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宇宙線観測で探る宇宙の進化
極高エネルギー(E > 1018 eV) 宇宙線観測 

観測量：エネルギー、粒子種（の指標となる値）、到来方向 

Energy spectrum, mass/chemical composition, anisotropy 

宇宙線観測で探る宇宙の進化 

ソース密度が遠方でどのように変化しているか？ 

エネルギースペクトルの形に影響する 

来年度の学術変革領域（B）へ向けたアイディアの検討 

学問分野に新たな変革や転換をもたらし、既存の学問分野の枠に収まらない新興・融
合領域の創成が期待できる基礎的研究 (基礎から応用への展開を目指すものを含む)
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29. Cosmic rays 429

when observed at the ground. Thus the shower size Ne and primary
energy E0 are only related in an average sense, and even this relation
depends on depth in the atmosphere. One estimate of the relation
is [96]

E0 ∼ 3.9 × 106 GeV (Ne/106)0.9 (29.12)

for vertical showers with 1014 < E < 1017 eV at 920 g cm−2 (965 m
above sea level). As E0 increases the shower maximum (on average)
moves down into the atmosphere and the relation between Ne and E0

changes. Moreover, because of fluctuations, Ne as a function of E0 is
not correctly obtained by inverting Eq. (29.12). At the maximum of
shower development, there are approximately 2/3 particles per GeV of
primary energy.

There are three common types of air shower detectors: shower
arrays that measure a ground parameter related to shower size Ne and
muon number Nµ as well as the lateral distribution on the ground,
Cherenkov detectors that detect the Cherenkov radiation emitted
by the charged particles of the shower, and fluorescence detectors
that study the nitrogen fluorescence excited by the charged particles
in the shower. The fluorescence light is emitted isotropically so the
showers can be observed from the side. Detection of radiofrequency
emission from showers via geosynchrotron and Askaryan mechanisms
has also been successfully employed in recent experiments. Detailed
simulations and cross-calibrations between different types of detectors
are necessary to establish the primary energy spectrum from air-shower
experiments.

Figure 29.8 shows the “all-particle” spectrum. The differential
energy spectrum has been multiplied by E2.6 in order to display the
features of the steep spectrum that are otherwise difficult to discern.
The steepening that occurs between 1015 and 1016 eV is known as the
knee of the spectrum. The feature around 1018.5 eV is called the ankle
of the spectrum.
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Figure 29.8: The all-particle spectrum as a function of E
(energy-per-nucleus) from air shower measurements [91–106].

Measurements of flux with air shower experiments in the knee
region differ by as much as a factor of two, indicative of systematic
uncertainties in interpretation of the data. (For a review see Ref. 90.)
In establishing the spectrum shown in Fig. 29.8, efforts have been
made to minimize the dependence of the analysis on the primary
composition. Ref. 99 uses an unfolding procedure to obtain the
spectra of the individual components, giving a result for the all-
particle spectrum between 1015 and 1017 eV that lies toward the
upper range of the data shown in Fig. 29.8. In the energy range
above 1017 eV, the fluorescence technique [107] is particularly useful
because it can establish the primary energy in a model-independent
way by observing most of the longitudinal development of each shower,
from which E0 is obtained by integrating the energy deposition in
the atmosphere. The result, however, depends strongly on the light
absorption in the atmosphere and the calculation of the detector’s
aperture.

Assuming the cosmic-ray spectrum below 1018 eV is of galactic
origin, the knee could reflect the fact that most cosmic accelerators
in the Galaxy have reached their maximum energy. Some types of
expanding supernova remnants, for example, are estimated not to be
able to accelerate protons above energies in the range of 1015 eV.
Effects of propagation and confinement in the Galaxy [111] also
need to be considered. A discussion of models of the knee may be
found in Ref. 112. The Kascade-Grande experiment [101] has reported
observation of a second steepening of the spectrum near 8 × 1016 eV,
with evidence that this structure is accompanied a transition to heavy
primaries.

Concerning the ankle, one possibility is that it is the result of
a higher energy population of particles overtaking a lower energy
population, for example an extragalactic flux beginning to dominate
over the galactic flux (e.g. Ref. 107). Another possibility is that the
dip structure in the region of the ankle is due to pγ → e+ + e−

energy losses of extragalactic protons on the 2.7 K cosmic microwave
radiation (CMB) [114]. This dip structure has been cited as a robust
signature of both the protonic and extragalactic nature of the highest
energy cosmic rays [113]. If this interpretation is correct, then the
galactic cosmic rays do not contribute significantly to the flux above
1018 eV.
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Figure 29.9: Expanded view of the highest energy portion of
the cosmic-ray spectrum from data of the Telescope Array [105],
and the Pierre Auger Observatory [106].

The energy-dependence of the composition from the knee through
the ankle is useful in discriminating between these two viewpoints,
since a heavy composition above 1018 eV is inconsistent with the
formation of the ankle by pair production losses on the CMB.
The TA and Auger experiments, however, have shown somewhat
different interpretations of data on the depth of shower maximum
Xmax, a quantity that correlates strongly with ln(E/A) and with
the interaction cross section of the primary particle. The Telescope
Array (TA) collaboration [115] has interpreted their data as implying
a light primary composition (mainly p and He) of ultrahigh-energy
cosmic-rays (UHECR) from 1.3 × 1018 to 4 × 1019 eV. The Pierre
Auger collaboration [116], using post-LHC hadronic interaction
models, reports a composition becoming light up to 2 × 1018 eV
but then becoming heavier above that energy, with the mean mass
intermediate between protons and iron at 3 × 1019 eV. Auger and TA
have also conducted a thorough joint analysis [117] and state that,
at the current level of statistics and understanding of systematics,
both data sets are compatible with being drawn from the same parent
distribution, and that the TA data is compatible both with a protonic
compsition below 1019 eV and with the mixed compostion above 1019

eV as reported by Auger.

If the cosmic-ray flux at the highest energies is cosmological in
origin, there should be a rapid steepening of the spectrum (called
the GZK feature) around 5 × 1019 eV, resulting from the onset of
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Interpretation of the energy spectrum observed with the Telescope Array surface detectors E. Kido
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Figure 1: The red data points denote the energy spectrum measured by TA SD. The red solid line denotes
the best-fit expected energy spectrum with p = 2.21, m = 6.7, ∆ logE = −0.03 for a uniform distribution
of UHECR sources. χ2/d.o.f. is 12.4/17. In this figure, the energy scale of the data points is fixed and the
energy scale of the model is shifted by ∆ logE =+0.03. The green dashed line denotes the best-fit expected
energy spectrum when UHECRs are distributed along the LSS.

a weighting factor for each selected galaxy to take into account faint galaxies below the limit of
apparent magnitude 12.5 following the procedure described in [25]. First we calculate the depen-
dence of ∑i wiAi on distance from the galaxies, where wi is the weight of each galaxy and Ai is the
relative TA SD exposure in the direction of the galaxy. Then we simulate energy spectra from the
source distribution ∑i wiAi using the modified CRPropa ver.2.0.3 and assuming the injection spec-
trum (2.1). Figure 3 shows the dependence of ∑i wi on the comoving distance from the galaxies.
Some bumps can be seen in this figure and this feature reflects the concentration of local matter
density. The bump around 20 Mpc shows the feature of the Virgo cluster for example.

We obtain the best fit parameters by repeating the procedure described in section 2. The
expected flux with these parameters is shown as a dashed green line in Fig. 1. The differences of
the best fit parameters between LSS and uniform source distribution are ∆p = 0.02, ∆m = 0.3 and
∆(∆ logE) = 0.02.

4.3 Dependence on the IRB

To estimate uncertainty related to poor knowledge of IRB we have repeated the spectrum
fitting procedure using IRB models of Ref. [12], [13] and [14]. The largest difference in terms of
best fit parameters was obtained between the “best fit” model of Ref. [13] and “minimal” model of
Ref. [14]: ∆p = 0.03, ∆m = 0.3 and ∆(∆ logE) = 0.01.
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Figure 2: The confidence regions of values on which fitting parameters p and m simultaneously take are
plotted with a color map for uniform source distribution. The systematic flux uncertainties related to the
event reconstructions are taken into account. Other fitting parameters α and ∆ logE are determined to mini-
mize χ2 for each p and m in this color map. The x-axis is the injection power index p of sources. The y-axis
is m of the number evolution (1+ z)m of comoving source density.

5. Conclusions

We fitted a simple phenomenological model (2.1) assuming pure proton injection to the TA SD
spectrum above 1018.2 eV. We obtained χ2/d.o.f. = 12.4/17 with reasonable best fit energy scale
∆ logE =−0.03, and other parameters p = 2.21+0.10

−0.15 (stat.+ syst.) and m = 6.7+1.7
−1.4 (stat.+ syst.).

We also consider the effect of sources being distributed inhomogeneously (following LSS dis-
tribution) and uncertainties related to usage of different propagation codes and IRB models. We
conclude that the largest uncertainty is related to the choice of the IRB model: ∆p= 0.04, ∆m= 0.3.
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Best fit spectra 

>  Low statistics cannot distinguish  
source- or GZK effect 

>  Fit driven by ankle region 

!  Favours hard spectra.... 

!  …and strong source evolution  

>  Overshoot: below fit range 

!  Minimal escape energy? 

!  Magnetic field diffusion? 

!  Or further constraint on Dip model? 
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Cosmogenic Neutrinos 

>  Ranges: min/max over 
allowed parameter space 

>  Exceeds recent  
IceCube sensitivity 
����(����#  ��#%�'�#"����*&����)����''�������������  

!  Mainly due to high source evol. 

>  Minimal number  
of expected events: 5.4 

!  Background: 1-2 events 

!  Challenged at more than 95% C.L. 

!  … already in stress with TA data 

Dip model excluded for 
reasonable source evolution! 

JH, Boncioli, Bustamante, Winter  
ApJ 825:122 (2016)     

ニュートリノの上限値と矛盾する
6
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Alves Batista et al. Open Questions in Cosmic-Ray Research at Ultrahigh Energies

energy spectra for the Southern sky, seen by Auger only, for the Northern sky, seen by TA only, and for the
declination range �15�  �  24.8�, seen by both observatories. The energy spectrum for the common
declination band is depicted in the right panel of Figure 3. Obviously, the agreement is much better, but
some differences are still seen. It should also be noted that the energy spectrum measured by Auger does
not show any significant declination dependence, but that of TA does. As it is still too early to draw definite
conclusions about the source of the differences, the joint working group will continue their studies. It is
also worthwhile to note that the declination dependence of the energy spectrum seen by TA should cause a
significant anisotropy in the arrival directions of UHECR. This has been studied in [34] and was found to
be in tension with astrophysical models aimed at reproducing observational constraints on anisotropies.

Another important question related to the UHECR energy spectrum is about the origin of the flux
suppression observed at the highest energies. The GZK cut-off was predicted 50 years ago independently
by Greisen and Zatsepin & Kuzmin [2, 3] and was claimed to be found by the HiRes collaboration in
2008 [21]. At the same time, the Auger collaboration reported a flux suppression at about the same energy
and with a significance of more than 6� [35]. Above 1019.8 eV, TA has reported the observation of 26
events [36] and Auger has reported 100 events [37] by ICRC2017. However, these numbers cannot be
compared directly due to the difference in the energy calibration of the experiments. We discuss more this
problem in Section 3.1.

2.3 Mass Composition
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Figure 4. Measurements [38–40] of the mean (left) and standard deviation (right) of the distribution of
shower maximum as a function of energy. Data points from the Pierre Auger Observatory are shown as
published since they have been corrected for detector effects. Data from the Telescope Array have been
approximately corrected for detector effects by shifting the mean by +5 g/cm2 [41] and by subtracting
an Xmax-resolution of 15 g/cm2 [40] in quadrature. Furthermore, the TA data points were shifted down
by 10.4% in energy to match the energy scale of the Pierre Auger Observatory [42] (see also [43]
for a discussion of the good overall compatibility of the Xmax measurements from the Pierre Auger
Observatory and the Telescope Array). All error bars denote the quadratic sum of the quoted statistical and
systematic uncertainties. The energy evolution of the mean and standard deviation of Xmax obtained from
simulations [44] of proton- and iron-initiated air showers are shown as red and blue lines respectively. The
line styles indicate the different hadronic interaction models [45–47] used in the simulation. M. Unger for
this review.
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Alves Batista et al. Open Questions in Cosmic-Ray Research at Ultrahigh Energies

The most reliable technique to measure the mass composition of UHECRs is the simultaneous
measurement of the depth, Xmax, at which the number of particles in an air shower reaches its maximum
and the energy, E, of the shower. These quantities can be directly observed with non-imaging Cherenkov
detectors, radio arrays, and fluorescence telescopes. As of today, only fluorescence detectors have reached
enough exposure to measure Xmax at ultrahigh energies. After pioneering measurements from Fly’s Eye [48]
and HiRes [49], the fluorescence technique is currently employed by the Pierre Auger Observatory [50]
and the Telescope Array [51]. Traditional particle detector arrays are in principle also capable to estimate
the energy and mass of cosmic rays, e.g., by measuring separately the number of muons and electrons at
ground level, but usually with a worse resolution and, more importantly, larger theoretical uncertainties
from hadronic interactions during the air shower development. The latter source of uncertainty can be
eliminated by cross-calibrating the measurements with the Xmax and energy of a subset of so-called hybrid
events (air showers observed simultaneously with both, fluorescence and surface detectors).
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Figure 5. Composition fractions arriving at Earth derived from fitting templates of four mass groups to
the Xmax distribution measured with the fluorescence detectors of the Pierre Auger Observatory (adapted
from [39]). Error bars denote statistical uncertainties and lines were added to guide the eye. The two
interpretations of the data with EPOS-LHC and Sibyll2.3 are shown as closed and open symbols with solid
and dashed lines styles respectively. The QGSJetII-04 interpretation from [39] is not shown, since it does
not give a good description of the Xmax distributions over a wide range in energy (see also discussion in
[52]). As of today, no composition fractions are available around and above 1020 eV. M. Unger for this
review.

