental upper bounds of optical
Cerenkov experiments (BAIKAL [29] and AMANDA [30]);
and the expected sensitivity of 0.1 km2 and 1 km2 optical
Cerenkov detectors [1].

Equation (2) provides an estimate of the GeV neu-
trino background. The extrapolation of this background
to higher neutrino energies depends on the energy spec-
trum of the high energy protons. If the proton energy dis-
tribution follows a power-law, dN/dE ∝ E−p, then the

neutrino spectrum would be, E2
νΦνµ

∝ E2−p
ν . The energy

distribution of cosmic-ray protons measured on Earth fol-
lows a power-law dN/dE ∝ E−2.75 up to the ”knee” in
the cosmic-ray spectrum at a few times 1015 eV [23, 25].
(The proton spectrum becomes steeper, i.e. softer, at
higher energies [2].) Given the energy dependence of the
confinement time, ∝ E−s [22], this implies a produc-
tion spectrum dN/dE ∝ E−p with p = 2.75 − s ≈ 2.15.
This power-law index is close to, but somewhat higher
than, the theoretical value p = 2, which implies equal
energy per logarithmic particle energy bin, obtained for
Fermi acceleration in strong shocks under the test par-
ticle approximation [26]. We note that the cosmic-ray
spectrum observed on Earth may not be representative
of the cosmic-ray distribution in the Galaxy in general.
The inferred excess relative to model predictions of the
> 1 GeV photon flux from the inner Galaxy, implies that
the cosmic-rays are generated with a spectral index p
smaller than the value p = 2.15 inferred from the local
cosmic-ray distribution, and possibly that the spectral
index of cosmic-rays in the inner Galaxy is smaller than
the local one [27]. The spectrum of electrons accelerated
in SNe is inferred to be a power law with spectral index
p = 2.1 ± 0.1 over a wide range energies, ∼ 1 GeV to
∼ 10 TeV, based on radio, X-ray and TeV observations
(e.g. [28]).

For a steeply falling proton spectrum such as dN/dE ∼
E−2, the production of neutrinos of energy Eν is domi-
nated by protons of energy E ≈ 20Eν [18], so that the
cosmic-ray ”knee” corresponds to Eν ∼ 0.1 PeV. In anal-
ogy with the Galactic injection parameters of cosmic-
rays, we expect the neutrino background to scale as

E2
νΦSB

ν ≈ 10−7(Eν/1GeV)−0.15±0.1GeV cm−2 s−1 sr−1(3)

up to ∼ 0.1 PeV. In fact, the ”knee” in the proton spec-
trum for starburst galaxies may occur at an energy higher
than in the Galaxy. The steepening (softening) of the
proton spectrum at the knee may be either due to a
steeper proton production spectrum at higher energies, or
a faster decline with energy for the proton confinement
time. Since both the acceleration of protons and their
confinement depend on the magnetic field, we expect the
”knee” to shift to a higher energy in starbursts, where the
magnetic field is much stronger than the Galactic value.
The predicted neutrino intensity is shown as a solid line
in Fig. 1. The shaded region illustrating the range of
uncertainty in the predicted neutrino background. This
range is bounded from above by the intensity obtained
for p = 2, corresponding to equal proton energy per log-
arithmic bin, and from below by the intensity obtained
for p = 2.25, corresponding to the lower value of the
confinement time spectral index, s = 0.5.

The extension of the neutrino spectrum to energies
Eν > 1 PeV is highly uncertain. If the steepening of the
proton spectrum at the knee is due to a rapid decrease
in the proton confinement time within the Galaxy rather
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High-Energy Astro-Particle “Grand-Unification”?

Fang & KM 18 Nature Phys.

UHECR

- Jetted AGN as “UHECR” accelerators
- Neutrinos from confined CRs & UHECRs from escaping CRs
- Prediction: smooth transition from source n (at PeV) to cosmogenic n (at EeV)
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Reality Seems More Complicated (& Interesting)

gamma neutrino UHECR

“excess”“resolved”



Reality Seems More Complicated (& Interesting)

gamma neutrino UHECR

“excess”“resolved”
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Fermi diffuse g-ray bkg. is violated (>3s) if n sources are g-ray transparent
→ Requiring hidden (i.e., g-ray opaque) cosmic-ray accelerators
(n data above 100 TeV can still be explained by g-ray transparent sources)

• 10-100 TeV shower data: large fluxes of ~10-7 GeV cm-2 s-1 sr-1
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Ebr to εbr for each dataset). The color-shaded regions show
the excluded εbr values from the EGB data at 90% C.L.
limits derived from the condition Δχ2 < 4.61 (for 2 d.o.f.).
For each color (corresponding to a different IceCube
analysis), the upper and lower curves correspond, respec-
tively, to the highest and lowest IceCube allowed normal-
izations, Φastro defined in Eq. (A2) in the Appendix, at 1σ
(shown in Fig. 2). Clearly, from Fig. 1, the HESE and
through-going νμ-track datasets of IceCube are compatible
with the EGB data, while the measured neutrino flux in the
cascade dataset leads to a diffuse γ-ray flux that is
incompatible with EGB data.
To quantify the tension in Fig. 1, using method A, we

derive constraints in the ðsh;ΦastroÞ plane for fixed values of
Ebr. The color-shaded regions in Fig. 2 show the allowed
regions in each IceCube dataset in the ðsh;ΦastroÞ plane.
The solid curves show the limits, at 2σ C.L., from method
A of analyzing the EGB data for the depicted Ebr values,
where the arrows point toward the allowed regions. We can
see that having astrophysical neutrinos down to ∼10 TeV,
as the six-year cascade dataset indicates [20], leads to a
tension with the EGB data. As in Fig. 1, the HESE and
through-going νμ-track analyses rely on the data above ∼60
and ∼120 TeV, respectively, so they are compatible with
the EGB data. Both the four-year [53] and six-year [20]
cascade datasets are essential for the tension. From Fig. 2,
we can also conclude that extending the astrophysical
neutrino flux to energies ≲20 TeV results in tensions with
the EGB data for all three sets of IceCube data. The present
shower data with Ebr ≈ 10 TeV is in tension with the EGB
data at ≳3σ C.L., whereas for Ebr ≈ 1 TeV, it grows to
≈5σ. The statistical significance of this tension increases in
a more realistic setup.
As an independent analysis, Fig. 3 shows the results

based on method B. The solid (dashed) curves correspond

to the highest (lowest) allowed normalization of astro-
physical neutrinos at 1σ level. The label on each curve
shows the q value in Eq. (5). Consistent with method A,
Fig. 3 shows the tension between the IceCube cascade
dataset and the EGB data for q≳ 80%. Obviously, method
B is less constraining since the analysis is based on just the
integrated flux of EGB above 50 GeVand is independent of
the spectral shape of the cascaded flux, which in fact is
important at ∼100 GeV.
The redshift evolution slightly affects the tension quan-

titatively but not qualitatively and the conclusions remain
the same for redshift evolution of most of the source
classes including galaxy clusters, star-forming galaxies,
and AGNs [15].

