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Acceleration of charged nuclei (cosmic 
rays) - especially in the aftermath of 

cataclysmic events, sometimes visible in 
gravitational waves.

Secondary neutrinos and gamma-rays 
from pion decays:

cosmic ray 
proton

nucleus

pions

(…)



Markus Ahlers (NBI) Research Overview

Cosmic Messengers

2

What are the sources and 
mechanisms that are responsible for 

energetic cosmic messengers? 

How do energetic messengers probe 
their environment on astrophysical 

and cosmic scales? 

What are the best strategies for the 
observation and analysis of multi-

messenger data? 

What new can we learn about 
fundamental particle physics and 

cosmology? 
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“Testing the Hadronuclear Origin of PeV 
Neutrinos Observed with IceCube”  

 [Murase, MA & Lacki, PRD 88 (2013)] 
(250+ citations)

“GZK Neutrinos after the Fermi-LAT Diffuse 
Photon Flux Measurements”  

 [MA, Anchordoqui, Gonzalez-Garcia, 
Halzen & Sarkar, Astropart.Phys. 34 (2010)] 

(200+ citations)

“Minimal Cosmogenic Neutrinos”  
 [MA & Halzen, PRD 86 (2012)]  

(50+ citations) 3
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FIG. 1: Minimal flux of cosmogenic neutrinos assuming dom-
inance of protons above 4 EeV. We show the results without
source evolution (dotted) and assuming source evolution ac-
cording to the star formation rate (solid). Also shown are the
projected sensitivities of IceCube (10 years) and the ARA-37
(3 years) as dashed lines. The thick dashed-dotted line shows
the approximation of the Auger spectrum above the ankle.
For comparison, we also show the bestfit cosmogenic neutrino
flux (green solid line) from Ref. [24] (Emin = 1018.5 eV) in-
cluding the 99% C.L. (green shaded area) obtained by a fit to
the HiRes spectrum.

IV. GENERALIZATION TO HEAVY NUCLEI

The case of a more general scenario including UHE
CR sources of heavy nuclei is more complicated. The
chemical composition observed at Earth is the result of
rapid photo-disintegration in the radiation background
and there is no simple connection to the source com-
position. However, since photo-disintegration conserves
the energy per nucleon we can derive a lower neutrino
limit by tracking the leading (heaviest) nucleus back to
its source starting from a composition Ao and Zo inferred
from UHE CR observations.

The parent nuclei during this back-tracking are at least
as heavy as the observed mass composition. For instance,
a single helium nucleus in the observed spectrum might
be produced via the production chain 10B !

9Be(+p) !
4He(+4He + p) from the source. The parent nuclei in
each step of this chain determine the interaction and en-
ergy loss rates during propagation. For a lower limit on
the cosmogenic neutrino flux we have to minimize the
emission rate density of the UHE CR nuclei associated
with their cascades in the CMB. This corresponds to a
maximal survival probability of nucleons. Hence, we can
derive a strict lower limit with the assumption that the

back-tracking of the nuclei is indefinite, i.e. we assume
no upper limit on the atomic mass number in the nuclei
cascades.

Photo-disintegration that drives the cascades competes
with photo-hadronic interactions and Bethe-Heitler en-
ergy loss. To first order, a photo-hadronic interaction of
the nucleon with energy E, charge Z and mass number
A can be approximated via the interaction rate of the
free proton as �A�(E) ' A�p�(E/A). Hence, the inter-
action rate per nucleon of the parent nucleus is the same.
Energy loss via Bethe-Heitler pair production, however,
scales as bA�(E) ' Z

2
bp�(E/A) and the e↵ective energy

loss per nucleon scales as Z
2
/A. Again, for a maximal

survival probability of the nucleons and hence a mini-
mal emission rate density of the sources, we assume a
minimal Bethe-Heitler energy loss of the nucleons. This
corresponds to the energy loss of a nucleus with charge
Zo and atomic mass number Ao associated with the ob-
served composition.

In summary, a lower limit on the cosmogenic neutrino
flux can hence be derived by the same Eqs. (2) and
(3) where we now replace the continuous energy loss by
its minimal contribution bmin(z, E) ' (Z2

o/Ao)bBH(z, E),
where bBH correspond to the energy loss of a free pro-
ton. The photohadronic interaction of the nucleons is
given by the average interaction of protons and neutrons.
The total number of nucleons per nucleon energy depends
on the observed (or inferred) mass composition of UHE
CRs. Assuming a single component we have the relation
ENJN (EN ) = AoECRJCR(ECR) with EN = ECR/Ao or
JN (EN ) = A

2

oJCR(ECR).

In the left panel of Fig. 2 we show the minimal cos-
mogenic neutrino fluxes for the case of helium, nitrogen,
silicon and iron dominance of the Auger spectrum. The
level of these fluxes is not in reach of present or future
neutrino observatories. However, cosmogenic neutrino
fluxes strongly depend on the maximal injection energy
of the sources. We conservatively assume for our method
that the maximal energy does not exceed the observed
energy of UHE CRs. However, it is in principle possible
that these models produce detectable fluxes of cosmo-
genic neutrinos [9] if the maximal energy significantly
exceeds A ⇥ EGZK. We will briefly discuss this in the
following section.