The current data on the average shower maximum, hXmaxi, as a function of energy from fluorescence [39,
40, 53] and surface detectors [38] is shown in the left panel of Figure 4. The event-by-event fluctuations of
the shower maximum, �(Xmax), are displayed on the right panel of Figure 4. Only the measurements with
fluorescence detectors have enough resolution to determine the intrinsic (as opposed to detector-related)
standard deviation of shower fluctuations. For comparison, the predictions of hXmaxi of proton- and
iron-initiated air showers simulations using hadronic interaction models [45–47] tuned to LHC data are
shown as red and blue lines.

These measurements of the first two moments (mean and standard deviation) of the Xmax distribution
suggest that the composition of cosmic rays becomes lighter as the energy increases towards the ankle (until
around 1018.3 eV) and then becomes heavier again when approaching ultrahigh energies. The data points
from the surface detector of Auger might indicate a flattening of this trend at ultrahigh energies, but more
statistics are needed to confirm this finding. Note that, whereas hXmaxi scales linearly with the average

Frontiers 7
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期待値
Augerの測定結果
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2. Propagation of UHECRs

UHECRs are charged particles, consisting of fully ionized
atomic nuclei, and consequently are deflected by magnetic
fields. The effect of these deflections on the propagation of
UHECRs depends on the field strength. For strong magnetic
fields, the propagation is fully diffusive, and the arrival
direction of a UHECR bears no relation to the direction of its
source. This scenario predicts that the UHECR sky should be
primarily isotropic, though with a small degree of anisotropy
from the Compton–Getting effect (Compton & Getting 1935).
For weak magnetic fields, the arrival directions of UHECRs
will be offset from their sources by an angle depending on the
magnitude of the deflection, which in the small-angle limit is
proportional to the field strength. Any observed correlations of
UHECRs with the directions of sources, if such are identified,
imply that we are in the latter regime, with the offset angles
providing a measure of the magnetic field strength.

In the weak-field scenario, the offset angles between the
arrival directions of UHECRs and their sources due to
deflections in the EGMF will depend both on the strength of
the EGMF and on the scale of its coherent structure. In general,
we expect the EGMF to have a turbulence spectrum that spans
a range of scales. We will consider here two special cases: one
in which the coherence length λB of the EGMF is longer than
the distance D to a UHECR source (Section 2.1), making it
uniform on this scale; and one in which the EGMF consists of
independent cells of size λB=D (Section 2.2).

2.1. In a Uniform Magnetic Field

If the EGMF has a coherence length λB longer than the
distance D to a source of UHECRs, a UHECR propagating
from this source to Earth will experience a near-uniform
magnetic field. Assuming this field to have a strength B⊥
perpendicular to the motion of the UHECR, it will follow a
curved path with a gyroradius

r
E
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?
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where E is the energy of the UHECR, Z its atomic number, e
the electron charge, and c the speed of light. As illustrated in
Figure 1, this leads to an offset θ between the observed arrival
direction of the UHECR and the position of its source. From
Equation (1) and geometrical considerations, this offset angle
can be found as
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Note that this offset angle differs from the deflection of the path
of the UHECR as given in Equation (5) of Lee et al. (1995) and
Equation (135) of Durrer & Neronov (2013), which is 2θ in our
notation.

Given a constraint θ<θmax on the offset angle due to
magnetic deflection by the EGMF, it is possible to place an
upper limit on the EGMF strength B. As B⊥ represents the
strength of the magnetic field in only two spatial dimensions,
and assuming no preferred orientation of the field relative to
Earth, we can estimate B B 3 2� ? . Consequently we obtain
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For a uniform magnetic field, UHECRs from different points
on the sky will experience a similar deflection, expressed as a
rotation around an axis aligned with the local orientation of the
EGMF. The angle θ can therefore be interpreted as the offset of
UHECR arrival directions for a single source, as described
above, or the collective offset for a population of sources at a
common distance D.

2.2. In a Turbulent Magnetic Field

If the EGMF is turbulent on small scales—that is, its
coherence length λB is smaller than the distance D to a source
of UHECRs—then a UHECR from this source will not follow a
simple path as shown in Figure 1. In the limit λB=D, it will
stochastically accumulate a series of small deflections as shown
in Figure 2. UHECRs from a single source will undergo
different deflections, and the source will appear to be smeared
out, with a root-mean-square scale
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If we can place a constraint θrms<θmax on this angle then,
similarly to Equation (4), we can constrain the strength of the

Figure 1. Motion of a UHECR in a uniform magnetic field. The magnetic
deflection of the UHECR causes its arrival direction at Earth to be offset by an
angle θ from the position of its source. The distance D to the source and the
gyroradius rg of the UHECR obey the relation D=2rgsin θ.
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2. Propagation of UHECRs

UHECRs are charged particles, consisting of fully ionized
atomic nuclei, and consequently are deflected by magnetic
fields. The effect of these deflections on the propagation of
UHECRs depends on the field strength. For strong magnetic
fields, the propagation is fully diffusive, and the arrival
direction of a UHECR bears no relation to the direction of its
source. This scenario predicts that the UHECR sky should be
primarily isotropic, though with a small degree of anisotropy
from the Compton–Getting effect (Compton & Getting 1935).
For weak magnetic fields, the arrival directions of UHECRs
will be offset from their sources by an angle depending on the
magnitude of the deflection, which in the small-angle limit is
proportional to the field strength. Any observed correlations of
UHECRs with the directions of sources, if such are identified,
imply that we are in the latter regime, with the offset angles
providing a measure of the magnetic field strength.

In the weak-field scenario, the offset angles between the
arrival directions of UHECRs and their sources due to
deflections in the EGMF will depend both on the strength of
the EGMF and on the scale of its coherent structure. In general,
we expect the EGMF to have a turbulence spectrum that spans
a range of scales. We will consider here two special cases: one
in which the coherence length λB of the EGMF is longer than
the distance D to a UHECR source (Section 2.1), making it
uniform on this scale; and one in which the EGMF consists of
independent cells of size λB=D (Section 2.2).

2.1. In a Uniform Magnetic Field

If the EGMF has a coherence length λB longer than the
distance D to a source of UHECRs, a UHECR propagating
from this source to Earth will experience a near-uniform
magnetic field. Assuming this field to have a strength B⊥
perpendicular to the motion of the UHECR, it will follow a
curved path with a gyroradius
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where E is the energy of the UHECR, Z its atomic number, e
the electron charge, and c the speed of light. As illustrated in
Figure 1, this leads to an offset θ between the observed arrival
direction of the UHECR and the position of its source. From
Equation (1) and geometrical considerations, this offset angle
can be found as
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Note that this offset angle differs from the deflection of the path
of the UHECR as given in Equation (5) of Lee et al. (1995) and
Equation (135) of Durrer & Neronov (2013), which is 2θ in our
notation.

Given a constraint θ<θmax on the offset angle due to
magnetic deflection by the EGMF, it is possible to place an
upper limit on the EGMF strength B. As B⊥ represents the
strength of the magnetic field in only two spatial dimensions,
and assuming no preferred orientation of the field relative to
Earth, we can estimate B B 3 2� ? . Consequently we obtain
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For a uniform magnetic field, UHECRs from different points
on the sky will experience a similar deflection, expressed as a
rotation around an axis aligned with the local orientation of the
EGMF. The angle θ can therefore be interpreted as the offset of
UHECR arrival directions for a single source, as described
above, or the collective offset for a population of sources at a
common distance D.

2.2. In a Turbulent Magnetic Field

If the EGMF is turbulent on small scales—that is, its
coherence length λB is smaller than the distance D to a source
of UHECRs—then a UHECR from this source will not follow a
simple path as shown in Figure 1. In the limit λB=D, it will
stochastically accumulate a series of small deflections as shown
in Figure 2. UHECRs from a single source will undergo
different deflections, and the source will appear to be smeared
out, with a root-mean-square scale
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If we can place a constraint θrms<θmax on this angle then,
similarly to Equation (4), we can constrain the strength of the

Figure 1. Motion of a UHECR in a uniform magnetic field. The magnetic
deflection of the UHECR causes its arrival direction at Earth to be offset by an
angle θ from the position of its source. The distance D to the source and the
gyroradius rg of the UHECR obey the relation D=2rgsin θ.
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2. Propagation of UHECRs

UHECRs are charged particles, consisting of fully ionized
atomic nuclei, and consequently are deflected by magnetic
fields. The effect of these deflections on the propagation of
UHECRs depends on the field strength. For strong magnetic
fields, the propagation is fully diffusive, and the arrival
direction of a UHECR bears no relation to the direction of its
source. This scenario predicts that the UHECR sky should be
primarily isotropic, though with a small degree of anisotropy
from the Compton–Getting effect (Compton & Getting 1935).
For weak magnetic fields, the arrival directions of UHECRs
will be offset from their sources by an angle depending on the
magnitude of the deflection, which in the small-angle limit is
proportional to the field strength. Any observed correlations of
UHECRs with the directions of sources, if such are identified,
imply that we are in the latter regime, with the offset angles
providing a measure of the magnetic field strength.

In the weak-field scenario, the offset angles between the
arrival directions of UHECRs and their sources due to
deflections in the EGMF will depend both on the strength of
the EGMF and on the scale of its coherent structure. In general,
we expect the EGMF to have a turbulence spectrum that spans
a range of scales. We will consider here two special cases: one
in which the coherence length λB of the EGMF is longer than
the distance D to a UHECR source (Section 2.1), making it
uniform on this scale; and one in which the EGMF consists of
independent cells of size λB=D (Section 2.2).

2.1. In a Uniform Magnetic Field

If the EGMF has a coherence length λB longer than the
distance D to a source of UHECRs, a UHECR propagating
from this source to Earth will experience a near-uniform
magnetic field. Assuming this field to have a strength B⊥
perpendicular to the motion of the UHECR, it will follow a
curved path with a gyroradius
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where E is the energy of the UHECR, Z its atomic number, e
the electron charge, and c the speed of light. As illustrated in
Figure 1, this leads to an offset θ between the observed arrival
direction of the UHECR and the position of its source. From
Equation (1) and geometrical considerations, this offset angle
can be found as
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Note that this offset angle differs from the deflection of the path
of the UHECR as given in Equation (5) of Lee et al. (1995) and
Equation (135) of Durrer & Neronov (2013), which is 2θ in our
notation.

Given a constraint θ<θmax on the offset angle due to
magnetic deflection by the EGMF, it is possible to place an
upper limit on the EGMF strength B. As B⊥ represents the
strength of the magnetic field in only two spatial dimensions,
and assuming no preferred orientation of the field relative to
Earth, we can estimate B B 3 2� ? . Consequently we obtain

the limit
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For a uniform magnetic field, UHECRs from different points
on the sky will experience a similar deflection, expressed as a
rotation around an axis aligned with the local orientation of the
EGMF. The angle θ can therefore be interpreted as the offset of
UHECR arrival directions for a single source, as described
above, or the collective offset for a population of sources at a
common distance D.

2.2. In a Turbulent Magnetic Field

If the EGMF is turbulent on small scales—that is, its
coherence length λB is smaller than the distance D to a source
of UHECRs—then a UHECR from this source will not follow a
simple path as shown in Figure 1. In the limit λB=D, it will
stochastically accumulate a series of small deflections as shown
in Figure 2. UHECRs from a single source will undergo
different deflections, and the source will appear to be smeared
out, with a root-mean-square scale
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If we can place a constraint θrms<θmax on this angle then,
similarly to Equation (4), we can constrain the strength of the

Figure 1. Motion of a UHECR in a uniform magnetic field. The magnetic
deflection of the UHECR causes its arrival direction at Earth to be offset by an
angle θ from the position of its source. The distance D to the source and the
gyroradius rg of the UHECR obey the relation D=2rgsin θ.
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UHECRs are charged particles, consisting of fully ionized
atomic nuclei, and consequently are deflected by magnetic
fields. The effect of these deflections on the propagation of
UHECRs depends on the field strength. For strong magnetic
fields, the propagation is fully diffusive, and the arrival
direction of a UHECR bears no relation to the direction of its
source. This scenario predicts that the UHECR sky should be
primarily isotropic, though with a small degree of anisotropy
from the Compton–Getting effect (Compton & Getting 1935).
For weak magnetic fields, the arrival directions of UHECRs
will be offset from their sources by an angle depending on the
magnitude of the deflection, which in the small-angle limit is
proportional to the field strength. Any observed correlations of
UHECRs with the directions of sources, if such are identified,
imply that we are in the latter regime, with the offset angles
providing a measure of the magnetic field strength.

In the weak-field scenario, the offset angles between the
arrival directions of UHECRs and their sources due to
deflections in the EGMF will depend both on the strength of
the EGMF and on the scale of its coherent structure. In general,
we expect the EGMF to have a turbulence spectrum that spans
a range of scales. We will consider here two special cases: one
in which the coherence length λB of the EGMF is longer than
the distance D to a UHECR source (Section 2.1), making it
uniform on this scale; and one in which the EGMF consists of
independent cells of size λB=D (Section 2.2).