V. SUMMARY AND DISCUSSIONS

The neutrino flux observed in IceCube should be
accompanied by the γ-ray flux, which provides a powerful
diagnostic in the search for their possible sources.
Assuming a minimal model for high-energy cosmic neu-
trinos, for the first time, we showed that the new IceCube
data extended down to ∼10 TeV leads to ≳3σ tension with
the EGB data from Fermi-LAT. The significance of tension
increases to ∼5σ for astrophysical neutrino ∼1 TeV. We
stress that the derived limits and reported tension are based
on very conservative assumptions. The tension is ≈3σ for a
break energy of Ebr ≈ 10 TeV, and larger for more realistic
setups. First, the neutrino spectrum is modified by the
cooling of mesons and muons, which yields a larger ratio
of γ rays to neutrinos. Second, additional γ rays must be
produced by the Bethe-Heitler process; for example, these
Bethe-Heitler-induced γ rays are dominant in the AGN core
scenario [54]. Third, γ rays should also be produced by
leptonic processeswhich do not produce any neutrinos.GeV-
TeV γ rays of blazars are conventionally explained by the
leptonic components.

FIG. 3. Constraints on εbr vs sh, as in Fig. 1, this time from
method B. The labels on the curves show the percentage of EGB
flux above 50 GeV that can be accounted by the blazars in the
2FHL catalog [the q value in Eq. (5)].

FIG. 2. Constraints in the ðsh;ΦastroÞ plane from method A of
analyzing the EGB data. The solid black curves depict the allowed
regions, for fixed Ebr, from EGB data. The green shaded regions
show the allowed regions for the four-year cascade events [53]
which are similar to the six-year cascade [20] allowed regions.
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Solutions to “Excessive” All-Sky Neutrino Flux?

choked jets in supernovae

(from KM, Kimura & Meszaros 20 PRL) (from KM & Ioka 13 PRL)

or exotic scenarios w. new physics (ex. dark matter, n decay)?

beyond which the cylindrical, collimated flow has a con-
stant Lorentz factor (with !cj ! !"1

j ) because of the flux

conservation. The subsequent jet head position rh is

rh ! 8:0# 109 cm t3=5L1=5
j0;52ð!j=0:2Þ"4=5%"1=5

a;4 : (2)

Even if the jet achieves ! & !cj in the star, !cj !
5ð!j=0:2Þ"1 implies that the collimated jet is radiation
dominated. The jet breakout time tbo is determined by
rhðtbo Þ ¼ R(, where R( is the progenitor radius.

The progenitor of long GRBs has been widely believed
to be a star without an envelope, such as Wolf-Rayet (WR)
stars with R( ) 0:6– 3R* [24]. Let us approximate
the density profile to be %a ¼ ð3" "ÞM(ðr=R(Þ""=
ð4#R3

(Þ (" ) 1:5– 3), where M( is the progenitor mass

[25]. Then, taking " ¼ 2:5, we obtain rcs ! 1:6#
109 cm t8=51 L6=5

0;52ð!j=0:2Þ8=5ðM(=20M*Þ"6=5R3=5
(;11 and rh !

5:4# 1010 cm t6=51 L2=5
0;52 ð!j=0:2Þ"4=5 ðM(=20M*Þ"2=5R1=5

(;11
[22], where L0 ¼ 4L0j=!

2
j is the isotropic total jet

luminosity. The GRB jet is successful if tbo !
17 sL"1=3

0;52 ð!j=0:2Þ2=3ðM(=20M*Þ1=3R2=3
(;11 is shorter than

the jet duration tdur. With tdur ) 30 s, we typically expect
rcs ) 1010 cm for classical GRBs [26].

The comoving proton density in the collimated
jet is ncj!L0=ð4#r2cs!cj$mpc

3Þ¼L=ð4#r2cs!cj!mpc
3Þ’

3:5#1020 cm"3L52r
"2
cs;10!

"1
2 ð5=!cjÞ. Here, L ¼ ð!=$ÞL0,

L is the isotropic kinetic luminosity, and $ is the maximum
Lorentz factor. The density in the precollimated jet
at the collimation or internal shock radius rs is nj !
L=ð4#r2s!2mpc

3Þ ’ 1:8# 1019 cm"3 L52r
"2
s;10!

"2
2 , which

is lower than ncj due to ! & !cj. This quantity is relevant
in discussions below. Note that inhomogeneities in the jet
lead to internal shocks, where the Lorentz factor can be

higher (!r) and lower (!s) than ! !
ffiffiffiffiffiffiffiffiffiffi
!r!s

p
.

Radiation constraints.—Efficient CR acceleration at in-
ternal shocks and the jet head has been suggested, since
plasma time scales are typically shorter than any elastic or
inelastic collision time scale [12– 14]. However, in the
context of HE neutrinos from GRBs, it has often been
overlooked that shocks deep inside a star may be radiation
mediated [27]. At such shocks, photons produced in the
downstream diffuse into the upstream and interact with
electrons (plus pairs). Then, the upstream proton flow

should be decelerated by photons via coupling between
thermal electrons and protons [28]. As a result (see Fig. 1),
one no longer expects a strong shock jump (although
a weak subshock may exist [29]), unlike the usual
collisionless shock, and the shock width is determined
by the deceleration scale ldec ! ðnu%Ty+ Þ"1 ’
1:5# 105 cmn"1

u;19y
"1
+ when the comoving size of the

upstream flow lu is longer than ldec. Here, nu is the
upstream proton density, and y+ ð, 1Þ is the possible effect
of pairs entrained or produced by the shock [30].
In the conventional shock acceleration, CRs are

injected at quasithermal energies [31]. The Larmor

radius of CRs with ) !2
relmpc

2 is ruL ) !2
relmpc

2=ðeBÞ ’
3:8# 10"3 cm &"1=2

B L"1=2
0;52 rs;10!2!