We can also generalize our method to the case of a
mixed compositions, which is indicated by the Auger CR
elongation rate distribution. For instance, if fi(ECR) de-
notes the fraction of nuclei with mass Ai at CR energies
ECR the mean mass number is given by

JN (EN ) '
X

A
2

i fi(AiEN )JCR(AiEN) . (8)

Hence the minimal cosmogenic neutrino flux in this
case is J

min

⌫ (E⌫) =
P

i J
min

i (E⌫), where the individual
J
min

i are derived in the same way as before but using
fi(ECR)JCR(ECR) as the input spectrum. As an example

2

FIG. 1: Left panel: All-flavor neutrino (thick blue lines) and isotropic diffuse γ-ray (thin red lines) fluxes for pp and minimal
pγ scenarios of Eqs. (4) and (5) that account for the latest IceCube data from ∼ 10 TeV to ∼ 2 PeV energies [5], where
s′ = sob = 2.5 is used. While pp scenarios require εbν = 25 TeV with a strong tension with the Fermi IGRB [13], minimal pγ
scenarios allow the range εbν of 6–25 TeV (shaded regions) as long as the sources are transparent to γ rays (see the main text
for details). Right panel: Same as the left panel, but now showing neutrino fluxes of AGN core and choked jet models from
Refs. [21, 24]. To illustrate the strength of diffuse γ-ray constraints, we pretend that the sources were transparent to γ rays.

may not be directly observable. First, γ rays above TeV
energies initiate electromagnetic cascades in the extra-
galactic background light (EBL) and cosmic microwave
background (CMB) as they propagate over cosmic dis-
tances. As a result, high-energy γ rays are regenerated
at sub-TeV energies [27]. Second, intrasource cascades
via two-photon annihilation, inverse-Compton scattering,
and synchrotron radiation processes can prevent direct γ-
ray escape [28]. To see their importance, we temporarily
assume that the sources are γ-ray transparent. We will
see in the following that this hypothesis leads to strong
tensions with the IGRB, disfavored by the Fermi data.
In pp scenarios, neutrino and generated γ-ray spectra

follow the CR spectrum, assumed to be a power law. In
CR reservoirs such as galaxies and clusters, a spectral
break due to CR diffusion is naturally expected [14, 15].
Thus, the neutrino spectrum is approximately given by

ενQεν ∝

{

ε2−s
ν (εν ≤ εbν)

ε2−s′
ν (εbν < εν)

(pp) , (4)

where εbν is the break energy and the softening of the
spectrum, δ ≡ s′ − s, is expected from the energy depen-
dence of the diffusion tensor [99]. In pp scenarios, the
corresponding generated γ-ray spectrum is also a power
law ε−s

γ into the sub-TeV region [see Eq. (3)], where it
directly contributes to the IGRB [100] and Ref. [12] ob-
tained a limit s ! 2.1–2.2 for generic pp scenarios that
explain the " 100 TeV neutrino data. The limit is tighter
(s ∼ 2.0) if one relaxes this condition by shifting εbν to
! 30 TeV to account for the lower-energy data [29].
Motivated by results of Ref. [5], we calculate the dif-

fuse neutrino spectrum using Eq. (4) with s = 2 and
s′ = 2.5 and the corresponding γ-ray spectrum using

Eq. (3). Following Ref. [25], we numerically solve Boltz-
mann equations to calculate intergalactic cascades, in-
cluding two-photon annihilation, inverse-Compton scat-
tering, and adiabatic losses. In the left panel of Fig. 1 we
show the resulting all-flavor neutrino and γ-ray fluxes as
thick blue and thin red lines, respectively, in comparison
to the Fermi IGRB and IceCube neutrino data [5]. To
explain the ! 100 TeV neutrino data, the contribution to
the IGRB should be at the level of 100% in the 3 GeV to
1 TeV range and softer fluxes with s " 2.0 clearly over-
shoot the data. As pointed out by Ref. [12], this argu-
ment is conservative: the total extragalactic γ-ray back-
ground is dominated by a subclass of AGN, blazars (e.g.,
Refs. [30, 31]), and their main emission is typically vari-
able and unlikely to be of pp origin [32, 33]. Most of the
high-energy IGRB is believed to be accounted for by un-
resolved blazars [34–36]. Although the IGRB should be
decomposed with caution, if this blazar interpretation is
correct, there is little room for CR reservoirs [12].
In pγ scenarios, neutrino and γ-ray spectra depend on

a target photon spectrum. The effective optical depth
to photomeson production (fpγ) typically increases with
CR energy, so that the neutrino spectrum is harder than
the CR spectrum. However, it cannot be too hard since
the decay kinematics of pions gives ενQεν ∝ ε2ν as a low-
energy neutrino spectrum [37]. In minimal pγ scenarios,
where neutrinos with εν ! εbν ! 25 TeV are produced
by CRs at the pion production threshold, the neutrino
spectrum is approximately given by

ενQεν ∝

{

ε2ν (εν ≤ εbν)

ε2−s′
ν (εbν < εν)

(minimal pγ) . (5)

In the left panel of Fig. 1, we show the resulting neu-

“Hidden Cosmic-Ray Accelerators as an Origin 
of TeV-PeV Cosmic Neutrinos”  

 [Murase, Guetta & MA, PRL 116 (2016)] 
(100+ citations)
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FIG. 2.— Mollweide projections in equatorial coordinates of the reconstructed anisotropy (left) and pre-trial significance (right) for the three Nch
bins listed in Table 1. We show the results for a top-hat smoothing radius of 20�. The grey-shaded area indicates the unobservable part of the
celestial sphere. The dashed line indicates the projection of the Galactic Plane. The values of pre-trial significance are shown in units of standard
deviations and indicated in red and blue colors for excesses and deficits, respectively. The location of maximum pre-trial significance is indicated
by the symbol ⇥.

The left panels of Figure 2 show the reconstructed
anisotropy in the three energy bins with excesses and
deficits indicated by red and blue colors, respectively.
The dashed line indicate the projection of the Galactic
plane onto the celestial sphere.