2.1. In a Uniform Magnetic Field

If the EGMF has a coherence length λB longer than the
distance D to a source of UHECRs, a UHECR propagating
from this source to Earth will experience a near-uniform
magnetic field. Assuming this field to have a strength B⊥
perpendicular to the motion of the UHECR, it will follow a
curved path with a gyroradius
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where E is the energy of the UHECR, Z its atomic number, e
the electron charge, and c the speed of light. As illustrated in
Figure 1, this leads to an offset θ between the observed arrival
direction of the UHECR and the position of its source. From
Equation (1) and geometrical considerations, this offset angle
can be found as
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Note that this offset angle differs from the deflection of the path
of the UHECR as given in Equation (5) of Lee et al. (1995) and
Equation (135) of Durrer & Neronov (2013), which is 2θ in our
notation.

Given a constraint θ<θmax on the offset angle due to
magnetic deflection by the EGMF, it is possible to place an
upper limit on the EGMF strength B. As B⊥ represents the
strength of the magnetic field in only two spatial dimensions,
and assuming no preferred orientation of the field relative to
Earth, we can estimate B B 3 2� ? . Consequently we obtain

the limit
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For a uniform magnetic field, UHECRs from different points
on the sky will experience a similar deflection, expressed as a
rotation around an axis aligned with the local orientation of the
EGMF. The angle θ can therefore be interpreted as the offset of
UHECR arrival directions for a single source, as described
above, or the collective offset for a population of sources at a
common distance D.

2.2. In a Turbulent Magnetic Field

If the EGMF is turbulent on small scales—that is, its
coherence length λB is smaller than the distance D to a source
of UHECRs—then a UHECR from this source will not follow a
simple path as shown in Figure 1. In the limit λB=D, it will
stochastically accumulate a series of small deflections as shown
in Figure 2. UHECRs from a single source will undergo
different deflections, and the source will appear to be smeared
out, with a root-mean-square scale
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If we can place a constraint θrms<θmax on this angle then,
similarly to Equation (4), we can constrain the strength of the

Figure 1. Motion of a UHECR in a uniform magnetic field. The magnetic
deflection of the UHECR causes its arrival direction at Earth to be offset by an
angle θ from the position of its source. The distance D to the source and the
gyroradius rg of the UHECR obey the relation D=2rgsin θ.
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Such a constraint may be obtained by observing a smeared-out
UHECR source, or the angular scale of a statistical correlation
between such sources and UHECR arrival directions. More
generally, observing any structure in the all-sky distribution of
UHECRs would imply θrms1 rad. This limit might be
slightly exceeded, at the cost of reducing the amplitude of the
observed structure, but in this case the small-angle approx-
imation inherent to Equation (6) breaks down and a more
general simulation is required (e.g., Vazza et al. 2017;
Hackstein et al. 2018).

2.3. Other Propagation Effects

In the preceding discussion we have assumed that the energy
and charge of a deflected UHECR remain unchanged as they
propagate through the EGMF. In practice, UHECRs suffer
energy losses or attenuation through interactions with back-
ground photon fields, so their observed energy on arrival at
Earth does not accurately reflect their gyroradius during
propagation. The principal energy-loss mechanisms affecting
UHECR protons are pair-production (the Bethe–Heitler
process; Bethe & Heitler 1934) and the photopion interactions
responsible for the Greisen–Zatsepin–Kuzmin (GZK) limit
(Greisen 1966; Zatsepin & Kuzmin 1966).

The relative impacts of these processes vary depending on
energy. The GZK limit imposes a strong cut-off for UHECR

protons with energies exceeding EGZK∼5×1019 eV, which
will have a mean free path that decreases to λGZK∼6Mpc at
1020 eV, but at energies 1019 eV the GZK limit is
effectively equivalent to the cosmological horizon (Ruffini
et al. 2016).
In contrast to GZK photopion interactions, the Bethe–Heitler

pair-production process only removes a small fraction of the
energy of a UHECR. Therefore, although the process has a
much shorter mean free path of λBH∼437 kpc (Ruffini
et al. 2016), UHECRs will scatter many times before losing a
significant portion of their energy. The horizon imposed by the
Bethe–Heitler process is instead defined by the mean energy-
loss distance, corresponding to the distance at which the energy
of the UHECR has fallen to 1/e of its original value. For the
Bethe–Heitler process this distance is 1 Gpc (Ruffini
et al. 2016), which sets the effective horizon for UHECR
protons with energies less than EGZK.
Heavier UHECRs such as iron nuclei can additionally

interact with background photons through photodisintegration,
splitting them into lighter nuclei. This process also imposes a
GZK limit, at a similar threshold as photopion interactions do
for UHECR protons. At energies over EGZK the mean free path
is 1Mpc, but at lower energies it is much longer, 100Mpc
at 1019eV and 1 Gpc at 1018eV (Allard et al. 2008).
Furthermore photodisintegration, to first order, does not change
the charge-to-mass ratio (or charge-to-energy ratio), which
determines the gyroradius, so the assumption that the
gyroradius is constant will approximately hold over distances
that exceed this length by a small factor.

3. Derivation of a Limit on the Extragalactic Magnetic Field

The Pierre Auger Collaboration has recently reported
correlations between UHECR arrival directions and several
types of extragalactic objects (Aab et al. 2017, 2018). Each of
these correlations, if it represents a true association between
UHECRs and their sources, implies a limit on the strength of
the EGMF. Per Section 2.1 and Equation (5), the offset angles
between the UHECR arrival directions and the associated
sources imply a limit on any component of the EGMF with a
scale larger than the distance to these sources. Per Section 2.2
and Equation (9), these offset angles also imply a scale-
dependent limit on any turbulent component of the EGMF with
a coherence length shorter than this distance.
In practice, deflections of UHECRs from extragalactic

sources will result from both the GMF and the EGMF. In
general, the GMF component of the deflection will add to that
applied by the EGMF, and so attributing the entire deflection to
the latter, as we do here, will result in a conservative upper
limit on its strength.

3.1. Dipolar Anisotropy of the UHECR Cosmic-Ray
Background

The first element of anisotropy recently detected by the
Pierre Auger Observatory in the arrival directions of UHECRs
corresponds to a dipole with amplitude 6.5% and significance
5.2σ, in a sample of 3×104 events with energies above a
threshold of 8EeV (Aab et al. 2017). The dipole is centered on
(l, b)=(233°, −13°), with an uncertainty around ±10°. This
position is separated by 125° from the Galactic center, strongly
suggesting an extragalactic origin for these particles, in which
case they will have experienced deflections in the EGMF.

Figure 2. Motion of a UHECR in a turbulent magnetic field with coherence
length λB. A series of small deflections in individual turbulence cells, each
approximated as having a uniform magnetic field, leads to an accumulated
offset in the UHECR arrival direction D BR Mr .
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A directional reconstruction of the dipole
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of 1%–3%. The phases measured in most of the bins below
1EeV are not far from the direction toward the Galactic center.
All this suggests that the origin of these dipolar anisotropies
changes from a predominantly Galactic one to an extragalactic
one somewhere in the range between 1EeV and fewEeV. The
small size of the dipolar amplitudes in this energy range,
combined with the indications that the composition is relatively
light (The Pierre Auger Collaboration 2014a), disfavor a
predominant flux component of Galactic origin at �E 1 EeV
(The Pierre Auger Collaboration 2013). Models of Galactic
CRs relying on a mixed mass composition, with rigidity
dependent spectra, have been proposed to explain the knee (at
∼4 PeV) and second-knee (at ∼0.1 EeV) features in the
spectrum (Candia et al. 2003). The predicted anisotropies
depend on the details of the Galactic magnetic field model
considered and, below 0.5EeV, they are consistent with the
upper bounds we obtained. An extrapolation of these models,
considering that there is no cutoff in the Galactic component,
would predict dipolar anisotropies at the several percent level
beyond the EeV, in tension with the upper bounds in this range.
The conflict is even stronger for Galactic models (Calvez et al.
2010) having a light CR composition that extends up to the
ankle energy (at ∼5 EeV). The presence of a more isotropic
extragalactic component making a significant contribution
already at EeV energies could dilute the anisotropy of Galactic
origin, so as to be consistent with the bounds obtained.
Note that even if the extragalactic component were completely
isotropic in some reference frame, the motion of the Earth
with respect to that system could give rise to a dipolar
anisotropy through the Compton–Getting effect (Compton &
Getting 1935). For instance, for a CR distribution that is
isotropic in the CMB rest frame, the resulting Compton–
Getting dipole amplitude would be about 0.6% (Kachelriess &
Serpico 2006). This amplitude depends on the relative velocity
and on the CR spectral slope, but not directly on the particle
charge. The deflections of the extragalactic CRs caused by the
Galactic magnetic field are expected to further reduce this
amplitude, and also to generate higher harmonics, in a rigidity
dependent way, so that the exact predictions are model
dependent. The Compton–Getting extragalactic contribution

to the dipolar anisotropy is hence below the upper limits
obtained.
More data, as well as analyses exploiting the discrimination

between the different CR mass components that will become
feasible with the upgrade of the Pierre Auger Observatory
currently being implemented (Castellina 2019), will be crucial
to understand in depth the origin of the CRs at these energies
and to learn how their anisotropies are produced.
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Figure 1. Reconstructed equatorial dipole amplitude (left) and phase (right). The upper limits at 99%CL are shown for all the energy bins in which the measured
amplitude has a chance probability greater than 1%. The gray bands indicate the amplitude and phase for the energy bin E�8 EeV. Results from other experiments
are shown for comparison (IceCube Collaboration 2012, 2016; KASCADE-Grande Collaboration 2019).
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極高エネルギー宇宙線の到来方向 (2005)
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J. Cronin,  Nucl.Phys.Proc.Suppl. 138:465 (2005)

Figure 32. Arrival directions of cosmic rays with energy ≥ 4 x 1019 eV observed by AGASA, Haverah
Park, Yakutsk, and Volcano Ranch. The size of the oval boundary represents the angular resolution. A
dot within the oval indicates that the cosmic ray had an energy ≥ 1020eV. The small ovals come from
AGASA or Volcano Ranch. The larger ovals come from Yakutsk or Haverah Park.

J.W. Cronin / Nuclear Physics B (Proc. Suppl.) 138 (2005) 465–491 485
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Data from EPJ Web of Conferences 210, 01005 (2019)
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EPJ Web of Conferences 210, 01005 (2019) using a different color contour 
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K. Kawata

“Hotspot” update from 11 years of data

Hotspot from 11 years of TA SD data, from May 11, 2008 to May 11, 2019

E > 57 EeV, in total 168 events
38 events fall in Hotspot (α=144.3o, δ=40.3o, 25o radius, 22o from SGP), expected=14.2 events   
local significance = 5.1 σ, chance probability → 2.9σ
25o over-sampling radius shows the highest local significance (scanned 15o to 35o with 5o step)

UHECR Hotspot Observed by the TA K. Kawata

Figure 1: (a) A significance map of the UHECR events with E > 57 EeV for 11 years of TA data (May 2008
- May 2019) in the equatorial coordinates. Events are smoothed by 25◦ oversampling radius circle, which is
defined in this paper. (b) A significance map of the UHECR events with E > 57 EeV for events observed in
the 1st 5 years of TA data (May 2008 - May 2013). Events are smoothed by 20◦ oversampling radius circle
according to our original paper [4]. The solid curves indicate supergalactic plane (SGP) and the galactic
plane (GP).

Figure 2: Number of cumulative events of the hotspot region (Red curve), and cumulative background
events (Blue curve), respectively, above 57 EeV. The green and yellow shaded areas show ±1σ and ±2σ
deviations from the rate of data observation respectively, assuming a linear increase in rate.

approximately double statistics of the first 5-year observation. These events are summed over dif-
ferent five oversampling radius circles, 15◦, 20◦, 25◦, 30◦, and 35◦. The centers of tested directions
are on a 0.1◦×0.1◦ grid in the equatorial coordinates. We then search for the maximum significance
over all grid points and five oversampling radius circles. We found the maximum significance of
5.1σ at a position R.A.=144.3◦, and Dec.=40.3◦ with 25◦ oversampling radius circle. The chance
probability of the 11-year hotspot in an isotropic sky is estimated to be 2.1×10−3 (2.9σ ). Figure 1
(a) shows the significance maps of the UHECR events with E > 57 EeV for 11 years with 25◦

radius circle, compared with our previous result for the 1st 5 years of data with 20◦ shown in Fig.1
(b) [4]. The 11-year hotspot looks larger size than the 5-year hotspot (the number of background
events in 25◦ radius circle is 50% higher than that of 20◦ radius circle). It has extended all the way
to the supergalactic plane (SGP), and is irregular in shape. Therefore a circular oversampling shape
is not really appropriate. In that case, the significance of such an excess might be underestimated.
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The increase rate of the events inside the hotspot circle 
is consistent with a constant within ±1σ fluctuation 

There is a marginal excess is seen along the 
SGP (around the Perseus-Pisces Supercluster) 
at the local significance of ~ 3σ

UHECR Hotspot Observed by the TA K. Kawata

Figure 1: (a) A significance map of the UHECR events with E > 57 EeV for 11 years of TA data (May 2008
- May 2019) in the equatorial coordinates. Events are smoothed by 25◦ oversampling radius circle, which is
defined in this paper. (b) A significance map of the UHECR events with E > 57 EeV for events observed in
the 1st 5 years of TA data (May 2008 - May 2013). Events are smoothed by 20◦ oversampling radius circle
according to our original paper [4]. The solid curves indicate supergalactic plane (SGP) and the galactic
plane (GP).