2
rel, where B is the mag-

netic field, !rel is the relative Lorentz factor, and &B -
LB=L0 [32]. If the velocity jump of the flow is small over
ruL, the CR acceleration is inefficient. For ldec . lu, since
significant deceleration occurs over ) ldec, including the
immediate upstream [28,29], CRs with ruL . ldec do not
feel the strong compression, and the shock acceleration
will be suppressed [27,33,34]. CRs are expected when
photons readily escape from the system and the shock
becomes radiation unmediated, which occurs when lu &
ldec [30,36]. Regarding this as a reasonably necessary
condition for the CR acceleration, we have

'uT ¼ nu%Tlu & min ½1; 0:1C"1!rel0; (3)

where C ¼ 1 þ 2 ln !2
rel is the possible effect by pair pro-

duction [29], although it may be small when photons start
to escape. Since the detailed pair-production effect is
uncertain, 'uT & 1 gives us a conservative bound.
Applying Eq. (3) to the collimation shock [37], the

radiation constraint for the CR acceleration is

L52rcs;10!
"3
2 & 5:7# 10"4 min ½1; 0:01C"1

1 !rel0; (4)

where nu ¼ nj, lu ! rcs=!, and !rel ! ð!=!cj þ !cj=!Þ=2
are used. As shown in Fig. 2, it is difficult to expect CRs
and HE neutrinos from the collimation shock for classical
GRBs. We note that the termination shock at the jet head
and internal shocks in the collimated jet are less favorable
for the CR acceleration than the collimation shock since
ncj & nj and !cj . !.
We can also apply Eq. (3) to internal shocks in the

precollimated jet, which have been considered in the
literature [12,13]. Internal shocks may occur above
ris ! 2!2

sc(t ’ 3:0# 1010 cm!2
s;1:5(t"3, and the relative

Lorentz factor between the rapid and merged shells is
!rel ! ð!r=! þ !=!rÞ=2, which may lead to the upstream
density in the rapid shell ) nj=!rel. Using lu ! ris=!r )
l=!rel, we get 'T ¼ nj%Tl & min ½!2

rel; 0:1C
"1!3

rel0 or
L52ris;10!

"3
2 & 5:7# 10"3min ½!2

rel;0:5; 0:32C
"1
1 !3

rel;0:50: (5)
As shown in Fig. 3, unless ! * 103, it seems difficult to
expect CRs and HE neutrinos for high-power jets inside
WR-like progenitors (where ris & rcs ) 1010 cm). Note
that although the constraint is relevant for shocks deep

FIG. 1 (color online). The schematic picture of a collimated
GRB jet inside a progenitor. CR acceleration and HE neutrino
production may happen at collimation and internal shocks. The
picture of the radiation-mediated shock is also shown.

PRL 111, 121102 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

20 SEPTEMBER 2013

121102-2

vicinity of black holes

implying that >TeV-PeV g rays are cascaded down to GeV or lower energies

(KM, Guetta & Ahlers 16 PRL)
Hidden (i.e., g-ray opaque) n sources are actually natural in pg scenarios

gg→e+e-

optical depth



NGC 1068: Support for Hidden n Sources

• IceCube n data can be explained by emission from AGN disk-coronae
• NGC 1068 is predicted to be the brightest n source in the northern sky
• Opaque for GeV-TeV g rays → must be cascaded down to MeV (prediction)

KM, Kimura & Meszaros 20 PRL, Inoue+ 20 ApJ, Anchordoqui+ 21 

- particle acceleration in coronae
(supported by recent simulations)

- n production via pp & pg processes
- g-ray opaque → cascade
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AGN Manifesting in the Multi-Messenger Sky?

#~2.6s hint of IR-selected AGN correlation reported (IceCube Collaboration 21)

Kimura, KM & Meszaros 21 Nature CommunicationsKM, Kimura & Meszaros 20 PRL



Detectability of Nearby AGN is Promising

• Testable w. upcoming neutrino detectors & MeV gamma-ray telescopes
• More in the southern sky (Circinus, ESO 138-1, NGC 758) 
• Nearby low-luminosity AGN should also be detectable as well

Kheirandish, KM & Kimura 21 ApJ
KM, Kimura & Meszaros 20 PRL
Kimura, KM & Meszaros 21 Nature Comm.
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Neutrino Transients



High-Energy Neutrino Transients

Diverse explosive/flaring phenomena in the Universe!

Box 1 | Multi- messengers and their interrelations

A multi- messenger source might emit two, three or even all four different 
types of messengers. From a binary neutron star merger (panel a of the 
figure), such as the GW/GRB 170817 event, two types of multi- messengers, 
gravitational waves (GW) and photons (γ), were observed54,57,59, the latter 
indicating that the source was a short gamma- ray burst (GRB). Such sources 
may also emit high- energy neutrinos (HENs) and cosmic rays (CRs)84,85,168, 
although for the GW/GRB 170817 event, theories predict such fluxes to be 
too low for current detectors. If this is true, it will take closer binary neutron 
star merger events or next- generation HEN facilities to observe HENs from 
these sources. The so- called long GRBs (panel b of the figure) also may emit 
HENs and CRs, which so far have not been detected, while their GW 
emission is expected to be very low.

Another example is a tidal disruption event (TDE) of a star by a massive 
black hole (panel c of the figure). In this case, shocks in the disrupted gas 
can accelerate particles and lead to CRs and HENs169–172. TDEs involving 
white dwarf stars and ~104 M⊙ (where M⊙ is solar mass) black holes lead to 
strong low- frequency (~1 mHz) GW emission that could be observed by the 
forthcoming evolved Laser Interferometer Space Antenna (eLISA) mission. 
A solitary supermassive black hole with a jet may emit γ- rays, HEN and CRs 
(panel d of the figure), as it is suspected in the case of the 2017 flaring 
episode of the BL Lac- type blazar TXS 0506+056 (REFS65–68,71,72).