With the expectation values of Eqs. (7)–(9) we can also
define a smoothed significance map as

eSa ⌘
�

2
�
�eµa + eµ bg

a + ena log(1 + deIa)
�

. (11)

This expression represents the statistical weight of the
anisotropy deIa in each celestial (sliding) bin a. For suf-
ficiently small smoothing scales, eS 2

a can be interpreted
as the bin-by-bin maximum-likelihood ratio of the hy-
pothesis I?

a compared to the null hypothesis I bg
a = 1.

Again, the test statistic of data under the null hypothe-
sis is following a one-dimensional c2-distribution and,
in that case, eSa corresponds to the significance in units
of Gaussian standard deviations (Wilks 1938).

The right panels of Figure 2 show the pre-trial signif-
icance (11) of the anisotropy. We follow the convention
to indicate the significance of excesses and deficits by
red and blue colors, respectively. The symbol ⇥ indi-
cates the location of maximum significance. Whereas
the first two bins do not show strong evidence of CR
anisotropies, the last bin shows a local excess at the level

of about 4.7s. However, the significance of this excess
needs to be corrected for trials. We follow the same pro-
cedure as in Ahlers (2018) to estimate the effective num-
ber of trials as Ntrial ' DWFOV/DWbin, where DWFOV
is the size of the observatory’s time-integrated field of
view and DWbin is the effective bin size according to the
top-hat smoothing scale. For the 20� smoothing radius
of the KASCADE-Grande data we obtain Ntrial ' 14.0.
The post-trial p-value can then be approximated as

ppost ' 1 � (1 � p)Ntrial . (12)

Figure 3 shows the post-trial significance map for the
third KASCADE-Grande bin with median energy of
33 PeV in Galactic coordinates. As before, the grey-
shaded region indicates the part of the sky that is not
observable from the location of the experiment. The
dashed circle indicates the 20� smoothing radius around
the location of highest post-trial significance of about
4.2s.

4. DISCUSSION

Our analysis does not uncover significant dipole
anisotropies in the KASCADE-Grande data, as indi-
cated in the last column of Table 1. This is consistent
with official results summarized in Apel et al. (2019)
and shown in columns 5 & 6. The dipole amplitude
in solar time induced by the solar Compton-Getting ef-

FIG. 2.— Mollweide projections in equatorial coordinates of the reconstructed anisotropy (left) and pre-trial significance (right) for the three Nch
bins listed in Table 1. We show the results for a top-hat smoothing radius of 20�. The gray-shaded area indicates the unobservable part of the
celestial sphere. The dashed line indicates the projection of the Galactic plane. The values of pre-trial significance are shown in units of standard
deviations and indicated by negative values for deficits. The location of maximum pre-trial significance is indicated by the symbol ⇥.

20�. This corresponds to the sum of events and expecta-
tion values over the set Da of data bins within 20� off a
central bin a in the equatorial coordinate system:

ena = Â
b2Da

Â
t

ntb , (7)

eµa = Â
b2Da

Â
t

A?
tbN ?

t I?
b , (8)

eµ bg
a = Â

b2Da

Â
t

A?
tbN ?

t I bg
b . (9)

In the absence of strong large-scale anisotropies, the
isotropic background level is simply taken as I bg = 1,
but can in general take on any form that is considered
as the background level. With these definitions we can
express the smoothed anisotropy as

deIa = eµa/eµ bg
a � 1 . (10)

The left panels of Fig. 2 show the reconstructed
anisotropy in the three energy bins with excesses and
deficits indicated by red and blue colors, respectively.
The dashed line indicates the projection of the Galactic
plane onto the celestial sphere.

With the expectation values of Eqs. (7)–(9) we can also
define a smoothed significance map as

eSa ⌘
q

2
�
� eµa + eµ bg

a + ena log(1 + deIa)
�

. (11)

This expression represents the statistical weight of the

anisotropy deIa in each celestial (sliding) bin a. For suf-
ficiently small smoothing scales, eS 2

a can be interpreted
as the bin-by-bin maximum-likelihood ratio of the hy-
pothesis I?

a compared to the null hypothesis I bg
a = 1.

Again, the test statistic of data under the null hypothe-
sis is following a one-dimensional c2-distribution and,
in that case, eSa corresponds to the significance in units
of Gaussian standard deviations (Wilks 1938).

The right panels of Figure 2 show the pre-trial sig-
nificance (11) of the anisotropy. We follow the stan-
dard convention to indicate the significance of deficits
by negative values. The symbol ⇥ indicates the loca-
tion of maximum significance. Whereas the first two
bins do not show strong evidence of CR anisotropies,
the last bin shows a local excess at the level of about
4.7s. However, the significance of this excess needs to
be corrected for trials. We follow the same procedure as
in Ahlers (2018) to estimate the effective number of tri-
als as Ntrial ' DWFOV/DWbin, where DWFOV is the size
of the observatory’s time-integrated field of view and
DWbin is the effective bin size according to the top-hat
smoothing scale. For the 20� smoothing radius of the
KASCADE-Grande data we obtain Ntrial ' 14.0. The
post-trial p-value can then be approximated as

ppost ' 1 � (1 � p)Ntrial . (12)

Figure 3 shows the post-trial significance map for the
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FIG. 2.— Mollweide projections in equatorial coordinates of the reconstructed anisotropy (left) and pre-trial significance (right) for the three Nch
bins listed in Table 1. We show the results for a top-hat smoothing radius of 20�. The grey-shaded area indicates the unobservable part of the
celestial sphere. The dashed line indicates the projection of the Galactic Plane. The values of pre-trial significance are shown in units of standard
deviations and indicated in red and blue colors for excesses and deficits, respectively. The location of maximum pre-trial significance is indicated
by the symbol ⇥.

The left panels of Figure 2 show the reconstructed
anisotropy in the three energy bins with excesses and
deficits indicated by red and blue colors, respectively.
The dashed line indicate the projection of the Galactic
plane onto the celestial sphere.