Figure 2: Number of cumulative events of the hotspot region (Red curve), and cumulative background
events (Blue curve), respectively, above 57 EeV. The green and yellow shaded areas show ±1σ and ±2σ
deviations from the rate of data observation respectively, assuming a linear increase in rate.

approximately double statistics of the first 5-year observation. These events are summed over dif-
ferent five oversampling radius circles, 15◦, 20◦, 25◦, 30◦, and 35◦. The centers of tested directions
are on a 0.1◦×0.1◦ grid in the equatorial coordinates. We then search for the maximum significance
over all grid points and five oversampling radius circles. We found the maximum significance of
5.1σ at a position R.A.=144.3◦, and Dec.=40.3◦ with 25◦ oversampling radius circle. The chance
probability of the 11-year hotspot in an isotropic sky is estimated to be 2.1×10−3 (2.9σ ). Figure 1
(a) shows the significance maps of the UHECR events with E > 57 EeV for 11 years with 25◦

radius circle, compared with our previous result for the 1st 5 years of data with 20◦ shown in Fig.1
(b) [4]. The 11-year hotspot looks larger size than the 5-year hotspot (the number of background
events in 25◦ radius circle is 50% higher than that of 20◦ radius circle). It has extended all the way
to the supergalactic plane (SGP), and is irregular in shape. Therefore a circular oversampling shape
is not really appropriate. In that case, the significance of such an excess might be underestimated.
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Centaurus A 方向から3.9σの有意度の異方性
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[    /30]

CenA

NGC4945

NGC253

17

Centaurus A

Scan ranges:  
32 EeV ≤ Eth ≤ 80 EeV (1 EeV steps)  
1° ≤ ψ ≤ 30° (1° steps)

Blind search

Total SD events  with E>32 EeV : 2157 
Total exposure 101,400 km2 sr yr

Intermediate anisotropy

L.Caccianiga #206 

Most significant excess for E>38 EeV 
(α=2020, δ= -450)  ~20 from CenA

3.9 σ effect (post-trial)  
for E>37 EeV, 280 window

Antonella Castellina in ICRC 2019



40 EeV付近でどのカタログも相関が強くなる 

AGNとの相関は減衰を考慮すると、近傍のCen Aに限定されて相関が強くなる。 

それ以外の銀河も含めると(2MRS, Swift-BAT)、相関は小さいが存在する(2.7σ ~ 3.2σ)
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UHECRS AND EXTRAGALACTIC GAMMA-RAY SOURCES 3
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Figure 1. TS scan over the threshold energy for SBGs and AGNs (Left) and Swift-BAT and 2MRS sources (Right), including
attenuation (light-dashed lines) or not (darker-solid lines).

composition and maximum rigidities attainable at the sources.
For each scenario and a chosen energy threshold, we evaluate
the flux attenuation factor due to propagation for each source
and correct its expected UHECR flux accordingly.

The two extragalactic gamma-ray populations under study
and the relative weight of each source are provided in Table 2.
The relative contributions accounting for the directional expo-
sure of the Observatory are shown in the last column. Because
SBGs are mostly nearby, attenuation from them is much less
important than from the more distant blazars in the �AGN
sample. Taking into account attenuation, ⇠90% of the ac-
cumulated flux from SBGs emerges from a ⇠10Mpc-radius
region, while the radius goes up to ⇠150Mpc for �AGNs.
For both the 2MRS and Swift-BAT flux-limited samples, the
90% radius is ⇠70Mpc.

4. ANALYSIS AND RESULTS

4.1. Maximum-likelihood analysis

We build the UHECR sky model as the sum of an isotropic
component plus the anisotropic contribution from the sources.
For the anisotropic component, each source is modeled as a
Fisher distribution (Fisher 1953), the equivalent of a Gaussian
on the sphere. Its distribution is centered on the coordinates of
the source, the integral being set by its flux attenuated above
the chosen energy threshold, and the angular width – or search
radius3 – being a free parameter common to all sources. No
shift of the centroid position is considered, avoiding depen-
dence on any particular model of the Galactic magnetic field
in this exploratory study. After mixing the anisotropic map
with a variable fraction of isotropy, as in Abreu et al. (2010),
the model map is multiplied by the directional exposure of the
array and its integral is normalized to the number of events.
The model map thus depends on two variables aimed at max-
imizing the degree of correlation with UHECR events: the
fraction of all events due to the sources (anisotropic fraction)

3 Inverse square root of Fisher’s concentration parameter.

and the RMS angular separation between an event and its
source (search radius) in the anisotropic fraction.

We perform an unbinned maximum-likelihood analysis,
where the likelihood (L) is the product over the UHECR
events of the model density in the UHECR direction. The test
statistic (TS) for deviation from isotropy is the likelihood ratio
test between two nested hypotheses: the UHECR sky model
and an isotropic model (null hypothesis). The TS is maxi-
mized as a function of two parameters: the search radius and
the anisotropic fraction. We repeat the analysis for a sequence
of energy thresholds.

For a given energy threshold, we confirmed with simula-
tions that the TS for isotropy follows a �2 distribution with
two degrees of freedom, as expected (Wilks 1938), directly
accounting for the fit of two parameters of the model. As in
Aab et al. (2015b), we penalize the minimum p-value for a
scan in threshold energy, by steps of 1EeV up to 80EeV, esti-
mating the penalty factor with Monte-Carlo simulations. The
p-values are converted into significances assuming 1-sided
Gaussian distributions.

4.2. Single population against isotropy

Previous anisotropy studies (e.g. Aab et al. 2015b) have
considered a scan in energy threshold starting at 40EeV,
where the observed flux reaches half the value expected from
lower-energy extrapolations, but as shown in Fig. 1, there is
a maximum in the significance close to this starting point.
Therefore we have evaluated the TS down to 20EeV.

The TS is maximum for SBGs above 39EeV (894 events),
with or without attenuation. For �AGNs, the TS is maximum
above 60EeV (177 events) after accounting for attenuation.
As shown in Fig. 1, left, attenuation mildly impacts SBGs
which are nearby: we obtain TS=24.9/25.5/25.7 for scenar-
ios A/B/C, respectively. The impact is more pronounced for
�AGNs, a larger attenuation reducing contributions from dis-
tant blazars: we obtain a maximum TS of 15.2/9.4/11.9 for
scenarios A/B/C. Shifting the energy scale within systematic

 近傍天体とFlux pattern解析
Pierre Auger collab., ApJL 853:L29 (2018)



Auger best-fit flux pattern
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✦ほとんど(90.3%)の宇宙線は等方的である

✦一部(9.7%)の宇宙線の起源が近傍のスター
バースト銀河と関係しているかもしれない

✦超銀河面に天体が多いのはどのカタログで
も共通なため、スターバースト銀河だけに
有意な相関があるわけではない
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4.5σに増加 (ICRC 2019)
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[    /30]18

! AGNs  
    3FHL catalog  < 250 Mpc 
    33 sources (CenA, Fornax A, M87…) 
    Flux proxy ɸ(>10 GeV) 
     
Starburst Galaxies  
    32 sources (Circinus, M82, M83,…) 
    <250 Mpc 
    Flux proxy ɸ(>1.4 GHz),  > 0.3 Jy 

Swift-BAT   
    >300 radio loud and quiet sources 
    <250 Mpc 
    ɸ>13.4 10-12 erg cm-2 s-1 

2MRS  
    ~104 sources with D>1 Mpc 
    <250 Mpc 
    Flux proxy ɸ(14-195 keV)

TS = 2Log [L( , fanis)/L(fanis = 0)]

Intermediate anisotropy

Likelihood analysis



他分野への波及効果 

銀河系外磁場をUHECRから制限
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which is substantially less constraining than the limit in
Section 3.1.1, due to the shorter typical distances to the
correlated sources. The limit resulting from the correlation with
Swift-BAT sources is
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and the equivalent limit from the correlation with 2MRS
sources is almost identical to this, being only 10% higher (less
constraining). These two are both similarly close to the limit
based on the dipole anisotropy described in Section 3.1.1: with
no significant loss of precision compared to the uncertainties in
the data, we can regard these three correlations to establish a
single limit.

4. Discussion

At present there are no direct measurements of the strength
of the EGMF in voids, but various limits have been established
in terms of its strength B and coherence length λB. The limits
derived in this work, based on the correlations of UHECR
arrival directions with the dipolar distribution of 2MRS sources
and with Swift-BAT and 2MRS sources on smaller angular
scales, are shown in Figure 3. We also show previous limits,
discussed below, confining ourselves for brevity to the most
constraining measurements only. For a more comprehensive
review of the observational and theoretical limits on the

strength of the EGMF in voids we refer the reader to Durrer &
Neronov (2013).
Using the non-detection of the secondary photon–photon

cascade, lower limits on the strength of the EGMF in voids
have been set observationally using gamma-ray measurements
from Fermi-LAT (Neronov & Vovk 2010; Tavecchio
et al. 2011). The general limit given by Neronov & Vovk
(2010) is B�3×10−16 G, but toward individual blazars the
limits span the range of ∼10−17–10−14 G when considering
various emission and suppression scenarios.
On the smallest scales a theoretical limit is set by the

termination of evolutionary tracks in (B, λB) space for various
magnetohydrodynamic (MHD) turbulence scenarios. On the
largest scale a limit is set by the Hubble radius, ℓH; fields
coherent on scales larger than the Hubble radius are possible if
due to seed fields that were generated during inflation.
Observational limits for such fields with coherence lengths
longer than the Hubble radius are not measurable and the
upper-limit constraint of B10−9 G on this scale currently
comes from a CMB power-spectrum analysis (Ade
et al. 2014, 2016). This upper limit extends uniformly to
smaller scales (1Mpc λB< ℓH) and can vary somewhat
(within a factor of ∼5) when considering different primordial
field scenarios. The strongest constraint of B<9×10−10 G is
given by a scenario in which scale-invariant primordial
magnetic fields are considered. These power-spectrum limits
are more constraining than those from the Faraday rotation of
the CMB by several orders of magnitude (Ade et al. 2016). On
smaller scales (λB1Mpc) the behavior of the CMB upper
limit becomes more complex as spectral distortions need to be
taken into account.
The results presented here further constrain the upper limits

on the magnetic field strength in voids on scales of
λB>100Mpc by around an order of magnitude (factor of
∼4–12), depending on the composition of UHECRs. Composi-
tion is the largest source of uncertainty in this limit, as shown in
Figure 3 and discussed in Sections 3.1.1 and 3.2.1.

5. Conclusion

We have derived an upper limit on the strength of the
EGMF, conditional on the distribution of UHECR arrival
directions being associated with one or more of the types of
extragalactic objects with which correlations have been
observed (Aab et al. 2017, 2018). Three correlations of
UHECR arrival directions—with an all-sky dipole in the
distribution of 2MRS sources, and on smaller angular scales
with both Swift-BAT and 2MRS sources—each imply a similar
limit (within ∼10%). This implied limit is similar to existing
constraints from CMB observations for fields with a coherence
length around 1Mpc, and a factor of 4–12 more constraining
for fields with a coherence length >100Mpc.
The UHECR dipole has a statistical significance of 5.2σ, but

its correlation with the 2MRS dipole may be a chance
alignment, if UHECRs do not originate from a class of object
correlated with the extragalactic distribution of mass in the
nearby universe. The smaller-scale correlations with Swift-BAT
and 2MRS have significances of 3.2σ and 2.7σ, respectively,
and are not susceptible to such an alternate explanation. Our
derived limit on the EGMF holds if any of these three
correlations represents a true association between UHECRs and
their sources; but note that the last two correlations are not
completely statistically independent.

Figure 3. Parameter space for the strength B and coherence length λB of the
EGMF in voids, showing regions excluded by past limits (light shaded) and
this work (dark shaded). The near-identical limits placed in this work, based on
UHECR observations, have a substantial uncertainty associated with the mean
UHECR atomic number Z; solid and dotted lines show respectively the cases
Z=1.7 and Z=5, which represent the range permitted by current
composition measurements. Theoretical constraints are set by MHD turbulence,
which causes the decay of short-scale modes in magnetic fields (Durrer &
Neronov 2013), and by the Hubble radius, which places an upper limit to the
size of any observable structure. The lower limit is set by the non-detection of
gamma-ray cascades (Neronov & Vovk 2010). The upper limit shown from
CMB observations is a projection from Paoletti & Finelli (2011), as represented
by Durrer & Neronov (2013), and compatible with the limit B<9×10−10 G
established with Planck data (Ade et al. 2016).
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which is substantially less constraining than the limit in
Section 3.1.1, due to the shorter typical distances to the
correlated sources. The limit resulting from the correlation with
Swift-BAT sources is
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and the equivalent limit from the correlation with 2MRS
sources is almost identical to this, being only 10% higher (less
constraining). These two are both similarly close to the limit
based on the dipole anisotropy described in Section 3.1.1: with
no significant loss of precision compared to the uncertainties in
the data, we can regard these three correlations to establish a
single limit.