In general, in compact mergers, TDEs and related sources, the co- 
production of CRs, HEN and high- energy γ- rays is anticipated, as the 
physics of these three messengers are closely connected: shocks and 
the high-	energy	particle	acceleration	lead	to	the	interaction	of	highly	
relativistic protons (or nuclei) with ambient gas or intense radiation fields, 
resulting in neutrinos, γ- rays and electrons/positrons.

For single objects, even those of extreme mass and undergoing 
substantial accretion, relatively weak GW emission is expected as the 
time- varying quadrupole moment (which requires the breaking of 
azimuthal symmetry) is thought to be small in these cases. The sole 
exception would be an engine- driven supernova, or a plain supernova, 
located in our galaxy (panels e and f of the figure), which would be 
sufficiently close such that the detection of coherent or incoherent 
GWs by	current	and	future	ground-	based	detectors	is	anticipated.	
IceCube is	well	equipped	for	detecting	thermal	(~10	MeV)	neutrinos	
from such	galactic	supernovae.	A	challenge	for	theory	is	to	predict	the	
amplitude and spectrum of the GW and neutrinos from different types 
of supernovae.

Strong GW emissions have been observed from the mergers of compact 
binary systems, either from two merging stellar mass black holes (panel g 
of the figure)27, two merging neutron stars (panel a)54 or black hole–neutron 
star mergers, because the final inspiral to coalescence yields a strong GW 
signal in the ‘sweet spot’ frequency range for ground- based GW detectors. 
In the case of 30 M⊙ + 30 M⊙ black hole binary systems, such coalescence 
events can already be observed out to ~500 Mpc distances141. However, in 
the case of black hole–black hole mergers little electromagnetic (EM) flux 
is expected, because the ambient matter density (protons, electrons) in the 
vicinity of the binary, at the time of the merger, is typically very low. A key 
exception are accreting supermassive black holes at the centres of massive 
galaxies, which are expected to merge in the wake of the coalescence of 
their component galaxies. These supermassive black holes mergers are 
key targets	for	the	eLISA	mission,	and	may	well	exhibit	accompanying	EM,	
CR and HEN emission173.
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IceCube 170922A & TXS 0506+056
- IceCube EHE alert pipeline
- Automatic alert (via AMON/GCN)
- Kanata observations of blazars

-> Fermi-LAT (Tanaka et al.)
ATel #10791 (Sep/28/17) 

- Swift (Keivani et al.) 
GCN #21930, ATel #10942 
NuSTAR (Fox et al.) ATel #10861

- ~3s coincidence

image
IceCube 2018 Science 

En ~ 0.2-1 PeV

170922A



2014-2015 Neutrino Flare
IceCube 2018 Science 

~13 events (~3.5s)

170922A

Petropoulou, KM+ 20 ApJ

2014-2015 
flare
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“Power” of Multi-Messenger Approaches

Puzzling: standard single-zone models do NOT give a concordance picture

n

Keivani, KM et al. 18 ApJ

opt: Swift-UVOT/X-Shooter 

X:Swift-XRT/NuSTAR

g:Fermi-LAT

Petropoulou, KM et al. 20 ApJ

We next discuss a few caveats that should be kept in mind
when interpreting our predictions for the long-term neutrino
emission of TXS0506+056.

1. The predictions rely on the assumption that the maximal
neutrino flux obtained for each epoch is representative of
the long-term neutrino emission of the source. Ideally,
one should find a scaling relation between the maximal
neutrino flux and the photon flux in some energy band
with continuous temporal coverage, and then use the
long-term light curve to compute the predicted number of
muon neutrinos (e.g., Petropoulou et al. 2016). Although
the 0.1–300 GeV energy band of Fermi is ideal for this
purpose, we cannot establish a robust relation between

¯
( )
n n+F max and Fγ, as shown in Figure 3 (left panel). In

contrast, we find that the X-ray flux is a better probe of
the maximal neutrino flux within our model, with

¯
( ) µn n+F FX
max (right panel of Figure 3). This is partly

because the SED has a valley in the X-ray range, which is
the most important for constraining hadronic compo-
nents. The X-ray coverage of the source before the 2017
flare is very sparse (see Figure 1), thus preventing a more
sophisticated analysis than the one presented here.

2. We cannot exclude the possibility that the physical
properties of the jet change drastically in between the four
epochs we chose for our analysis. Such changes in the jet
parameters could happen in highly variable blazars(e.g.,
Raiteri et al. 2013; Ahnen et al. 2017). This limitation
stems from the lack of quasi-simultaneous multi-wave-
length data for long-time windows and highlights the
need for X-ray monitoring of blazars.

3. The SEDs we constructed are not contemporaneous.
More specifically, the X-ray spectra are computed from
individual Swift-XRT observations of duration of a
few kiloseconds each, while the gamma-ray spectrum
is averaged over the whole epoch of interest (∼0.5 yr).
In this regard, the Swift-XRT observations are instanta-
neous compared to the selected time window. So,
when we translate the maximal neutrino flux, which is
mainly set by the X-ray flux, into an expected number of
events and use D =T 0.5 yr as the typical duration, we
may overestimate the number of neutrinos. The X-ray
flux variability within epoch 2, for example, can lead
to an overestimation of the neutrino number by a factor
of ∼2.

5.2. Implications for the 2014–2015 Neutrino Flare

Here, we focus on the implications of our model for the
2014–2015 neutrino flare. As an illustrative example, we show in
Figure 4 a case where the model-predicted neutrino flux is
compatible with the IceCube flux of epoch 4. The parameters are
the same as those listed in Table 8, except for the characteristic
external photon energy (temperature) and the proton luminosity,
which now read �¢� 5 keVext ( ¢ = ´T 2 10ext