With the expectation values of Eqs. (7)–(9) we can also
define a smoothed significance map as

eSa ⌘
�

2
�
�eµa + eµ bg

a + ena log(1 + deIa)
�

. (11)

This expression represents the statistical weight of the
anisotropy deIa in each celestial (sliding) bin a. For suf-
ficiently small smoothing scales, eS 2

a can be interpreted
as the bin-by-bin maximum-likelihood ratio of the hy-
pothesis I?

a compared to the null hypothesis I bg
a = 1.

Again, the test statistic of data under the null hypothe-
sis is following a one-dimensional c2-distribution and,
in that case, eSa corresponds to the significance in units
of Gaussian standard deviations (Wilks 1938).

The right panels of Figure 2 show the pre-trial signif-
icance (11) of the anisotropy. We follow the convention
to indicate the significance of excesses and deficits by
red and blue colors, respectively. The symbol ⇥ indi-
cates the location of maximum significance. Whereas
the first two bins do not show strong evidence of CR
anisotropies, the last bin shows a local excess at the level

of about 4.7s. However, the significance of this excess
needs to be corrected for trials. We follow the same pro-
cedure as in Ahlers (2018) to estimate the effective num-
ber of trials as Ntrial ' DWFOV/DWbin, where DWFOV
is the size of the observatory’s time-integrated field of
view and DWbin is the effective bin size according to the
top-hat smoothing scale. For the 20� smoothing radius
of the KASCADE-Grande data we obtain Ntrial ' 14.0.
The post-trial p-value can then be approximated as

ppost ' 1 � (1 � p)Ntrial . (12)

Figure 3 shows the post-trial significance map for the
third KASCADE-Grande bin with median energy of
33 PeV in Galactic coordinates. As before, the grey-
shaded region indicates the part of the sky that is not
observable from the location of the experiment. The
dashed circle indicates the 20� smoothing radius around
the location of highest post-trial significance of about
4.2s.

4. DISCUSSION

Our analysis does not uncover significant dipole
anisotropies in the KASCADE-Grande data, as indi-
cated in the last column of Table 1. This is consistent
with official results summarized in Apel et al. (2019)
and shown in columns 5 & 6. The dipole amplitude
in solar time induced by the solar Compton-Getting ef-

FIG. 2.— Mollweide projections in equatorial coordinates of the reconstructed anisotropy (left) and pre-trial significance (right) for the three Nch
bins listed in Table 1. We show the results for a top-hat smoothing radius of 20�. The gray-shaded area indicates the unobservable part of the
celestial sphere. The dashed line indicates the projection of the Galactic plane. The values of pre-trial significance are shown in units of standard
deviations and indicated by negative values for deficits. The location of maximum pre-trial significance is indicated by the symbol ⇥.

20�. This corresponds to the sum of events and expecta-
tion values over the set Da of data bins within 20� off a
central bin a in the equatorial coordinate system:

ena = Â
b2Da

Â
t

ntb , (7)

eµa = Â
b2Da

Â
t

A?
tbN ?

t I?
b , (8)

eµ bg
a = Â

b2Da

Â
t

A?
tbN ?

t I bg
b . (9)

In the absence of strong large-scale anisotropies, the
isotropic background level is simply taken as I bg = 1,
but can in general take on any form that is considered
as the background level. With these definitions we can
express the smoothed anisotropy as

deIa = eµa/eµ bg
a � 1 . (10)

The left panels of Fig. 2 show the reconstructed
anisotropy in the three energy bins with excesses and
deficits indicated by red and blue colors, respectively.
The dashed line indicates the projection of the Galactic
plane onto the celestial sphere.

With the expectation values of Eqs. (7)–(9) we can also
define a smoothed significance map as

eSa ⌘
q

2
�
� eµa + eµ bg

a + ena log(1 + deIa)
�

. (11)

This expression represents the statistical weight of the

anisotropy deIa in each celestial (sliding) bin a. For suf-
ficiently small smoothing scales, eS 2

a can be interpreted
as the bin-by-bin maximum-likelihood ratio of the hy-
pothesis I?

a compared to the null hypothesis I bg
a = 1.

Again, the test statistic of data under the null hypothe-
sis is following a one-dimensional c2-distribution and,
in that case, eSa corresponds to the significance in units
of Gaussian standard deviations (Wilks 1938).

The right panels of Figure 2 show the pre-trial sig-
nificance (11) of the anisotropy. We follow the stan-
dard convention to indicate the significance of deficits
by negative values. The symbol ⇥ indicates the loca-
tion of maximum significance. Whereas the first two
bins do not show strong evidence of CR anisotropies,
the last bin shows a local excess at the level of about
4.7s. However, the significance of this excess needs to
be corrected for trials. We follow the same procedure as
in Ahlers (2018) to estimate the effective number of tri-
als as Ntrial ' DWFOV/DWbin, where DWFOV is the size
of the observatory’s time-integrated field of view and
DWbin is the effective bin size according to the top-hat
smoothing scale. For the 20� smoothing radius of the
KASCADE-Grande data we obtain Ntrial ' 14.0. The
post-trial p-value can then be approximated as

ppost ' 1 � (1 � p)Ntrial . (12)

Figure 3 shows the post-trial significance map for the

“Large- and Medium-Scale Anisotropies in the 
Arrival Directions of Cosmic Rays observed 

with KASCADE-Grande”  
 [MA, ApJL 886 (2019)]

Anomalous Anisotropies of Cosmic Rays from Turbulent Magnetic Fields

Markus Ahlers
WIPAC & Department of Physics, University of Wisconsin–Madison, Madison, Wisconsin 53706, USA

The propagation of cosmic rays (CRs) in turbulent interstellar magnetic fields is typically de-
scribed as a spatial di↵usion process. This formalism predicts only a small deviation from an
isotropic CR distribution in the form of a dipole in the direction of the CR density gradient or
relative background flow. We show that the existence of a global CR dipole moment necessarily
generates a spectrum of higher multipole moments in the local CR distribution. These anomalous
anisotropies are a direct consequence of Liouville’s theorem in the presence of a local turbulent
magnetic field. We show that the predictions of this model are in excellent agreement with the
observed power spectrum of multi-TeV CRs.