4. Discussion

At present there are no direct measurements of the strength
of the EGMF in voids, but various limits have been established
in terms of its strength B and coherence length λB. The limits
derived in this work, based on the correlations of UHECR
arrival directions with the dipolar distribution of 2MRS sources
and with Swift-BAT and 2MRS sources on smaller angular
scales, are shown in Figure 3. We also show previous limits,
discussed below, confining ourselves for brevity to the most
constraining measurements only. For a more comprehensive
review of the observational and theoretical limits on the

strength of the EGMF in voids we refer the reader to Durrer &
Neronov (2013).
Using the non-detection of the secondary photon–photon

cascade, lower limits on the strength of the EGMF in voids
have been set observationally using gamma-ray measurements
from Fermi-LAT (Neronov & Vovk 2010; Tavecchio
et al. 2011). The general limit given by Neronov & Vovk
(2010) is B�3×10−16 G, but toward individual blazars the
limits span the range of ∼10−17–10−14 G when considering
various emission and suppression scenarios.
On the smallest scales a theoretical limit is set by the

termination of evolutionary tracks in (B, λB) space for various
magnetohydrodynamic (MHD) turbulence scenarios. On the
largest scale a limit is set by the Hubble radius, ℓH; fields
coherent on scales larger than the Hubble radius are possible if
due to seed fields that were generated during inflation.
Observational limits for such fields with coherence lengths
longer than the Hubble radius are not measurable and the
upper-limit constraint of B10−9 G on this scale currently
comes from a CMB power-spectrum analysis (Ade
et al. 2014, 2016). This upper limit extends uniformly to
smaller scales (1Mpc λB< ℓH) and can vary somewhat
(within a factor of ∼5) when considering different primordial
field scenarios. The strongest constraint of B<9×10−10 G is
given by a scenario in which scale-invariant primordial
magnetic fields are considered. These power-spectrum limits
are more constraining than those from the Faraday rotation of
the CMB by several orders of magnitude (Ade et al. 2016). On
smaller scales (λB1Mpc) the behavior of the CMB upper
limit becomes more complex as spectral distortions need to be
taken into account.
The results presented here further constrain the upper limits

on the magnetic field strength in voids on scales of
λB>100Mpc by around an order of magnitude (factor of
∼4–12), depending on the composition of UHECRs. Composi-
tion is the largest source of uncertainty in this limit, as shown in
Figure 3 and discussed in Sections 3.1.1 and 3.2.1.

5. Conclusion

We have derived an upper limit on the strength of the
EGMF, conditional on the distribution of UHECR arrival
directions being associated with one or more of the types of
extragalactic objects with which correlations have been
observed (Aab et al. 2017, 2018). Three correlations of
UHECR arrival directions—with an all-sky dipole in the
distribution of 2MRS sources, and on smaller angular scales
with both Swift-BAT and 2MRS sources—each imply a similar
limit (within ∼10%). This implied limit is similar to existing
constraints from CMB observations for fields with a coherence
length around 1Mpc, and a factor of 4–12 more constraining
for fields with a coherence length >100Mpc.
The UHECR dipole has a statistical significance of 5.2σ, but

its correlation with the 2MRS dipole may be a chance
alignment, if UHECRs do not originate from a class of object
correlated with the extragalactic distribution of mass in the
nearby universe. The smaller-scale correlations with Swift-BAT
and 2MRS have significances of 3.2σ and 2.7σ, respectively,
and are not susceptible to such an alternate explanation. Our
derived limit on the EGMF holds if any of these three
correlations represents a true association between UHECRs and
their sources; but note that the last two correlations are not
completely statistically independent.

Figure 3. Parameter space for the strength B and coherence length λB of the
EGMF in voids, showing regions excluded by past limits (light shaded) and
this work (dark shaded). The near-identical limits placed in this work, based on
UHECR observations, have a substantial uncertainty associated with the mean
UHECR atomic number Z; solid and dotted lines show respectively the cases
Z=1.7 and Z=5, which represent the range permitted by current
composition measurements. Theoretical constraints are set by MHD turbulence,
which causes the decay of short-scale modes in magnetic fields (Durrer &
Neronov 2013), and by the Hubble radius, which places an upper limit to the
size of any observable structure. The lower limit is set by the non-detection of
gamma-ray cascades (Neronov & Vovk 2010). The upper limit shown from
CMB observations is a projection from Paoletti & Finelli (2011), as represented
by Durrer & Neronov (2013), and compatible with the limit B<9×10−10 G
established with Planck data (Ade et al. 2016).
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Aab et al. (2017) compare this result with anisotropy in the
2Micron All-Sky Redshift Survey (2MRS; Erdoǧdu et al. 2006).
The 2MRS recorded the redshifts of 23,000 galaxies selected by
their near-infrared flux, which is a good tracer of mass. Any
extragalactic source of UHECRs is likely to have a distribution
close to that of matter in the nearby universe, so this represents a
general prediction for the distribution of such sources. The
simplest possible comparison is between the dipole anisotropy in
UHECR arrival directions and the dipole moment in the all-sky
distribution of 2MRS galaxies.

The flux-weighted dipole in the 2MRS, excluding objects in
the Local Group, is centered on Galactic coordinates (l,
b)=(251°, +38°), with a magnitude defined by the peculiar
velocity 1577km s−1 (Erdoǧdu et al. 2006). For Local Group
objects only, the dipole is in the direction (l, b)=(121°, −22°)
with peculiar velocity 220km s−1. Combining these, we find
the total dipole to be in the direction (l, b)=(243°, +38°),
with an uncertainty that will be dominated by that of the first
component (±10°).

The offset angle between this 2MRS dipole and the UHECR
dipole reported by Aab et al. is 52°±14°. This is sufficiently
large to permit a chance coincidence, so it does not, on its own,
constitute strong evidence that these anisotropies are associated
with one another. It is possible that the UHECRs responsible
for the anisotropy originate from a population of extragalactic
objects that is not associated with the distribution of matter in
the nearby universe as measured by the 2MRS. Alternatively,
the UHECRs responsible for the anisotropy may indeed
originate from extragalactic objects associated with the
2MRS dipole, and the offset angle may result from their
deflection in the GMF or in the EGMF. The direction of the
offset matches that expected from deflections in the GMF
(Jansson & Farrar 2012; Aab et al. 2017), consistent with this
picture, although uncertainties in the composition of UHECRs
make it difficult to predict its magnitude.

3.1.1. Resulting Limit on the Extragalactic Magnetic Field

If there is a real association between the nearby-galaxy
dipole measured by the 2MRS and the UHECR dipole
measured by the Pierre Auger Observatory, it implies a limit
on the strength of the EGMF. The strength of any component
of the EGMF with a coherence length larger than the typical
distance to the 2MRS sources is constrained by Equation (5),
with θmax=52°±14° the offset angle between the two
dipoles. The strength of smaller-scale turbulence on the EGMF
is constrained by Equation (9), with θmax=1rad=57°
required to allow the dipole structure to persist.

Other parameters are required by Equations (5) and (9):

The mean atomic number of the UHECRs associated with
the dipole, Z. The composition of UHECRs, in terms of the
relative fractions of different elements, is poorly understood,
leading to a substantial uncertainty in this value. Current
results in this energy range exclude a composition solely of
hydrogen, of heavy nuclei such as iron, or of a mixture of the
two, suggesting instead a mixed composition of intermediate
elements with likely values in the range of 1.7<Z<5 (Aab
et al. 2014, 2017).
The typical distance to 2MRS sources responsible for the
dipole, D. Given the median redshift of sources in the 2MRS
of z≈0.02 (Erdoǧdu et al. 2006) and a Hubble constant of
H0=67.6 km s−1 Mpc−1 (Grieb et al. 2017), the median

distance is D=zcH0≈90Mpc. However, we instead take
the value D=70Mpc, incorporating the moderate attenua-
tion of UHECRs from the more distant sources (Aab
et al. 2018).
The typical energy of UHECRs in the sample above a
threshold of 8EeV, E. As the dipole position measures the
mean deflection of UHECRs, and these deflections are
inversely proportional to energy, we calculate the harmonic
mean as the typical value. Due to the steep spectrum of
UHECRs, this value is very close to the threshold: from the
modeled spectrum (Abraham et al. 2010) we calculate it to be
E=12 EeV with a systematic uncertainty of ±14% (Aab
et al. 2015a).

The parameters for this correlation are listed in Table 1. Note
that the typical energy E is well below the GZK threshold, and
D is well within the UHECR horizon at this energy, so the
assumption that the UHECR charge/mass ratio remains
constant, discussed in Section 2.3, approximately holds.
From the parameters in Table 1 and Equations (5) and (9),

we derive a scale-dependent limit on the EGMF, under the
assumption that the correlation with the 2MRS dipole
represents a true association between UHECRs and their
sources:
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The 100Mpc scale for the transition between these regimes
differs from the scale D=70Mpc because of the introduction
of a small-angle approximation from Equation (5) to
Equation (9). As the GMF may be responsible for some of
the observed deflection (Aab et al. 2017), a limit incorporating
the effect of the GMF may be more stringent than this
conservative result.
The principal uncertainty in this result is associated with the

range 1.7<Z<5 for the mean atomic number, dominating
over smaller uncertainties in the offset angle and energy scale;
the nominal values above represent the geometric mean of this
range (Z=2.9). The possible range for the limit, depending on
Z, is B<0.7–2.2 10 1 MpcB

9 1 2Mq � �( ) G for coherence

Table 1
Parameters for Observed UHECR-source Correlations

Source Class E (EeV) θmax (◦) D (Mpc)

2MRS dipole 12 52−14
+14a 70

Fermi-LAT SBGs 50 13 3
4

�
� 10

Fermi-LAT γAGN 75b 7 2
4

�
� 150b

Swift-BAT 50 12 4
6

�
� 70

2MRS 49 13 4
7

�
� 70

Notes.
a For the turbulent component of the EGMF, the relevant value is
θmax=1rad=57°.
b Due to their high energy and the long distance to the correlated γAGN
sources, these UHECRs are likely to have been highly attenuated and so are not
suitable for deriving a limit on the EGMF.
References.Aab et al. (2017, 2018).
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スターバースト銀河からの放射とUHECRの明るいところが似ている
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All Sky Survey with TA&PAO 

12 

       Northern TA :   7 years 109 events (>57EeV) 
Southern Auger : 10 years 157 events (>57EeV) 

Oversampling with 20°-radius circle 

Southern hotspot is seen at Cen A(Pre-trial ~3.6σ) 

No correction for 
E scale difference 
b/w TA and PAO !! 

Data (TA + Auger, ICRC 2015)

NGC 1068

Flux pattern



IceCube neutrino hotspot?
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IceCube collaboration, PRL 124, 051103 (2020) 
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10 year All-Sky Scan Results

● Evaluate likelihood of signal over 
background for grid over entire sky. 

● Hottest point = position with 
smallest p-value in each hemisphere. 

Hottest Point in North": δ ≥ -5  ⁰

RA = 40.87° , Dec = -0.30°
n
signal
 = 61.5 , γ= 3.4, TS = 25.3

-log10(pval)= 6.45 ⇒ 9.9% post-trial

Hottest Point in South": δ< -5⁰

RA = 350.18° , Dec -56.45°
n
signal
=17.8, γ = 3.3, TS= 20.0

-log10(pval) =5.37 ⇒ 75% post-trial 

NGC 1068

ニュートリノのホットスポット (2.9σ) 

F. Halzen in ICRC 2019

a ∼30% improvement in sensitivity to sources with a softer
spectrum, such as E−3. This difference is due to the
more general nature of this work which assumes an E−γ

power-law energy spectrum, where 1 ≤ γ ≤ 4, whereas the
eight-year study targets the sources responsible for the
diffuse astrophysical neutrino flux seen in [31] by applying
a strict Gaussian prior on the spectral index, γ, centered
at 2.19! 0.1.
All-sky scan.—The brightest sources of astrophysical

neutrinos may differ from the brightest sources observed in
the electromagnetic (EM) spectrum. For example, cosmic
accelerators can be surrounded by a dense medium which
attenuates photon emission while neutrinos could be further
generated by cosmic-ray interactions in the medium. For
this reason, a general all-sky search for the brightest single
pointlike neutrino source in each hemisphere is conducted,
and is unbiased by EM observations. This involves maxi-
mizing the signal-over-background likelihood-ratio at a
grid of points across the entire sky with a finer spacing
(∼0.1° × ∼0.1°) than the typical event angular uncertainty.
The points within 8° of the celestial poles are excluded due
to poor statistics and limitations in the background esti-
mation technique.
At each position on the grid, the likelihood-ratio function

is maximized resulting in a maximum test-statistic (TS), a
best fit number of astrophysical neutrino events (n̂s), and
the spectral index (γ̂) for an assumed power-law energy
spectrum. The local pretrial probability (p-value) of
obtaining the given or larger TS value at a certain location
from only background is estimated at every grid point by
fitting the TS distribution from many background trials
with a χ2 function. Each background trial is obtained from
the data themselves by scrambling the right ascension of
each event, thereby removing any clustering of the signal.
The location of the most significant p-value in each
hemisphere is defined to be the hottest spot. The post-trial
probability is estimated by comparing the p-value of the
hottest spot in the data with a distribution of hottest spots in
the corresponding hemisphere from a large number of
background trials.
The most significant point in the northern hemisphere is

found at equatorial coordinates (J2000) right ascension
40.9°, declination −0.3° with a local p-value of 3.5 × 10−7.
The best fit parameters at this spot are n̂s ¼ 61.5 and
γ̂ ¼ 3.4. Considering the trials from examining the entire
hemisphere increases the p-value to 9.9 × 10−2 post-trial.
The probability skymap in a 3° by 3° window around the
most significant point in the northern hemisphere is plotted
in Fig. 2. This point is found 0.35° from the active galaxy
NGC 1068, which is independently included as a source in
the northern source catalog. To study whether the 0.35°
offset between the all-sky hotspot and NGC 1068 is typical
of the reconstruction uncertainty of a neutrino source, we
inject a soft-spectrum source according to the best-fit E−3.2

flux at the Fermi-LAT coordinates for NGC 1068 into our

background samples. Scanning in a 5° window around the
injection point, we find that the median separation between
the most significant hotspot and the injection point is 0.35°.
Thus, if the excess is due to an astrophysical signal from
NGC 1068, the offset between the all-sky hotspot and
Fermi-LAT’s coordinates is consistent with the IceCube
angular resolution for such a source.
The most significant hotspot in the southern hemi-

sphere, at right ascension 350.2° and declination-56.5°,
is less significant with a pretrial p-value of 4.3 × 10−6 and
fit parameters n̂s ¼ 17.8, and γ̂ ¼ 3.3. The p-value of this
hotspot becomes 0.75 post-trial. Both hotspots alone are
consistent with a background-only hypothesis.
Source catalog searches.—The motivation of this search

is to improve sensitivity to detect possible neutrino sources
already observed in γ rays. A new catalog composed of 110
sources has been constructed which updates the catalog
used in previous sources searches [14]. The new catalog
uses the latest γ ray observations and is based on rigorous
application of a few simple criteria, described below. The
size of the catalog was chosen to limit the trials factor
applied to the most significant source in the catalog such
that a 5σ significance before trials would remain above 4σ
after trials. These 110 sources are composed of Galactic
and extragalactic sources, which are selected separately.
The extragalactic sources are selected from the Fermi-