7 K) and ¢ =Lp

´1.7 1048 erg s−1, respectively. For the adopted parameters,
the electromagnetic emission of the secondaries produced via
photohadronic interactions and photon–photon pair production
reaches a flux of ( – )~ ´ - - -3 10 10 erg cm s11 2 1, which
confirms the analytical results of Murase et al. (2018). Such high
X-ray and gamma-ray fluxes clearly overshoot the MAXI and
Swift-BAT upper limits by a factor of ∼2–3 and the Fermi-LAT

data by a factor of ∼10. In addition, this case is unlikely in
astrophysical view, for it requires a highly super-Eddington proton
power to account for the low photomeson production efficiency.
Given the unprecedented neutrino flux measured by IceCube

in 2014–2015, one could still argue that the conditions in the
blazar zone were significantly different compared to other
epochs. We therefore explored this possibility by performing a
wide scan of the parameter space for one-zone models. Our
methodology and results are presented in the Appendix. We
found no parameter set for the blazar zone that can
simultaneously explain the neutrino flare and be compatible
with the electromagnetic constraints. Moreover, all cases
require a highly super-Eddington jet power, namely
( – )L10 102 3

Edd, where ( )� :´L M M1.3 10 10Edd
47 9 erg s−1

is the Eddington luminosity of a black hole with mass M. The
necessary proton power could be reduced to Eddington levels if
the energy density of the external photon field (in the blazar
zone) was two or three orders of magnitude higher than all
other epochs(see also Reimer et al. 2019).
We therefore conclude that the high neutrino flux of epoch 4

cannot be explained concurrently with the electromagnetic data
if both emissions originate from the same region, in agreement
with previous studies (Murase et al. 2018; Reimer et al. 2019;
Rodrigues et al. 2019).

6. Discussion

6.1. Remarks on the Maximal Neutrino Flux and Proton
Luminosity

We have constrained the maximal neutrino flux ( ¯
( )
n n+F max ) and

the required proton luminosity ( ( )Lp
max ), assuming that the low-

energy hump in the SED is attributed to synchrotron emission
from primary electrons. This assumption is plausible and
widely accepted. Indeed, the optical-to-soft X-ray data can be
fitted with a single power law, especially evident in epoch 2
and in the 2017 flare(Keivani et al. 2018). It is therefore
unlikely that proton-initiated cascades (with usually broad

Figure 4. Same as in Figure 2, but for a case where the model-predicted neutrino
flux is compatible with the IceCube flux of epoch 4. Here, we assume
¢ = ´T 2 10ext

7 K (or, equivalently, �¢� 5ext keV) and ¢ = ´L 1.7 10p
48 erg s−1.

All other parameters are the same as those listed in Table 8 for epoch 4.

10

The Astrophysical Journal, 891:115 (16pp), 2020 March 10 Petropoulou et al.
2017 multi-messenger flare 2014-2015 neutrino flare

g:Fermi-LAT

X:MAXI

X:Swift-BAT

opt: ASAS-SN

n:IceCube n:IceCube

see also KM, Oikonomou & Petropoulou 18, Ansoldi+ 18, Cerutti+ 19, Gao+ 19, Rodriguez+ 19, Reimer+ 19

pg → n, g + e electromagnetic energy must appear at keV-MeV



More follow-up campaigns and/or larger statistics in n data are necessary
But the situation is still puzzling 

- PKS 1502 +106: FSRQ
promising but no coincidence w. g-ray flaring, unseen in n point-source search   

- 3HSP J095507.9 +355101: extreme BL Lac 
coincidence w. X-ray flaring but the alert rate is at most ~1-3% in 10 years   

3HSP J095507.9 +355101 

Other Coincidences w. Neutrino Alerts?

IceCube-190730A (Oikonomou, Petropoulou, KM+ 21)

IceCube-200107A
(Petropoulou, Oikonomou, Mastichiadis , KM+ 20)



More Coincidences? – Yes…

IceCube-191001A 
& AT 2019dsg
(Stein+ 21 Nature Astron.) IceCube-191001A

IceCube-200530A 
& AT 2019fdr

Both are rare optical transients
with strong radio emission (~3s)

(Reusch+ KM 21) 

IceCube-200530A

Blazars: IceCube-190730A & PKS 1502 +106, IceCube-200107A & 3HSP J095507.9 +355101

z=0.051

z=0.267



Correlation w. IR Dust Echoes?

• Correlation w. accretion flares 
w. dust echoes (63 samples; ~3.7s)

• One more source (2019aalc) found
• Interpretations are controversial

van Velzen+ 22



Neutrinos from Black Hole “Flares”?

KM et al. 20 ApJ (see also Winter & Lunardini Nature Astron. 21)

• AT 2019dsg & AT 2019fdr = tidal disruption event (TDE)
• TDE and AGN n emission mechanisms may be similar

(disk-corona? jet? stellar debris as a cosmic-ray reservoir?)



Implications for AT2019dsg & AT2019fdr
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# No evidence of jets for both TDEs

AT 2019dsg AT 2019fdr

Reusch+ KM 21
see also Pitik+ 21 

Nn ~ 0.001-0.1 events (GFU)



Multi-Messenger Picture is Crucial

Black hole “flares”
IceCube-170922A - TXS 0506+056
IceCube-191001A – AT 2019dsg

and several more…

Neutron star merger
GW170817- GRB 170817A

“concordance” “puzzling” 



Testing Physics Beyond the Standard Model

New interactions

Neutrino decay 

Ioka & KM 14
Ng & Beacom 14
Ibe & Kaneta 14
Blum, Hook & KM 14
Cherry, Friedland & Shoemaker 14
Araki et al. 15
Kamada & Yu 15
Shoemaker & KM 16
KM & Shoemaker 19… 

Pagliaroli et al. 15
Shoemaker & KM 16
Bustamante, Beacom & KM 17
Denton & Tamborra 18… 

Dark matter
Feldstein+ 13
Esmaili & Serpico 13
Bai, Lu & Salvado 13
Bhattacharya+ 14
Higaki+ 14
Esmaili+14, 
Rott+ 15
Fong+ 15
KM+ 15
Boucenna+ 15
Ko & Tang 15
Chianese+ 16
Hiroshima, Kitano, Kohri & KM 18 
…



high-energy γ
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etc.