PACS numbers: 98.70.Sa, 96.50.S-, 98.35.Eg

Introduction.—The arrival directions of Galactic cos-
mic rays (CRs) are highly isotropic. This is expected
from a di↵usive propagation of CRs in the interstellar
medium, where the e↵ective scattering in turbulent mag-
netic fields randomizes the particle momenta over time.
Di↵usion theory (including also convective and dissipa-
tive processes) provides an excellent description of Galac-
tic CR fluxes and their chemical abundances, e.g. [1].
In this framework the only deviation from an isotropic
CR arrival direction is in the form of a weak dipole
anisotropy. The phase and strength of this dipole is ex-
pected to be a combined e↵ect of the relative motion of
the solar system with respect to the frame where CRs
are isotropic [2] and the density gradient of CRs in the
direction of their sources [3–5].

Cosmic ray anisotropies up to the level of one-per-mille
have been observed at various energies by the observa-
tories Tibet AS-� [6, 7], Super-Kamiokande [8], Mila-
gro [9, 10], ARGO-YBJ [11, 12], EAS-TOP [13], Ice-
Cube [14–16] and HAWC [17]. The explanation of the
strength and phase of the observed dipole anisotropy is
challenging, but is qualitatively consistent with the dif-
fusive prediction [4]. However, some of the observations
also show significant multi-TeV CR excesses at smaller
angular scales with unknown origin. In particular, a high
statistics sample of multi-TeV CRs seen by the IceCube
observatory [16] shows significant power in small-scale
multipole moments with ` . 20 as shown in Fig. 1.

It has been speculated that localized CR excesses can
be a combined e↵ect of CR acceleration in nearby super-
nova remnants [18] and the local intergalactic magnetic
field structure introducing an energy-dependent mag-
netic mirror leakage [19] or preferred CR transport direc-
tions [20]. Magnetic reconnections in the heliotail [21],
non-isotropic particle transport in the heliosheath [22] or
the heliospheric electric field structure [23] have also been
considered as a source of these small-scale anisotropies.
Another variant considers the e↵ect of magnetized out-
flow from old supernova remnants [24]. More exotic mod-
els invoke strangelet production in molecular clouds [25]
or in neutron stars [26].

In another recent paper [27] it was argued that the
local turbulent magnetic field configuration within a few
scattering lengths from the observer can induce higher
multipole moments in the CR arrival direction from the
existence of a large scale dipole moment. The authors
support this idea via numerical back-tracking of mono-
energetic CRs in a particular realization of random fields
using a global dipole moment as the initial value. This
elegant concept o↵ers the possibility that the study of
higher multipole anisotropies can probe the structure of
the turbulent magnetic field.
However, a quantitative description of this mechanism

has so far not been available. A major challenge consists
of an accurate description of the transition region be-
tween the di↵usive particle transport on large scales and
the local deterministic flow of particles where CR back-
tracking methods are applied. For the discussion of these
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FIG. 1: Angular power spectrum (black dots) at the 68%
confidence level measured with IceCube [16] at median energy
of 20 TeV compared to the model prediction (20) for ⌫T =
0.1 (blue dotted) and ⌫T = 1 (green dashed) as well as the
asymptotic value (21). We also show the power spectrum of
scrambled (i.e. isotropized) data from Ref. [16] (gray crosses).
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FIG. 3: Sky distribution of showers (circles) and tracks (di-
amonds) with time-ordered event numbers, with angular un-
certainties. Events 28 and 32, which are likely backgrounds,
are removed. The KASCADE field of view is shown by shaded
regions, and a large part of the Southern Hemisphere is not
covered. Dashed curves indicate the regions, in which 25%
and 50% of neutrino emission from VHDM is included. Stars
indicate positions of some nearby sources.

and/or neutrino-induced showers for extended sources.

In Fig. 4, we show forecasted limits that can be
placed by searches for muon neutrinos from Virgo and
M31. For simplicity, we assume that a next-generation
IceCube-Gen2 detector has an effective point-source sen-
sitivity that is about 5 times better than IceCube, due
to the combination effect of enhanced effective area and
event reconstruction [82]. We assume that this detector
would be fully operational after the deployment season
2019/2020, i.e., ten years after IceCube has reached its
full fiducial volume, although quantitative results might
be affected by details of the detector configuration. The
90% C.L. limits are obtained based on Ref. [83]. Note
that, although stacking analyses for nearby sources could
improve limits in principle, we find that including objects
with Mdm/d2 ! 1013 M! Mpc−2 does not help in our
case. Their individual neutrino fluxes are too low, mak-
ing the overall signal-to-background ratio worse. One
sees the present IceCube is not large enough to test the
VHDM scenario requiring τdm ∼ (3–6)×1027 s, even with
twenty years of operations. We need a better angular
resolution, with which we can put crucial constraints in
several years. This conclusion will hold for cored profiles
even if the J factor is reduced by a factor of 2. Nonde-
tections will rule out the VHDM scenario independently
of the other limits, while positive detections may be sup-
portive or suggest other astrophysical scenarios [9].