LAT 4FGL catalog [32] since it provides the highest-energy
unbiased measurements of γ-ray sources over the full sky.
Sources from 4FGL are weighted according to the integral
Fermi-LAT flux above 1 GeV divided by the sensitivity
flux for this analysis at the respective source declination.
The 5% highest-weighted BL Lacs and flat spectrum radio
quasars (FSRQs) are each selected. The minimumweighted
integral flux from the combined selection of BL Lac and
FSRQs is used as a flux threshold to include sources
marked as unidentified blazars and AGN. Eight 4FGL
sources are identified as starburst galaxies. Since these
types of objects are thought to host hadronic emission

FIG. 2. Local pre-trial p-value map around the most significant
point in the Northern hemisphere. The black cross marks the
coordinates of the galaxy NGC 1068 taken from Fermi-4FGL.

PHYSICAL REVIEW LETTERS 124, 051103 (2020)

051103-5

NGC 1068から0.35°

でも、冪は -3.4 とsoft



極高エネルギー宇宙線に拘らず...
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スペクトルと化学組成の"Global Fit"
27

Global Spline Fit

Hans	Dembinski	|	MPIK	 9	

Flux	of	iron	(oxygen)	group	factor	two	higher	than	elemental	iron	(oxygen)	

p 

He 

Fe O 

O* 
Fe* 

O* : O Group (from Li to F)
Fe* :  Fe Group (from Ne to Ni)

Composition data: 4 components 

Hans	Dembinski	|	MPIK	 11	

Includes	latest	IceCube	results	by	Matthias	Plum,	TeVPA	2018	
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Hans Dembinski et al., UHECR 2018

今後、精密測定すべきエネルギー領域 

ハドロン相互作用モデルの改善の必要性

E2.6 J(E)



広いエネルギー領域の質量組成
28

Frank G. Schroder in ICRC 2019



銀河系内の宇宙線の加速限界は？
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Figure 2: All–particle and proton spectra obtained by direct measurements and EAS observations. The all–particle data are by
the Tibet experiment [12] (with three sets of data points obtained with di↵erent assumptions for the CR composition and shower
development models), and by IceTop/IceCube [13] (with the shaded area indicating systematic uncertainties). For the proton direct
measurements the symbols are identical to those in Fig. 1. The EAS proton spectra are by Kascade–2005 [15], Kascade–2013 [19]
(with the shaded area indicating systematic uncertainties) and IceTop/IceCube–2019 [13]. The thick solid line is a fit to the direct
measurements of the proton flux (with the parameters given in Table 1). The dashed and dot–dashed lines are extrapolations to
higher energy (see main text).
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Figure 1: Direct measurements of the CR proton spectrum. The flux is shown in the form E2.7 �(E) versus E to enhance the
visibility of the spectral features. The points are the data of PAMELA [2], AMS02 [4], ATIC [5], CREAM [6], CALET [7], DAMPE
[10] and NUCLEON [8]. The thick (red) solid line is a fit of the combined data of all the experiments using the two–break expression
(1). The thin lines are fits of the data of individual experiments. The parameters of all fits are listed in Table 1.
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Paolo Lipari, Silvia Vernetto, Astroparticle Physics, in Press (2020)



1016 eVでも陽子が主？
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Mean Reconstructed X
max

 vs. 

Shower Energy
● (Top Figure): Reconstructed Data 

<Xmax> vs. Shower total Energy 

starting at log(E [eV]) = 15.3

– Also shown, results for 4 MC primaries.

● (Bottom Figure): A broken line fit to 
TALE data <Xmax>

– Break point: 17.23 +/- 0.05

– Slope before: 35.13 +/- 0.35

– Slope after: 62.40 +/- 4.95

● (Bottom Figure): Also shown (red 
squares) are <Xmax> reported by TA 

using hybrid events from Black 
Rock / Long Ridge FD’s and the main 
SD array.

 20

T. AbuZayyad

TALE FD monocular reconstruction 

Xmax measured by TALE FD with monocular reconstruction
4 years of data (Jun. 2014 - Nov. 2018)

Change in Xmax elongation rate at an energy of ~1017 eV
(It is likely correlated with 2nd knee in the energy spectrum)

Smooth connection of the low(TALE) and the high(BR/LR hybrid) energy rails.
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Figure 20: TALE cosmic rays energy spectrum measured with 22 months of data. A mixed primary composition given by the
TXF is assumed. The gray band indicates the size of the systematic uncertainties.

show in figure 22 a comparison of the spectrum obtained with di↵erent compositions. With respect to the
energy spectrum for the case of pure iron composition assumption, note that composition measurements by
other experiments, e.g. [48, 49] exclude the possibility of iron dominated flux at energies below 1016 eV. The
spectrum is included in the plot simply to demonstrate the extreme case of all heavy primaries.

Figure 23 compares the current result with some recent results from other experiments. We note that
qualitatively the spectra are in agreement. The di↵erence in normalization is within the systematics of the
energy scales of the di↵erent experiments. In particular, we note that a 6.5% downward shift in the IceTop
energy scale, results in a spectrum that lies on top of the TALE spectrum for energies below 1017 eV.

Figure 24 compares the current result with some recent results from TA Fluorescence [55] and surface
detector [56] measurements. We note that above 1017 eV there is excellent agreement between the di↵erent
results, demonstrating that the TALE spectrum can be seen as an extension of the measurements in the
ultra-high energy regime down to lower energies.

18

TALE FD monocular spectrum (2 years)
Ap. J., 865, 74(2018), arXiv: 1803.01288
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Mean Reconstructed X
max

 vs. 

Shower Energy
● (Top Figure): Reconstructed Data 

<Xmax> vs. Shower total Energy 

starting at log(E [eV]) = 15.3

– Also shown, results for 4 MC primaries.

● (Bottom Figure): A broken line fit to 
TALE data <Xmax>

– Break point: 17.23 +/- 0.05

– Slope before: 35.13 +/- 0.35

– Slope after: 62.40 +/- 4.95

● (Bottom Figure): Also shown (red 
squares) are <Xmax> reported by TA 

using hybrid events from Black 
Rock / Long Ridge FD’s and the main 
SD array.

S. Ogio, ICRC 2019 



銀河系内外起源の遷移は？
31

E. Parizot (APC, Paris 7)Kyoto, 11 October 2016 UHECR 2016 / GCR-EGCR transition
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Very appealing GCR/EGCR transition picture

3 1015 eV 8 1016 1017  eV3 1018

protons
Fe

EGCR

GCR

GCR

Transition

not a free parameter!
(pre-knee composition)

UHECRs

factor 26

à Is the light UHECR component too soft?

E. Parizot (APC, Paris 7)Kyoto, 11 October 2016 UHECR 2016 / GCR-EGCR transition
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Quite a simple and natural picture!

slope x = 3.3

knee

pre-knee slope

slope x = 3.3

• same slope! 
• natural match 
to the knee!

Fe knee

3 1015 eV

E. Parizot in UHECR 2016



1014 eVで位相が銀河中心へ向かっていく
32
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Figure 17: Equatorial component of the dipole (top panel) and its phase in right ascension
(bottom panel) for several cosmic ray experiments: Pierre Auger Observatory [136, 137],
KASCADE-Grande [138], IceTop [139, 135], IceCube [135], EAS-TOP [130], Tibet-ASγ
[128, 133], ARGO-YBJ [134]. The dotted line in the bottom panel indicates the RA of the
Galactic center direction.

Another possible source for a dipolar anisotropy is due to the relative motion of the observer with
respect to the frame in which the CR distribution is isotropic, what induces a weak dipole anisotropy
pointing in the direction of the motion, known as the Compton-Getting effect [142]. The amplitude
of the resulting dipole depends on the velocity of the observer v and on the CR spectral index γ,
being d = (γ + 2)v/c. Considering a value of γ ! 2.7 and as the observer velocity that of the solar
system around the Galaxy, v ! 220 km s−1, would lead to an energy independent dipole amplitude of
few× 10−3. The much smaller observed amplitude of the dipolar component indicates that the cosmic
rays actually co-rotate with the local stars [143]. Moreover, the orbital motion of the Earth around the
Sun leads also to a dipolar anisotropy in the cosmic ray flux that is a function of the hour of the day,
and can then be observed when analyzed in the solar frequency. Taking into account that the Earth
moves at a velocity of 29.8 km s−1 the expected amplitude is about 5 × 10−4, with a maximum at 6 h.
This anisotropy has been detected, and can be used to obtain an indirect independent determination
of the spectral index [144].

Besides the dipolar pattern expected from the diffusion in the presence of a CR density gradient, also
structures at smaller angular scales, at least down to 10◦, have been observed in the TeV to PeV energy
range [145, 146, 147, 148]. These are not predicted by the simple diffusion picture and they have been
the topic of different theoretical modeling efforts (see [149] for a review). The suggested explanations
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Mollerach & Roulet
Progress in Particle 
and Nuclear Physics 
98 (2018) 85-118 
(arXiv:1710.11155)

Galactic center?

ISM + Heliosphere
magnetic fields?

Galac;c source
distribu;on??

Galaxy distribution
+ Galactic MF??

Origin of the anisotropy is still big mystery!

Correlation Between Solar Activity and 
the SunḚs Shadow Observed bᶗ  
the Tibet Air Shower Array 

Kazumasa Kawata 

ICRR, University of Tokyo, Japan 

For the Tibet ASJ Collaboration 

32nd ICRC, Aug.ust 17,  Beijing 1 

Energy Dependence of 1st Harmonic
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Fig. 10.— Comparison of the derived total EGB intensity (foreground model A) to other mea-

surements of the X-ray and �-ray background. The error bars on the LAT measurement include

the statistical uncertainty and systematic uncertainties from the e↵ective area parametrization, as

well as the CR background subtraction. Statistical and systematic uncertainties have been added

in quadrature. The shaded band indicates the systematic uncertainty arising from uncertainties in

the Galactic foreground. (Note that the EGRET measurements shown are measurements of the

IGRB. However, EGRET was more than an order of magnitude less sensitive to resolve individual

sources on the sky than the Fermi -LAT.)
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Fermi-LAT collaboration, Astrophys.J. 799 (2015) 86 

Batista et al, MIAPP UHECR Review, 2019, FrASS, 6, 23 
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多波長・多粒子観測の連携
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Max. 3FHL blazar 
contribution 16.7% 

GRB prompt phase < 1%
?

UHECR/Neutrino arrival direction correlations  High-energy messengers of the non-thermal Universe 
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現状の観測結果を説明する理論モデルは？ 
その理論モデルを証明（棄却）するための測定量は？

多波長・多粒子観測の連携
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Jakob van Santen – ICRC 2017 – Highlights from IceCube

• Selected 
horizontal and up-
going muon tracks 

• Sensitive to 
astrophysical 
neutrinos above 
~120 TeV 

• Power law index: 
2.19±0.10

11

See C. Haack, NU022
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Astrophysical neutrino 
detections by IceCube

D. Williams in 
ICRC 2019

>300 MeV gamma-ray (Fermi-LAT)

F. Oikonomou in 20-years Auger symposium

Neutrino-driven multi-messenger
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Poster	#175.	Wandkowsky	et	al.	(IceCube)	

• HESE 7.5 year
103 events
(60 events > 60 TeV)
Best-fit: s=2.87�0.3

• 8-yr upgoing nµ “track”
36 events at >200 TeV (6.7s)

- Best-fit: s=2.19�0.10
- nµ flux above 100 TeV:    
En

2Fn=(1.01+0.26-0.23)
x10-8 GeV cm-2 s-1 sr-1

per flavor

!19

IceCube’s high-energy neutrinos

IceCube collaboration, ICRC 2017

▶︎ Compatible with an isotropic distribution
◆ points to extragalactic origin of cosmic neutrinos

▶︎ No significant clustering of high-energy events

IceCube high-energy events > 30 TeV (2010 - 2016)

consistent w.
isotropic distribution

Galactic contribution:
subdominant

IceCube @ Neutrino 2018
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Search for correlations of high-energy neutrinos and UHECRs A. Barbano

consists of 1.4 million events recorded between 2008 and 2018. These are dominated in the North-
ern hemispheres by atmospheric nµ and in the Southern hemisphere by atmospheric downgoing
muons. The angular resolution is < 0.5� above TeV energies [17] .