Multi-Messenger Approach
(dark matter)

Feldstein+ 13
Esmaili & Serpico 13
Bai, Lu & Salvado 13
Bhattacharya+ 14
Higaki+ 14
Esmaili+14, 
Rott+ 15
Fong+ 15
KM+ 15
Boucenna+ 15
Ko & Tang 15
Chianese+ 16
Hiroshima, Kitano, Kohri & KM 18 
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Multi-Messenger Constraints on Decaying DM

Cohen, KM, Rodd, Safdi, and Soreq 17 PRL

• Disfavoring DM scenarios to explain the excessive 10-100 TeV n data
• Unique probes of superheavy dark matter that is difficult to directly test 

g (Fermi) n
CR (air-shower)
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Sub-PeV Gamma-Ray Limits

Esmaili & Serpico 21 PRD
DM → ne+ne (12%)
DM → b+bbar (88%)

• Tibet AS-g detected Galactic sub-PeV g rays (Tibet Collaboration 21 PRL)
• Further tension with air-shower (sub-PeV g) data and improved with LHAASO

see also:
Ellis+ 92, Gondolo 92, Gondolo+ 93
KM & Beacom 12
Esmaili & Serpico 15 

KM, Laha, Ando & Ahlers 15 PRL
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BSM Tests with Multi-Messenger Transients
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TABLE I: List of extragalactic high-energy neutrino sources,
where Ẽ iso

cr is the cosmic-ray energy per logarithmic energy,
Dmaxe↵

N⌫=1
is the critical distance at which the number of neutri-

nos detected in IceCube-Gen2 [55] is unity (with the assump-
tion of the maximum neutrino production e�ciency), pp/p�
is the typical neutrino production channel, �T em is the du-
ration of electromagnetic emission, and ⇢em0 is the local rate
density. All values remain as order of magnitude estimates.

Name Ẽ iso
cr Dmaxe↵

N⌫=1
pp/p� �T em ⇢em0

[erg] [Mpc] [s] [Gpc�3 yr�1]

LGRBa 1052.5 3000 p� 101�2 0.1� 1

SGRBb 1050.5 300 p� 0.1� 1 10� 100

SN (choked jet)c 1050.5 300 p� 101�4 102 � 103

SN (pulsar)d 1050 200 pp 103�6 103.5 � 104.5

SN (IIn)e 1049 50 pp 106�7 104

Jetted TDEf 1053 5000 p� 106�7 0.01� 0.1

Blazar flareg 1054 15000 p� 105�7 0.1� 1

aLong �-ray bursts. See Refs. [17, 56–61].
bShort �-ray bursts. See Refs. [62–64].
cSupernovae powered by choked jets. See Refs. [65–68].
dSupernovae powered by pulsar winds. See Refs. [69–71].
eType IIn supernovae powered by shocks. See Refs. [18, 72–74].
fJetted tidal disruption events. See Refs. [22, 23, 75–77].
gSee Refs. [78–84].

dard, secret neutrino interactions that may lead to e↵ec-
tive Lagrangians, e.g., L � gij ⌫̄i⌫j� (for scalars), L �
gij ⌫̄i(i�5

�)⌫j (for pseudoscalars), and L � gij ⌫̄i(�µ
Vµ)⌫j

(for vector bosons), where gij is the coupling parameter.
Note that although we do not specify whether neutrinos
are Dirac or Majorana types, the allowed interactions for
scalars and pseudoscalars are, e.g., L � g⌫L⌫L� + c.c.

and L � gNRNR� + c.c., where ⌫L is the left-handed
neutrino and NR is the right-handed neutrino. Re-
markably, it has been shown that a 1 � 100 MeV scale
mediator also enables us to resolve various cosmologi-
cal issues such as the tension in the Hubble parame-
ter [39–41] and the missing satellite and core-cusp prob-
lems [30, 31]. With the mediator mass m�, the reso-
nance interaction happens at E⌫ = m

2
�/(2m⌫) ' 1.25 ⇥

1014 eV (m�/5 MeV)2(m⌫/0.1 eV)�1, corresponding to
the IceCube energy range [31, 41, 47, 48, 53, 87–92].

Let us consider the neutrino-(anti)neutrino scattering
process via s-channel, ⌫⌫ ! � ! ⌫⌫. In this case, the
angular distribution of the scattered neutrinos is isotopic
in the center-of-momentum frame. (In general, details
depend on the mediator spin as well as the main scat-
tering channel.) In the C⌫B frame, because of the boost
⇠ E⌫/

p
s ⇠

p
E⌫/m⌫ , we may write:

p
h✓2i ⇡ C

p
s

E⌫
' 4.5⇥ 10�8

C

⇣
m⌫

0.1 eV

⌘ 1
2

✓
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E⌫

◆ 1
2

,
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FIG. 2: Expected neutrino echo constraints on secret neutrino
interactions via a scalar mediator. The distance and neutrino
mass are D = 3 Gpc and m⌫ = 0.1 eV, respectively, and N⌫ =
10 is used for the small optical depth limit. The parameter
space relaxing the Hubble parameter tension for the cosmic
microwave background (CMB) [40, 44] is shown together with
constraints assuming ⇤CDM cosmology (shaded regions).

where ✓ is the scattering angle and C ⇠ 1 for a scalar
or pseudoscalar mediator in the neutrino-neutrino scat-
tering. More generally, for the di↵erential cross section
(d�/d⌦), the average scattering angle is evaluated via

h(1� cos ✓)i = 1

�

Z
d⌦ (1� cos ✓)

✓
d�

d⌦

◆
. (2)

For example, E⌫ = 0.1 PeV and m⌫ = 0.1 eV leads to
h✓i ⇡ 2.8⇥10�8 for a leading neutrino. Resulting angular
spreading may be too small to be seen as a “halo” around
the source, but can be big enough to make a sizable time
delay signal (“neutrino echo”). The geometrical setup is
analogous to �-ray “pair echoes” proposed as a probe of
intergalactic magnetic fields [93–98], although underlying
interaction processes are completely di↵erent. Neutri-
nos scattering during propagation was discussed for SN
1987A [99, 100], but detailed methodology to utilize the
time delay has not been studied.
Large optical depth (conservative) limit.— So far, the

expected number of high-energy neutrinos is limited.
However, even if statistics are not large, e.g., N⌫ ⇠ a few,
the sizable e↵ect of BSM interactions exists if the optical
depth to the neutrino scattering is larger than unity:

⌧⌫ = n⌫�⌫D & 1. (3)

The probability for neutrinos to experience the neutrino
scattering is given by 1� exp(�⌧⌫). In the large ⌧⌫ limit,
most of the neutrinos are scattered, and the spectral and
flux information can be used to probe BSM neutrino in-
teractions [91, 92, 101]. Large statistics would also be
required, and the current constraints are much weaker

3

than the ideal bound placed by n⌫�⌫H0 < 1 (where H0

is the Hubble constant). Although the di↵use neutrino
limits can be relevant, Ref. [91] showed that such an ideal
limit (e.g., g . 3⇥ 10�4 (m�/10 MeV) in the scalar me-
diator case) can be achieved for m� ⇠ 20� 30 MeV with
ten years of observations by IceCube-Gen2. As we see
below, the time delay argument can provide us with a
meaningful limit even with limited statistics, without re-
lying much on the spectral information.