Summary and Discussion.— The discovery of cos-
mic neutrinos opens up a new window to probe new
physics beyond the Standard Model, such as neutrino
self-interactions [77, 84–88] and Lorentz-invariance viola-
tion [89–91]. The VHDM scenario has been considered as
an explanation for the cosmic neutrinos. We considered
two critical tests that are feasible with current and near-
future γ-ray detectors and next-generation neutrino tele-
scopes. (1) The proposed VHDM models predict the dif-
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FIG. 4: Muon neutrino limits on the VHDM scenario, ex-
pected for the Virgo cluster and M31. We consider the ES13
model (solid line), RKP14 model (dotted line), and HKS14
model (dot-dashed line), and VHDM lifetimes explaining the
cumulative neutrino background are indicated by the shaded
region. We assume through-going muon tracks seen in Ice-
Cube (thick line) and a next-generation detector like IceCube-
Gen2 (thin line) with a relative improvement of the sensitivity
by a factor of 5. The VHDM scenario can be ruled out or sup-
ported in three to five years.

fuse γ-ray background that is compatible with the Fermi
data. The marginal consistency implies that they can be
ruled out or supported by improving the data, decom-
posing the sub-TeV background, and finding anisotropy
increasing as energy. Note that the latest results of the
IceCube Collaboration indicate a softer neutrino spec-
trum with the higher intensity in the ∼ 30 TeV energy
range [68, 69], which would increase the tension with γ-
ray bounds. (2) The diffuse sub-PeV γ-ray background
is also marginally consistent with the current limits. The
excess emission around the Galactic center can be de-
tected by γ-ray and CR detectors such as HAWC, Tibet
AS+MD and IceTop. (3) If the VHDM scenario is cor-
rect, muon neutrinos from nearby galaxies and galaxy
clusters such as Virgo should be detected with a next-
generation detector such as IceCube-Gen2. Remarkably,
this method enables us to test various VHDM models
that only explain the data in the PeV range.
The tests proposed here are complementary to the

large-scale anisotropy of the arrival distribution of neutri-
nos. So far, no significant anisotropy has been observed.
We stress that our approaches become especially impor-
tant if the excess around the Galactic center exists.
Although we focused on decaying VHDM, applica-

tions to annihilating VHDM are possible. The unitar-
ity bound, which usually gives stringent limits on mdm,
could be alleviated if the signal largely comes from sub-
structures with low velocity dispersion [37]. Although
the predicted arrival distribution is different, constraints
from the diffuse γ-ray background can similarly be pow-
erful. With large boost factors, muon neutrino searches
for nearby sources are relevant as well [56].
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Unitarity Bounds of Astrophysical Neutrinos
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The flavor composition of astrophysical neutrinos observed at neutrino telescopes is related to the
initial composition at their sources via oscillation-averaged flavor transitions. If the time evolution of
the neutrino flavor states is unitary, the probability of neutrinos changing flavor is solely determined
by the unitary mixing matrix that relates the neutrino flavor and propagation eigenstates. In this pa-
per we derive general bounds on the flavor composition of TeV–PeV astrophysical neutrinos based
on unitarity constraints. These bounds are useful for studying the flavor composition of high-energy
neutrinos, where energy-dependent non-standard flavor mixing can dominate over the standard mix-
ing observed in accelerator, reactor, and atmospheric neutrino oscillations.

PACS numbers: 14.60.Pq, 14.60.St, 95.55.Vj

Introduction.—The high-energy astrophysical neutri-
nos discovered by IceCube [1–7] are key to revealing
the unknown origin of high-energy cosmic rays and the
physical conditions in their sources [8]. They also pro-
vide a unique opportunity to study fundamental neu-
trino properties in an entirely new regime: their energy
and baseline far exceed those involved in reactor, accel-
erator, and atmospheric neutrino experiments. Effects of
non-standard neutrino physics — even if they are intrin-
sically tiny — can imprint themselves onto the features
of astrophysical neutrinos, including their energy spec-
trum, arrival directions, and flavor composition, i.e., the
proportion of neutrinos of each flavor.

At the sources, the flavor composition is determined
by the neutrino production process; after that, oscil-
lations modify the composition en route to Earth [11–
18]. Assuming standard oscillations, we predict the ob-
servable flavor composition. However, non-standard
neutrino oscillations can alter the composition drasti-
cally [19–25]. Non-standard effects can originate, e.g.,
from neutrino interactions with background matter [26–
28] and dark matter [29, 30] or from Standard Model
extensions that violate the weak equivalence principle,
Lorentz invariance, or CPT symmetry [31–37]. A key
property of these models is that the flavor transitions
between sources and Earth are entirely determined by a
new unitary mixing matrix that connects neutrino flavor
and propagation eigenstates.

We will discuss the regions in flavor space that can be
expected from this class of models. The unitarity of the
new mixing matrix allows us to compute the boundary
of the region that encloses all possible flavor composi-
tions at the Earth, in spite of not knowing the values of
the matrix elements. Previous work [20] derived a set
of unitarity bounds for specific choices of flavor com-
position at the sources. We extend this work by pro-
viding a refined and explicit formalism to derive unitar-
ity bounds that are easily applicable to arbitrary source

compositions.
Figure 1 shows our results for physically motivated

choices of source flavor composition. The ternary plot
shows the source and Earth flavor fractions, i.e., the rela-
tive contribution of neutrino flavors to the total neutrino
flux. Assuming that the accessible flavor space is con-
vex, i.e., that every intermediate flavor fraction between
any two accessible fractions is also accessible by a suit-
able unitary matrix, our unitarity bounds are maximally
constraining and completely characterize the accessible
flavor space.
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Neutrinos from GRBs: O↵-Axis View of Structured Jets 7
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Figure 4. Predicted fluence of muon neutrinos (⌫µ + ⌫̄µ) associ-
ated with the prompt emission in the best-fit structured jet model
of Ghirlanda et al. (2019). We show the predictions based on a
fixed photon peak in the shell frame (“fixed ✏ 0

peak
”, solid lines) us-

ing Eq. (32) and in the engine frame (“fixed ✏ ⇤
peak

”, dotted lines)

using Eq. (33). The thick black lines show the o↵-axis emission at a
viewing angle ✓v = 15

�. The blue lines show the corresponding pre-
diction for the on-axis emission, which has a strong dependence on
the internal photon spectrum. The thin green lines show the result
of an approximation based on the standard on-axis calculation of
uniform jets (Waxman & Bahcall 1997) with jet parameters from
the structured jet model at ✓⇤ = ✓v . The upper solid lines indicate
the 90% C.L. upper limit on the fluence from Albert et al. (2017).