ANTARES [19] is a neutrino telescope located in the Mediterranean Sea, composed by 12 ver-
tical strings anchored at the sea floor at a depth of ⇠ 2400 m, covering a total volume of ⇠ 0.03 km3.
The strings are equipped with a total of 885 optical modules, each one housing a photomultiplier
tube. The events used in analyses (1) and (2) are selected from the 9-year point-source sample [20],
recorded between January 2007 and December 2015, while for analysis (3) they are selected from
the 11-year point-source sample that includes events until 2017 [21]. The samples include neutrino
charged- and neutral-current interactions of all flavors. At energies of 10 TeV, the median angular
resolution for muon neutrinos is below 0.5�. In particular, analyses (1) and (2) require an event

Figure 1: The UHECR events from TA and Auger are shown
as orange and blue dots, respectively. The neutrino track- and
cascade-like events from IceCube (HESE [10], EHE [11], 7-
year through-going muons [12] samples) and ANTARES [20] are
shown as black empty diamonds and crosses, respectively.

signalness > 40%, where the sig-
nalness is defined as the ratio
of the number of expected as-
trophysical events over the sum
of the expected atmospheric and
astrophysical events at a given
energy proxy, where a spec-
trum f = 1.01(E/100TeV)�2.19 ·
10�18GeV�1cm�2�1sr�1 was used
[22]. This selection results in a to-
tal of three tracks and no cascades.

The Pierre Auger Observa-
tory [23] is located in Argentina at
an average latitude of ⇠ 35.2� and
a mean altitude of ⇠ 1400 m above
the sea level. The Observatory is a
hybrid detector combining the in-
formation from a large surface detector array (SD) and a fluorescence detector (FD). The SD array,
spread over an area of 3000 km2, is composed of 1660 water-Cherenkov detectors. The FD array
consists of 27 telescopes at five peripheral buildings viewing the atmosphere over the SD array.
The data sample used in this work consists of 324 events observed with the SDs from January 2004
to April 2017 with reconstructed energies > 52 EeV and zenith angle q 6 80� [24], which trans-
lates into a field of view ranging from -90� to +45� in declination. At these energies the angular
uncertainty is less than 0.9� [25], the statistical uncertainty in the energy determination is better
than 12% [26] and the systematic uncertainty in the absolute energy scale is 14% [27].

The Telescope Array (TA) experiment [28], located in Utah (USA), detects cosmic rays with
E > 1018 eV. The surface array, composed by more than 500 scintillator detectors, extends over
700 km2 of desert. In addition, there are three fluorescence telescope stations, instrumented with
12-14 telescopes each. The exposure of the detector covers the Northern Hemisphere and the South-
ern Hemisphere up to -15�. A total of 143 events with energy > 57 EeV and zenith angle 6 55�,
recorded from May 2008 to May 2017, are used in this work [29]. These events have about 1.5�

angular resolution, ⇠20% energy resolution and a ⇠22% systematic uncertainty on the energy

3

Auger: 324 events, TA: 142 events  (A. Barbano et al., ICRC 2019)

Search for correlations of high-energy neutrinos and UHECRs A. Barbano

Figure 2: Relative excess of pairs, nobs/hnexpi�1, as a function of the maximum angular separation between
the neutrino and UHECR pairs, for track- (left) cascade-like (right) events in the case of an isotropic distri-
bution of neutrinos. The different color bands stand for the regions containing the 1, 2 and 3s fluctuations
from an isotropic distribution.

and by accounting for the trial factor due to having tested three different sets of magnetic de-
flections. Given these numbers, no sign of correlations in the arrival directions of UHECRs and
neutrinos is found.

4.3 UHECR-stacking correlation analysis with neutrino directions

Six p-values for each of the signal hypotheses described in sec. 3.3 are calculated with respect
to an isotropic neutrino flux, summarized in Tab. 2. All six p-values are well-compatible with the
background expectation. The smallest p-value (6% for D = 6� and ECR > 85 EeV), after correction
for the six correlated tests, becomes 16%.

D [�] 3 6
ECR [EeV] > 70 85 100 70 85 100

p-value 0.27 0.46 0.84 0.10 0.06 0.39

Table 2: All pre-trial p-values for different UHECR energy cuts and deflection hypotheses.

5. Discussion

The results of the three analyses presented here do not allow to conclude about the presence of
possible correlations between arrival directions of UHECRs and high-energy neutrinos. Previous
analyses on reduced data sets had shown a post-trial p-value of 5.0 ⇥ 10�4 for the cascades with a
cross-correlation analysis, under the assumption of an isotropic flux of UHECRs, and of 8.0 ⇥ 10�4

for cascades with the neutrino-stacking analysis under a deflection hypothesis of D = 6� [31]. The
absence of correlation found with the current data samples and discussed analysis hypotheses must
be carefully interpreted, since it does not imply an absolute lack of correlation in the origin of
the two messengers. The main uncertainties in the current analyses are the poor knowledge of
the Galactic magnetic field and the not yet conclusive understanding of the CR composition. Fur-
thermore, due to the GZK horizon, the largest distances covered by UHECRs are not expected to
exceed 10-100 Mpc, depending on the CR composition. On the other hand, neutrinos can reach
us from cosmological distances. Finally, neutrinos originating at the cosmic rays acceleration sites
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UHECRとneutrinoの相関解析
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• HESE 7.5 year
103 events
(60 events > 60 TeV)
Best-fit: s=2.87�0.3

• 8-yr upgoing nµ “track”
36 events at >200 TeV (6.7s)

- Best-fit: s=2.19�0.10
- nµ flux above 100 TeV:    
En

2Fn=(1.01+0.26-0.23)
x10-8 GeV cm-2 s-1 sr-1
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IceCube’s high-energy neutrinos

IceCube collaboration, ICRC 2017

▶︎ Compatible with an isotropic distribution
◆ points to extragalactic origin of cosmic neutrinos

▶︎ No significant clustering of high-energy events

IceCube high-energy events > 30 TeV (2010 - 2016)

consistent w.
isotropic distribution

Galactic contribution:
subdominant

IceCube @ Neutrino 2018

最高エネルギー宇宙線（>1019.7 eV）

Data from EPJ Web of 
Conferences 210, 01005 (2019)
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F. Oikonomou in 20-years Auger symposium

宇宙線の点源が見えてこない

低光度AGNやスターバースト銀河で 
1020 eV以上へ加速できるか？ 
何を検出すれば決定的な証拠となるか？

高エネルギーニュートリノ (>1013.5 eV)

有意な宇宙線源が見えないことによる
ソース密度の下限値（曲がり角<30度）

Confidential 
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Best-fit MAGIC parameters compatible with archival data

Preliminary

Disclaimer : TIBET 
data digitally extracted

ガンマ線観測？ 39

Sgr A* Sgr A*

a b

Figure 1: VHE �-ray image of the Galactic Centre region. The colour scale indicates counts per 0.02�⇥0.02� pixel.
Left panel: The black lines outline the regions used to calculate the CR energy density throughout the central molecular
zone. A section of 66� is excluded from the annuli (see Methods). White contour lines indicate the density distribution
of molecular gas, as traced by its CS line emission30. The inset shows the simulation of a point-like source. Right
panel: Zoomed view of the inner ⇠ 70 pc and the contour of the region used to extract the spectrum of the diffuse
emission.
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Figure 3: VHE �-ray spectra of the diffuse emission and HESS J1745-290. The Y axis shows fluxes multiplied by
a factor E2, where E is the energy on the X axis, in units of TeVcm�2s�1. The vertical and horizontal error bars show
the 1� statistical error and bin size, respectively. Arrows represent 2� flux upper limits. The 1� confidence bands of
the best-fit spectra of the diffuse and HESS J1745-290 are shown in red and blue shaded areas, respectively. Spectral
parameters are given in Methods. The red lines show the numerical computations assuming that �-rays result from
the decay of neutral pions produced by proton-proton interactions. The fluxes of the diffuse emission spectrum and
models are multiplied by 10.
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Figure 3: Proton and gamma-ray spectra determined for IC 443 and W44. Also shown are
the broadband spectral flux points derived in this study, along with TeV spectral data points for
IC 443 from MAGIC (29) and VERITAS (30). The curvature evident in the proton distribution
at ∼ 2 GeV is a consequence of the display in energy space (rather than momentum space).
Gamma-ray spectra from the protons were computed using the energy-dependent cross section
parameterized by (32). We took into account accelerated nuclei (heavier than protons) as well
as nuclei in the target gas by applying an enhancement factor of 1.85 (33). Note that models
of the gamma-ray production via pp interactions have some uncertainty. Relative to the model
adopted here, an alternative model of (6) predicts ∼ 30% less photon flux near 70 MeV; the two
models agree with each other to better than 15% above 200 MeV. The proton spectra assume
average gas densities of n = 20 cm−3 (IC 443) and n = 100 cm−3 (W44) and distances of 1.5
kpc (IC 443) and 2.9 kpc (W44).

超新星残骸 銀河中心

Nature | Vol 575 | 21 November 2019 | 461

observation of the synchrotron peak at energies higher than kiloelec-
tronvolt. To explain the soft spectrum detected by MAGIC, it is neces-
sary to invoke scattering in the Klein–Nishina regime for the electrons 
radiating at the spectral peak, as well as internal γ–γ absorption31. 
Although both of these effects tend to become less important with 
time, the spectral index in the 0.2–1-TeV band remains constant in time 
(or possibly evolves to softer values; Extended Data Table 1). This 
implies that the SSC peak energy moves to lower energies and crosses 
the MAGIC energy band. The energy at which attenuation by internal 
pair production becomes important indicates that the bulk Lorentz 
factor is about 140–160 at 100 s.

An example of the theoretical modelling in this scenario is shown 
in Fig. 3 (blue solid curve; see Methods for details). The dashed line 
shows the SSC spectrum when internal absorption is neglected. The 
thin solid line shows the model spectrum including EBL attenuation, 
in comparison to the MAGIC observations (empty circles).

We find that acceptable models of the broadband SED can be obtained 
if the conditions at the source are the following. The initial kinetic 
energy of the blast wave is Ek ≳ 3 × 1053 erg (isotropic-equivalent). The 
electrons swept up from the external medium are efficiently injected 
into the acceleration process and carry a fraction εe ≈ 0.05–0.15 of the 
energy dissipated at the shock. The acceleration mechanism produces 
an electron population characterized by a non-thermal energy distri-
bution, described by a power law with index p ≈ 2.4–2.6, an injection 
Lorentz factor of γm = (0.8–2) × 104 and a maximum Lorentz factor of 
γmax ≈ 108 (at about 100 s). The magnetic field behind the shock conveys 
a fraction εB ≈ (0.05–1) × 10−3 of the dissipated energy. At t ≈ 100 s, cor-
responding to a distance from the central engine of R ≈ (8–20) × 1016 cm, 
the density of the external medium is n ≈ 0.5–5 cm−3 and the magnetic 
field strength is B ≈ 0.5–5 G. The latter implies that the magnetic field 
was efficiently amplified from values of a few microgauss, which are 
typical of the unshocked ambient medium, owing to plasma instabilities 
or other mechanisms6. Not surprisingly, we find that εe ≫ εB, which is a 
necessary condition for the efficient production of SSC radiation18,20.

The blast-wave energy inferred from the modelling is comparable 
to the amount of energy released in the form of radiation during the 
prompt phase. The prompt-emission mechanism must then have dis-
sipated and radiated no more than half of the initial jet energy, leaving 
the rest for the afterglow phase. The modelling of the multi-band data 
also allows us to infer how the total energy is shared between the syn-
chrotron and SSC components. The resultant powers of the two compo-
nents are comparable. We estimate that the energy in the synchrotron 
and SSC component are about 1.5 × 1052 erg and around 6.0 × 1051 erg, 
respectively, in the time interval 68–110 s, and about 1.3 × 1052 erg and 
around 5.4 × 1051 erg, respectively, in the time interval 110–180 s. Thus, 
previous studies of GRBs may have been missing a substantial fraction 
of the energy emitted during the afterglow phase that is essential to 
its understanding.

Finally, we note that the values of the afterglow parameters inferred 
from the modelling fall within the range of values typically inferred from 
broadband (radio to gigaelectronvolt) studies of GRB afterglow emis-
sion. This points to the possibility that SSC emission in GRBs may be a 
relatively common process that does not require special conditions to 
be produced, and its power is similar to that of synchrotron radiation.

The SSC component may then be detectable at teraelectronvolt 
energies in other relatively energetic GRBs, as long as the redshift is 
low enough to avoid severe attenuation by the EBL. This also provides 
support to earlier indications for SSC emission at gigaelectronvolt 
energies28–30.

Online content
Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code 
availability are available at https://doi.org/10.1038/s41586-019-1754-6.