In the multiple scattering case, neutrino cascades [87,
88] occur and the arrival angle averaged over scatterings
is given by h'2i ⇡ (⌧⌫/3)h✓2i / n⌫�⌫DE

�1
⌫ . The corre-

sponding characteristic time delay is:

�t ⇡ 1

4
h'2iD ' 500 s

⇣
⌧⌫

10

⌘✓
D

3 Gpc

◆

⇥ C
2
⇣

m⌫

0.1 eV

⌘✓0.1 PeV

E⌫

◆
. (4)

If the neutrino and photons are “coincident” within a
time window of �T , possible constraints can be placed
by �t < �T , which leads to:

�⌫ . 12�T

D2n⌫h✓2i
. (5)

This is valid only if Dh✓2i . 8�T , otherwise the
time delay itself does not give a direct constraint
on the cross section because of ⌧⌫ . 1.5. In the
neutrino-neutrino scattering case this implies �T &
30 s C2(D/1 Gpc)(m⌫/0.1 eV)(E⌫/0.1 PeV)�1. The de-
tection of neutrinos with E⌫ implies that some neutri-
nos arrive without significant energy losses, for which
Eq. (5) is applied. If one requires the bulk of neutri-
nos with E⌫ survives after M scatterings, an additional
constraint, ⌧⌫ . M, may be imposed, but the actual
limits depend on the unknown primary fluence and spec-
trum. Eq. (5) typically leads to conservative limits. Note
that for ⌧⌫ � 1 most neutrinos are cascaded down and
appear at su�ciently lower energies. If the optical depth
for the cascaded component is less than unity, the bulk
of the delayed flux is roughly estimated by F

cas
E⌫

(t) ⇠
R
d✓̃ 4[2⇡h'̃2(t, ✓̃)i]�1/2

[✓̃2 + h'̃2(t, ✓̃)i]�1
e
�✓̃2/[2h'̃2(t,✓̃)i]

F
cas0
E⌫

, where F
cas0
E⌫

is the flux of cascaded neutrinos in
the absence of angular spreading [94]. The characteris-
tic time delay of this cascaded component is estimated
to be �tcas ⇠ (1/12)h✓2iM/(n⌫�⌫) (cf. Eq. 4). The full
radiative transfer calculation is necessary to consistently
describe the echo flux for arbitrary E⌫ and ⌧⌫ .

Small optical depth (stronger) limit.— The constraints
discussed above make sense when the coupling is so large
that multiple scattering events occur. However, this may
not be possible for several reasons. First, the coupling
or the scattering cross section may be bounded by other
existing constraints, so that �⌫ cannot be large enough.
Second, the condition Dh✓2i . 8�T is not satisfied. For
example, ⌧⌫ & 1 � 2 is prohibited if the observed time

window �T is too short. On the other hand, bright neu-
trino transients such as choked GRB jets and blazar flares
could be detected with a large number of signals (i.e.,
N⌫ � 1) by future neutrino telescopes such as IceCube-
Gen2 and KM3Net, in which we may still obtain useful
constraints that can actually be better than those from
Eq. (5) and even exceed the mean free path limit [91, 92].
In the low ⌧⌫ limit, most of neutrinos (⇠ N⌫) are ex-

pected to arrive together with photons within the intrin-
sic duration of �T em. However, in the presence of the
BSM neutrino scattering, some neutrinos (⇠ ⌧⌫N⌫) ex-
perience the scattering once during the propagation, and
the characteristic time delay is given by:

�t ⇡ 1

2

h✓2i
4

D ' 77 s

✓
D

3 Gpc

◆
C

2
⇣

m⌫

0.1 eV

⌘✓0.1 PeV

E⌫

◆
.

(6)
This expression does not include �⌫ , and with Eq. (4) the
time delay is estimated by �t ⇡ max[h'2iD/4, h✓2iD/8].
The probability distribution of delayed neutrinos in
the low ⌧⌫ limit is expressed as P (t,';D) ⇡ 1/[t +
(D'

2
/2)](1/�⌫)(d�⌫/d✓)|✓='+2t/(D') [102]. We remark

that only one scattering matters and the time delay
distribution reflects the di↵erential cross section of the
neutrino-neutrino scattering that is generally inelastic.
Given N⌫ � 1, stronger limits can be placed for

�T . h✓2iD/8 (implying ⌧⌫ . 1.5), in which nondetec-
tion of time delayed events itself may be used. In the limit
that the atmospheric background is negligible, the sizable
e↵ect is observable when the number of delayed signals
is larger than unity, i.e., ⌧⌫ & 1/N⌫ . If the background is

not negligible, one would need ⌧⌫ &
p
N bkg

⌫ /N⌫ , where
N bkg

⌫ is the number of background events for a given time
window. In the background free regime (that is valid for
short duration transients), nondetection of echoes gives:

�⌫ . 2.3

N⌫n⌫D
, (7)

where the Poisson probability to observe nonzero time
delayed events is set to < 0.9. One should keep in mind
that the neutrino scattering cross section is energy de-
pendent and Dh✓2i & 8�T should be satisfied. Note
that Eq. (5) is applied in the opposite limit.
We show results for a scalar mediator in Fig. 2.