✏peak ' 20 MeV, in tension with the peak distribution in-
ferred from GRBs observed by Fermi-GBM (Gruber et al.
2014). The phenomenological model (b) is motivated by the
discussion of Ioka & Nakamura (2019), who study the con-
sistency of the on-axis emission of GRB 170817A with the
E iso
� -✏peak correlation suggested by Amati (2006). Here, the

on-axis fluence is expected to peak at ✏peak ' 178 keV.

5.2 Neutrino Fluence

As we discussed in section 4, the neutrino emissivity of a
structured jet is expected to deviate from the angular dis-
tribution of the observable �-ray emission. For high opacity
(⌧p� � 1) regions of the shell the angular distribution of the
neutrino emission is expected to follow the distribution of in-
ternal energy (24) that takes into account the e�ciency of
dissipation in internal collisions. This is shown for our e�-
ciency model (A6) as the thick green line in Fig. 4. For low-
opacity (⌧p� � 1) regions, however, the energy distribution
has an additional angular scaling from the opacity (27), as
indicated by the thin green line. One can notice that a low
opacity environment has an enhanced emission at jet angles
10

�-20
�, which is comparable to our relative viewing angle.

Note that the angular distributions in Fig. 3 are normalized
to the value at the jet core and do not indicate the absolute
emissivity of neutrinos or �-rays, which depend on jet angle
✓⇤ and co-moving cosmic ray energy ✏ 0p.

At each jet angle ✓⇤ we estimate the maximal cosmic ray
energy based on a comparison of the acceleration rate to the

combined rate of losses from synchrotron emission, p� in-
teractions (Bethe-Heitler and photo-hadronic) and adiabatic
losses. Our model predictions assume a magnetic energy ra-
tio compared to �-rays of ⇠B = 0.1 and a non-thermal bary-
onic loading of ⇠p ' 1 (see Appendix B). We calculate the
neutrino emissivity j 0⌫↵ (✓

⇤, ✏ 0⌫) from p� interactions with the
photon background in sub-shells based on the Monte-Carlo
generator SOPHIA (Mücke et al. 2000), that we modified to
account for synchrotron losses of all secondary charged parti-
cles before their decay (Lipari et al. 2007). The uncertainties
regarding the photon target spectrum are estimated in the
following via the two models (a) and (b) of the peak photon
energy.

The expected fluence of muon neutrinos (⌫µ + ⌫̄µ) under
di↵erent model assumptions is shown in Fig. 4. The o↵-axis
fluence at a viewing angle of ✓v ' 15

� is indicated as thick
black lines. The o↵-axis prediction has only a weak depen-
dence on the angular scaling of the co-moving peak of the
photon spectrum, Eqs. (32) or (33), as indicated as solid and
dotted lines, respectively. This is expected from the normal-
ization of the model to the observed �-ray fluence under this
viewing angle. For comparison, we also show in Fig. 4 an
approximation (thin green lines) of the o↵-axis neutrino flu-
ence based on the on-axis top-hat jet calculation with Lorentz
factor and neutrino emissivity evaluated at ✓⇤ ' ✓v . This ap-
proximation has been used by Biehl et al. (2018) to scale the
o↵-axis emission of the structured jet. Note that this approx-
imation significantly underestimates the expected neutrino
fluence of GRB 170717A compared to an exact calculation.

Figure 4 also indicates the predicted neutrino fluence for an
on-axis observer of the source located at the same luminosity
distance. The extrapolated on-axis fluence shows a strong
dependence on the model of the internal photon spectrum;
model (33) predicts a strong neutrino peak at the EeV scale
that exceeds the prediction of model (32) by two orders of
magnitude. The relative di↵erence of the neutrino fluence at
the EeV scale follows from the ratio of ✏ 0

peak
(0) for the two

models (32) and (32): For a fixed co-moving energy density
of the shell, a lower peak photon energy corresponds to a
higher photon density and also a higher threshold for neutrino
production. One can also notice, that the on-axis neutrino
fluence in the TeV range depends only marginally on the
viewing angle. This energy scale is dominated by the emission
of the jet at ✓⇤ ' 10

�
� 20

� and reflects the strong angular
dependence of the neutrino emission in the rest frame of the
central engine (cf. Fig. 3).

The upper thin solid lines in Fig. 4 show the 90% confidence
level (C.L.) upper limits on the neutrino flux of GRB 170817A
from Antares, Auger and IceCube (Albert et al. 2017). The
predicted neutrino fluence is orders of magnitude below these
combined limits. However, our neutrino fluence predictions
are proportional to the non-thermal baryonic loading factor,
and we assume a moderate value of ⇠p = 1 for our calcula-
tions. In any case, the predicted neutrino flux at an observa-
tion angle of 15

� is many orders of magnitude larger than the
expectation from an o↵-axis observation of a uniform jet.