1. Mészáros, P. Theories of gamma-ray bursts. Annu. Rev. Astron. Astrophys. 40, 137–169 
(2002).

2. Piran, T. The physics of gamma-ray bursts. Rev. Mod. Phys. 76, 1143–1210 (2005).
3. van Paradijs, J., Kouveliotou, C. & Wijers, R. A. M. J. Gamma-ray burst afterglows. Annu. 

Rev. Astron. Astrophys. 38, 379–425 (2000).
4. Gehrels, N., Ramirez-Ruiz, E. & Fox, D. B. Gamma-ray bursts in the Swift era. Annu. Rev. 

Astron. Astrophys. 47, 567–617 (2009).
5. Gehrels, N. & Mészáros, P. Gamma-ray bursts. Science 337, 932–936 (2012).
6. Kumar, P. & Zhang, B. The physics of gamma-ray bursts & relativistic jets. Phys. Rep. 561, 

1–109 (2015).
7. Sari, R., Piran, T. & Narayan, R. Spectra and light curves of gamma-ray burst afterglows. 

Astrophys. J. Lett. 497, 17–20 (1998).
8. Granot, J. & Sari, R. The shape of spectral breaks in gamma-ray burst afterglows. 

Astrophys. J. 568, 820–829 (2002).
9. Mészáros, P. & Rees, M. J. Delayed GeV emission from cosmological gamma-ray bursts – 

impact of a relativistic wind on external matter. Mon. Not. R. Astron. Soc. 269, L41–L43 
(1994).

10. MAGIC Collaboration. Teraelectronvolt emission from the γ-ray burst GRB 190114C. 
Nature https://doi.org/10.1038/s41586-019-1750-x (2019).

11. Mirzoyan, R. et al. MAGIC detects the GRB 190114C in the TeV energy domain. GCN 
Circulars 23701 https//gcn.gsfc.nasa.gov/gcn3/23701.gcn3 (2019).

12. Nava, L. High-energy emission from gamma-ray bursts. Int. J. Mod. Phys. D 27, 1842003 
(2018).

13. Mirzoyan, R. et al. MAGIC detects the GRB 190114C. The Astronomer’s Telegram 12390 
http://www.astronomerstelegram.org/?read=12390 (2019).

14. Ajello, M. et al. Fermi and Swift observations of GRB 190114C: tracing the evolution of 
high-energy emission from prompt to afterglow. Preprint at https://arxiv.org/
abs/1909.10605 (2019).

15. Ravasio, M. E. et al. GRB 190114C: from prompt to afterglow? Astron. Astrophys. 626, A12 
(2019).

16. Laskar, T. et al. ALMA detection of a linearly polarized reverse shock in GRB 190114C. 
Astrophys. J. Lett. 878, 26 (2019).

17. Vietri, M. GeV photons from ultrahigh energy cosmic rays accelerated in gamma ray 
bursts. Phys. Rev. Lett. 78, 4328–4331 (1997).

18. Zhang, B. & Mészáros, P. High-energy spectral components in gamma-ray burst 
afterglows. Astrophys. J. 559, 110–122 (2001).

19. Razzaque, S. A leptonic–hadronic model for the afterglow of gamma-ray burst 090510. 
Astrophys. J. Lett. 724, 109–112 (2010).

20. Sari, R. & Esin, A. A. On the synchrotron self-Compton emission from relativistic  
shocks and its implications for gamma-ray burst afterglows. Astrophys. J. 548, 787–799 
(2001).

10
6

10
8

10
10 210−10

10−9

10−8

10−7

Fl
ux

 (e
rg

 c
m

–2
 s

–1
)

68–110 s

XRT BAT
GBM

LAT MAGIC

103 106 109 1012

Energy (eV)

10−10

10−9

10−8

10−7

Fl
ux

 (e
rg

 c
m

–2
 s

–1
)

110–180 s

Fig. 3 | Modelling of the broadband spectra in the time intervals 68–110 s and 
110–180 s. Thick blue curve, modelling of the multi-band data in the 
synchrotron and SSC afterglow scenario. Thin solid lines, synchrotron and SSC 
(observed spectrum) components. Dashed lines, SSC when internal γ–γ 
opacity is neglected. The adopted parameters are: s = 0, εe = 0.07, εB = 8 × 10−5, 
p = 2.6, n0 = 0.5 and Ek = 8 × 1053 erg; see Methods. Empty circles show the 
observed MAGIC spectrum, that is, uncorrected for attenuation caused by the 
EBL. Contour regions and data points are as in Fig. 2.
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Michele Peresano in ICRC 2019

カニ星雲からの100 TeV放射電子起源 

超新星残骸以外では陽子加速の決定的な証拠は見つかっていない。

陽子起源 陽子起源？
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Figure 5. Sky maps of the expected UHECR directional flux
above 10 EeV for pure proton (top) or silicon (bottom) injection,
assuming the PT2011 GMF model, normalized to

R
4⇡ �(n̂) d⌦ =

1 (mean value 1/4⇡ ⇡ 0.0796), in Galactic coordinates (same
notation as in Figure 4, but di↵erent color scales)

The angular power spectrum Cl quantifies the amount of

anisotropy at angular scales ⇠ (⇡/l) rad and is rotationally

invariant.

Explicitely, retaining only the dipole (l = 1) and

quadrupole (l = 2) contributions, the flux �(n̂) can be writ-

ten as

�(n̂) = �0(1 + d · n̂+ n̂ ·Qn̂+ · · · ),

where the average flux is �0 = a00/
p
4⇡ (�0 = 1/4⇡ if

we use the normalization
R
4⇡

�(n̂) d⌦ = 1), the dipole d is

a vector with 3 independent components, which are linear

combinations of a1m/a00, and the quadrupole Q is a rank-

2 traceless symmetric tensor (i.e., its eigenvalues �+,�0,��
sum to 0 and its eigenvectors q̂+, q̂0, q̂� are orthogonal)

with 5 independent components, which are linear combina-

tions of a2m/a00. The rotationally invariant combinations

|d| = 3

p
C1/C0 and

q
�2
+ + �2

� + �2
0 = 5

p
3C2/2C0 charac-

terize the magnitude of the corresponding relative flux vari-

ations over the sphere. The dipole and quadrupole moments

quantify anisotropies at scales ⇠ 180
�
and ⇠ 90

�
respec-

tively, and are therefore relatively insensitive to magnetic

deflections except at the lowest energies.

In Figure 6 and Figure 7, we present the energy depen-

dence of the dipole amplitude |d| and the quadrupole ampli-

tude (�2
+ +�2

� +�2
0)

1/2
respectively in the various scenarios

we considered. The first thing we point out is that, whereas

there are some di↵erences between predictions using the two

di↵erent GMF models with the same injection model, they
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Figure 6. The magnitude of the dipole as a function of the en-
ergy threshold Emin for the three injection models and two GMF
models we considered. The points labelled “Auger + TA 2015”
and “Auger 2017” show the dipole magnitude reported in Deligny
(2015) and Taborda (2017) respectively. The dotted lines show
the 99.9% C.L. detection thresholds using the current and near-
future Auger and TA exposures (see the text for details).

Figure 7. The magnitude of the dipole as a function of the energy
threshold Emin (same notation as in Figure 6). The point labelled
“Auger + TA 2014” is the quadrupole magnitude computed from
the a2m coe�cients reported in Aab et al. (2014).

are not so large as to impede a meaningful interpretation

of the results in spite of the GMF uncertainties. Conversely,

the results from the three injection models do di↵er signif-

icantly, with heavier compositions resulting in larger dipole

and quadrupole moments for high energy thresholds (due to

the shorter propagation horizon) but smaller ones for lower

thresholds (due to larger magnetic deflections).

Increasing the energy threshold, the expected dipole

and quadrupole strengths increase, but at the same time the

amount of statistics available decreases due to the steeply

falling energy spectrum, making it non-obvious whether the

overall e↵ect is to make the detection of the dipole and

quadrupole easier with higher or lower Emin. To answer

this question, we have calculated the 99.9% C.L. detection

thresholds, i.e., the multipole amplitudes such that larger

values would be measured in less than 0.1% of random re-

alizations in case of a isotropic UHECR flux. The detection

thresholds scale like / 1/
p
N with the number of events

N . Since below the observed cuto↵ (⇠ 40 EeV) the inte-

gral spectrum at Earth N(� Emin) is close to a power law

/ E�2
min, the detection threshold is roughly proportional to
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遠くまで見えると等方的に天体が分布 
(2MASS Redshift survey galaxies)
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30 EeVで磁場・質量組成への依存が小さい
天体起源であるかを検定できる
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FIG. 1: Extragalactic multi-messenger (UHECR, high-energy neutrino and γ-ray) background
spectra from galaxy clusters and groups with black hole jets as cosmic-ray accelerators. Mea-
surements from the KASCADE-Grande [16], Telescope Array and Telescope Array Low Energy extension
(TALE) [5], Pierre Auger Observatory [4] (with Auger energy scaled up by 5% and TA energy scaled downed
by 9% to match the two measurements [25]), IceCube [8, 9], and Fermi Gamma-Ray Space Telescope [14, 15].
The total cosmic-ray spectrum (solid red) is decomposed into two composition groups: light (dashed red; H
and He) and medium-heavy (dotted red; CNO, Si, Fe). PeV neutrinos (solid blue) are produced by inter-
actions between cosmic rays and the ICM (dashed blue), and by UHECRs interacting with the CMB and
EBL during their intergalactic propagation (dash-dotted blue). The upper bound on the neutrino flux of
UHECR nuclei (for sacc = 2.3) is shown for reference (dashed grey) [26]. The γ-ray counterparts (solid black
for the total flux and dash-dotted black for γ rays produced in the ICM) are comparable to the non-blazar
component of the EGB measured by the Fermi Gamma-Ray Space Telescope [15].

anywhere in the core of a cluster with equal probability. We inject five representative groups of
elements: hydrogen (1H), helium (4He), nitrogen (14N), silicon (28Si) and iron (56Fe) according to
the abundances of elements in Galactic cosmic rays (see Supplementary Information for details),
and let each group follow the same power-law spectrum with a cutoff above the maximum rigidity,
dNinj/dR ∝ R−sacc exp(−R/Rmax), where R = E/Ze is the rigidity, sacc = 2.3, and Rmax =
2 × 1021/26V. We assume that ions are confined up to tinj = 2Gyr, given that the peak period
of AGN activity effectively lasts for ∼ 2 − 3 Gyr (see Supplementary Information for discussions
on model uncertainties and details). The redshift evolution of the source density is taken to be
F (z) = (1 + z)3 up to zc = 1.5, but its moderate variations barely impact our results. The
cumulative flux is obtained by [10]:

Φ(E) =
1

4π

∫
c dz

H(z)
F (z)

∫ ∞

Mmin

dM
dn

dM

dṄ

dE′
(M,z), (1)

where n is the halo number density, dn/dM is the halo mass function, H(z) is the Hubble parameter
at redshift z, dṄ/dE′ is the production rate of neutrinos (or propagated cosmic rays) from a given

Powerful black hole jet?Starburst galaxies?
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10 year All-Sky Scan Results

● Evaluate likelihood of signal over 
background for grid over entire sky. 

● Hottest point = position with 
smallest p-value in each hemisphere. 

Hottest Point in North": δ ≥ -5  ⁰

RA = 40.87° , Dec = -0.30°
n
signal
 = 61.5 , γ= 3.4, TS = 25.3

-log10(pval)= 6.45 ⇒ 9.9% post-trial

Hottest Point in South": δ< -5⁰

RA = 350.18° , Dec -56.45°
n
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=17.8, γ = 3.3, TS= 20.0

-log10(pval) =5.37 ⇒ 75% post-trial 
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All Sky Survey with TA&PAO 
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       Northern TA :   7 years 109 events (>57EeV) 
Southern Auger : 10 years 157 events (>57EeV) 

Oversampling with 20°-radius circle 

Southern hotspot is seen at Cen A(Pre-trial ~3.6σ) 

No correction for 
E scale difference 
b/w TA and PAO !! 

ニュートリノのホットスポット 

(2.9σ)

近傍スターバースト銀河の
電波強度マップ

最高エネルギー宇宙線(>1019.7 eV)

F. Halzen in ICRC 2019

近傍天体との相関解析: 4.5σ (スターバースト銀河11%+

等方分布89％, >1019.6 eV)

A. Castellina in ICRC 2019

Galactic coordinates

極高エネルギー宇宙線源の検出(>5σ)が近づきつつあるL. Caccianiga in ICRC 2019
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系外起源解明へ向けた開発研究
極高エネルギー宇宙線の感度を1桁向上し、宇宙線源を特定する 

低コスト型の望遠鏡を大量に並べる。Fluorescence-detector Array of Single pixel Telescopes 

(FAST), https://www.fast-project.org 

M. Malacari et al., Astropart.Phys. 119 (2020) 102430 

京都大学プレスリリース「次世代天文学を拓く新型の宇宙線望遠鏡を開発 －極高エネルギー宇宙線
で極限宇宙を観る－」, http://www.kyoto-u.ac.jp/ja/research/research_results/2019/200123_3.html
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FAST North @TA FAST South 
@Auger
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「地惑宇宙における物質創生および循環の解明」

研究領域 

宇宙線の質量組成の精密測定（CALET、TALE、TA） 

X線観測による組成比測定（超新星） 

電波・赤外観測による宇宙塵の組成測定（ALMAによるダスト測定、アルミ
ナダスト形成と進化） 

NSNS衝突からの元素合成？ 

銀河磁場の精密測定？
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