Here contributions from t- and u-channels are also in-
cluded [53, 87]. In the resonant region (s ⇠ m

2
�), we

average the e↵ective cross section by assuming an energy
resolution of � log(E⌫) = 0.6 (which is reasonable for
high-energy track events [54]). At E⌫ = 0.1 PeV, the
two cases of �T = 3 d and �T = 30 s correspond to the
large and small optical depth limits, respectively. We
also show another case of �T = 30 s for E⌫ = 1 PeV, in
which the multiple scattering limit is applied.
Other constraints include one from kaon decay, which

gives g . 0.01 [53, 103, 104]. Note that our echo
method is especially relevant if only tau neutrinos have
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FIG. 3: Expected constraints on secret neutrino interactions
via a vector mediator in the presence of DM. The neutrino
energy is set to E⌫ = 0.1 PeV, andD, m⌫ andN⌫ are the same
as in Fig. 2. Ly-↵ constraints from the kinetic decoupling
for neutrino-DM scatterings are shown as conservative limits
for di↵erent DM masses. The parameter space proposed to
solve the small scale structure abundance problem [30] is also
indicated (light shaded regions). The CMB constraints shown
in Fig. 2 are applied to the neutrino-neutrino scattering.

BSM interactions. Big Bang Nucleosynthesis gives a con-
straint of m� & a few MeV, although details depend on
uncertainty in the extra number of relativistic species
(e.g., [30, 44, 105]). Astrophysical and laboratory limits
are complementary. For example, if neutrinos interact
with the C⌫B through sterile neutrinos, the limits can
be relaxed, depending on mixing angles [31, 91].

Example 2: Neutrino-DM Interactions. — As a
further application of the idea of BSM-induced neutrino
echoes, we discuss neutrinophilic DM models in which
DM and neutrinos share a new interaction. Very intrigu-
ingly, such models give a possible solution to cosmological
issues [30, 31, 35, 38, 39, 42] and can explain the muon
anomalous magnetic moment [47, 48, 50]. For illustra-
tion, we consider a simple extension of the vector model
mentioned above in which the new gauge boson also cou-
ples to a Dirac fermion DM, L � gVµ⌫̄�

µ
⌫ + gVµX̄�

µ
X,

where X denotes the DM with a mass mX . New gauge
bosons appear in many BSM scenarios [106], and ad-
ditional broken U(1) gauge symmetries leading to vec-
tor bosons were predicted by grand unification theo-
ries [107, 108]. While the neutrinos and DM may have
di↵erent charge assignments, here we take them equal.

The above model is accompanied by neutrino-DM scat-
terings, and the resulting constraints are shown in Fig. 3.
As in the previous case, if a bright neutrino transient
with short duration is observed, we may place strong con-
straints even in the small optical depth limit, which can
be more stringent than previous ones [92, 101, 109–112].
Here the coupling should be regarded as an e↵ective pa-

rameter. The real coupling to the Standard Model can
be made neutrinophilic via coupling the gauge boson to
heavy sterile neutrinos. But their e↵ect is still felt as they
e↵ectively endow the active neutrinos with a mixing sup-
pressed coupling to the new mediator. Such models have
been explored in Refs. [113–115].

For the t-channel, we find that the multiple scattering
limit may not be applicable to most transients due
to large values of h✓2i for relatively heavy DM. The
cases for �T = 30 s are shown in Fig. 3, where the
constraint is given for the small optical depth limit (but
with the replacement of n⌫ with nX). The resulting
constraint is comparable to that expected from detailed
analyses with spatial and spectral information [101].
We note that the time delay from neutrino-DM scat-
terings receives contributions from both the Milky
Way DM halo and extragalactic DM components. As
known for decaying DM signals, the DM located in
the line-of-sight are almost comparable because of
RMW%

local
X ⇠ H

�1
0 %X & D%X , where RMW ⇠ 10 kpc

is the typical size of the Milky Way. For the Galac-
tic contribution, the condition �T & RMWh✓2i/8 is
more easily satisfied, which may lead to �⌫X . 5.4 ⇥
10�24 cm2 (�T/1 d)(RMW/10 kpc)�2

C
�2 (E⌫/0.1 PeV).

As we see, the limits are more stringent for lower-mass
DM. For models that lead to su�ciently small scattering
angles, the time delay in the large optical depth limit
becomes independent of the DM mass, implying �⌫X .
10�28 cm2 (�T/1 d)(D/1 Gpc)�2

C
�2 (E⌫/0.1 PeV).

Although such limits would be weaker than the cosmol-
ogy limits, �⌫X . 10�33 cm2 [116], it takes place at
much higher center-of-momentum energies.

Finally, we comment on other constraints that can be
relevant. If neutrino-DM scatterings are e�cient in the
early universe it can inject energy and potentially “heat”
the cold DM such that Lyman-↵ bounds on the small-
scale structure are violated [30, 116–118]. This e↵ect
can be used to explain small-scale structure problems of
cold DM [30], and the region favored by this argument is
shown in Fig. 3. Couplings above these regions are ex-
cluded. Additionally, note that neutrinophilic DM should
not thermalize for DM masses at the MeV scale [119], al-
though a narrow window of thermal neutrinophilic DM
exists below MeV [120, 121]. Lastly, in models with di-
rect couplings to active neutrinos laboratory constraints
from Z and meson decays can be strong [48, 103, 104].

Summary and Discussion.— We proposed detailed
time delay signatures as a novel probe of BSM neutrino
interactions. Notably, BSM-induced neutrino echoes gen-
erally predict �t / E

�1
⌫ C

2. This is distinct from predic-
tions of other BSM signatures such as LIV and WEP
violation (see a review [8]). For example, LIV shifts the
light velocity by (E⌫/⇣nMpl)

n (where Mpl is the Planck
mass), leading to �t = D(E⌫/⇣nMpl)n (e.g., [98, 122]).
For neutrino-neutrino scatterings, cosmological time de-
lays are dominant. On the other hand, the Milky Way

BSM n-n/n-DM interactions could alleviate H0 tension & small-scale issues 



Summary
n flux ~ g-ray flux ~ CR flux 

importance of multi-messenger connections

Where do neutrinos mainly come from?
CR accelerators: blazars & GRBs: likely subdominant in the neutrino sky
CR reservoirs: astro-particle grand-unification is possible
Multi-messenger analyses w. 10-100 TeV n data imply hidden CR accelerators
Non-jetted AGN – some hints, critically testable with near-future detectors

Neutrino Transients?
Transients: unique chances -> strategic multi-messenger searches (ex. AMON)
Intriguing coincidences with black hole flares have been found (hidden sources)
Establishing the multi-messenger picture is critical → stay tuned

Tests for New Physics?
multi-messenger searches are complementary and powerful (ex. heavy DM)

Future is bright: IceCube-Gen2, KM3Net & other next-generation facilities