6 CONCLUSIONS

In this paper, we have discussed the emission of neutrinos
in the internal shock model of �-ray bursts. The majority of
previous predictions are based on the assumption of on-axis
observations of uniform jets with wide opening angles. Here,
we have extended the standard formalism of neutrino pro-
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The sources and production mechanisms of high-energy astrophysical neutrinos are largely un-
known. A promising opportunity for progress lies in the study of neutrino flavor composition, i.e.,
the proportion of each flavor in the flux of neutrinos, which reflects the physical conditions at the
sources. To seize it, we introduce a Bayesian method that infers the flavor composition at the neu-
trino sources based on the flavor composition measured at Earth. We find that present data from the
IceCube neutrino telescope favor neutrino production via the decay of high-energy pions and rule out
production via the decay of neutrons. In the future, improved measurements of flavor composition
and mixing parameters may single out the production mechanism with high significance.

Introduction.— High-energy astrophysical neutrinos
with TeV–PeV energies provide crucial and unique infor-
mation to understand the non-thermal Universe [1, 2].
Yet, though firmly detected [3–7], they have a largely
unknown origin. They likely come predominantly from
extragalactic sources [2, 8–11], but, to date, no point-like
source is known with certainty, notwithstanding notewor-
thy recent findings [12, 13]. In the future, improved event
statistics, reduced systematic uncertainties, and com-
bined multi-messenger analyses will boost the prospects
of discovering sources [14, 15].

A complementary opportunity for progress, accessible
already today, lies in measuring the flavor composition
of high-energy astrophysical neutrinos, i.e., the relative
number of neutrinos of each flavor. The flavor composi-
tion that neutrinos are emitted with is the result of pro-
duction processes that depend on the physical conditions
in the astrophysical sources. Therefore, flavor measure-
ments can help to discriminate between candidate source
classes [16–20]. After emission, as neutrinos propagate
en route to Earth, flavor oscillations modify the compo-
sition. Neutrino telescopes, like IceCube, measure the
flavor composition of the arriving flux. Based on it, one
can, in principle, infer the composition at the sources.

Yet, existing analyses are either largely focused on in-
ferring the flavor composition at Earth from data [21–27]
or confined to assessing the compatibility of the flavor
composition measured at Earth with expectations from a
few idealized scenarios of neutrino production. We follow
an alternative strategy, hitherto unexplored, that pro-
vides more insight. Using Bayesian statistics, we infer
the composition at the sources based on the composition
measured at neutrino telescopes, accounting for the un-
certainties in its measurement and in the neutrino mixing
parameters that drive oscillations.

Figure 1 shows our results obtained using published
and projected flavor measurements in IceCube. We re-
port results in terms of flavor ratios f↵,S (↵ = e, µ, ⌧),
i.e., the relative contribution of ⌫↵+ ⌫̄↵ to the total emis-
sion. We find that present data favor neutrino production
via the decay of high-energy pions and the synchrotron-
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FIG. 1. Flavor composition of high-energy astrophysical neu-
trinos at their sources, inferred from present IceCube mea-
surements [23] (bottom) and from the projected sensitivities
of the near-future IceCube upgrade [28] (center) and planned
IceCube-Gen2 [29] (top), assuming production by pion decay.
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ically motivated neutrino production scenarios: pion decay,
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cooling of intermediate muons in strong magnetic fields,
and strongly disfavor production via neutron decay.

Producing astrophysical neutrinos.— We expect
astrophysical sources of high-energy neutrinos to acceler-
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What is the origin of high-
energy neutrino emission? 

How can we use multi-
messenger information to 

decipher the sources? 

Are there more sources like TXS 
0506+056 - the first high-energy 

neutrino source?
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Figure 2: The current sky map of highly energetic neutrino events detected by IceCube. The distribution of the events is
consistent with being isotropic. The location of the first compelling neutrino source, blazar TXS 0506+056, is marked
with a star. Shown in the inset are the related Fermi-LAT measurements of the region centred on TXS 0506+056 from
September 2017 [2]. The uncertainty ellipses of the IceCube neutrino event IC-170922A are shown for reference.

with g-rays [14–17] or gravitational waves [18–20].
To push to the ultimate goal of everyday neutrino-based astronomy will require collecting a

factor of 5 to 10 more neutrinos than an IceCube-scale detector, with a concommitant sensitivity
increase to point sources of at least 5 times the current IceCube array (see Fig. 3) as well as an
expansion of the energy range to beyond 1018 eV energies with sensitivity two order of magnitude
better than what is currently accessible (see [4] for details).

IceCube-Gen2, a planned next generation observatory at the South Pole, will achieve these
goals. Construction of the extended observatory is estimated to require 6 years, with completion
and full operation at the end of the next decade, and with a total project budget of approximately
$400M. IceCube-Gen2 is anticipated to play an essential role in shaping the new era of multi-
messenger astronomy in that period to resolve a number of the most pressing questions of the
high-energy universe (e.g., identify the sources of the mostly unresolved IceCube flux, see Fig. 3).
This project mission relies on operating in concert with the anticipated new survey instruments
across the electromagnetic spectrum and gravitational wave instruments becoming available in the
next decade.

Current era: The IceCube Neutrino Observatory and High-Energy Cosmic
Neutrinos
Constructed via an NSF MREFC grant between 2004 and 2010, IceCube instruments one cubic
kilometer of the deep glacial ice near the Amundsen-Scott South Pole Station, Antarctica. A total
of 5160 digital optical modules (DOMs), each autonomously operating a 25 cm photomultiplier
tube (PMT) in a glass pressure housing [24], are currently deployed at depths between 1450 m and
2450 m on 86 cables (‘strings’). The glacial ice behaves as both the interaction medium and sup-
port structure for the IceCube array. Cherenkov radiation emitted by secondary charged particles
produced in neutrino interactions in or near the active detector volume carries the information of
the neutrino’s energy, direction, arrival time, and flavor. Digitized waveforms from each DOM
provide the record of the event signatures in IceCube, including the arrival time and amplitude
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