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Arrival directions of most energetic neutrino events
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Figure 4: A sky map of highly energetic neutrino events detected by IceCube. Shown are the best-fit directions
for upgoing track events [15, 16] collected in 8 years of IceCube operations (j), the high-energy starting events
(HESE) (tracks i and cascades h) [17–19] collected in 6 years, and additional track events published as public
alerts (j) [20] since 2016. Note that the angular resolution for the different event categories varies from ,1 deg
for high-quality track events to -10 deg for cascade-type events. The distribution of the events is consistent
with isotropy once detector acceptance and neutrino Earth absorption are taken into account. The location
of the first candidate neutrino source, the blazar TXS 0506+056, is marked with a star. Shown in the inset
are the related Fermi Large Area Telescope (LAT) measurements of the region centered on TXS 0506+056
around the time that the high-energy neutrino IC-170922A was detected by IceCube (September 2017) [4].
The uncertainty on the reconstructed arrival direction of IC-170922A is shown for reference.

The significance for the cosmic origin of the observed neutrinos has collectively reached
a level that puts it beyond any doubt. A decade of IceCube data taking has demonstrated
the means to study the flavor composition of the cosmic neutrino flux via independent
channels of tracks, cascades, the tau neutrino candidates, and one observed electron
anti-neutrino candidate at the Glashow resonance of 6.3 PeV [24] to date [25, 26] (see
Section 3.2.6). Clearly to exploit the full potential of all-flavor neutrino astronomy, much
larger data samples are needed.

2.1. Identifying the sources of high-energy neutrinos

One of the prime scientific goals of neutrino telescopes is the identification of the sources of
high-energy neutrinos. However, the low statistics of such high-energy cosmic neutrinos,
and the moderate angular resolution of ⇥0.5` for track-like events from charged-current
muon neutrino interactions and ⇥10` for cascade-like events from all flavors of neutrinos,
make identification of neutrino point sources challenging. The distribution of astrophysical
neutrinos to date in the sky is largely consistent with isotropy (see Figure 4), implying that
a substantial fraction of IceCube’s cosmic neutrinos are of extragalactic origin.

The most compelling evidence for a neutrino point source to date is the detection of one
neutrino event (IC-170922A) in spatial and temporal coincidence with an enhanced �-ray
emission state of the blazar TXS 0506+056 [4]. Evidence for a period of enhanced neutrino
emission from this source, in 2014/15, was revealed in a dedicated search in the IceCube
archival data [5]. The individual statistical significance of the blazar-neutrino association
and the observed excess in the IceCube data alone are, respectively, of 3� and 3.5�.

5

Fermi Collaboration

GAIA Collaboration eROSITA Collaboration

IceCube Collaboration

Planck Collaboration

Auger and TA Collaborations

Cosmic Ray Ground Unified Theory (CR-GUT)
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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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They are expected to be produced in high-energy hadronic
processes in our Universe either directly from decaying
hadrons or from decaying charged leptons produced in the
hadronic interactions [13]. Regions of charged-particle ac-
celeration are prime candidates for high-energy neutrino
sources. The observation of EeV cosmic rays indicates
that objects of large size or high magnetic field strength
are accelerating charged particles to high energies, nar-
rowing the search for neutrino sources to a subclass of
objects [14, 15]. The diffuse cosmic ray, gamma ray, and
neutrino fluxes show similar energy content despite their
disparate energy regimes, as recent data demonstrates
(Fig. I.1). Despite this information and a wealth of cosmic-
ray observations, the sources of ultra-high-energy cosmic
rays are an unresolved mystery [16]. Thus, much like
solar neutrinos, which can escape their birthplace, high
energy astrophysical neutrinos are an indispensable probe
for cosmic-ray sources, providing insight into the long-
standing problem of the origin of cosmic-rays, as they can
escape dense environments and reach us unperturbed. By
studying their flux and energy spectrum, constraints can
be placed on the acceleration environments that produce
these neutrinos.

High-energy astrophysical neutrinos are also power-
ful probes of new physics [17]. This is in large part
because neutrinos are charged under flavor [13, 18, 19],
unlike other cosmic messengers. New nontrivial flavor
interactions can arise from a breaking of space-time sym-
metries [20, 21], secret neutrino interactions with the
cosmic-neutrino background [22–25], flavored dark-matter
neutrino interactions [26–28], or other nonstandard inter-
actions [29]. Beyond flavor, the very long distances tra-
versed by high-energy astrophysical neutrinos can be used
for accurate time-of-flight [30] and neutrino-flux spectral
distortion [31] measurements. High-energy astrophysical
neutrinos can probe very heavy decaying and annihilating
dark matter, whose other Standard Model products will
not reach Earth [32]. Finally, these neutrinos can also
probe the high-energy neutrino-nucleon cross section [33–
38]. Such a measurement is of interest due to the possibil-
ity of observing gluon screening [39], which could reduce
the cross section at the highest energies [40–42], or of un-
covering new physics phenomena, e.g., low-scale quantum
gravity [43], leptoquarks [44–50], sphalerons [51, 52], and
micro black hole production [53, 54]; see [55] for a recent
review.

The IceCube Neutrino Observatory has firmly estab-
lished the existence of high-energy astrophysical neu-
trinos. Northern sky measurements of through-going
muon tracks [56, 57], all-sky measurements using events
with interaction vertices contained in the detector fidu-
cial volume [58–61] such as high-energy starting events
(HESE), and additional studies extending to lower ener-
gies with contained cascades [62, 63] have all contributed
to the characterization of the astrophysical neutrino flux.
Archival and real-time directional searches have found
an excess with respect to background from a starburst
galaxy [64] and evidence of neutrino emission associated
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FIG. I.1. High-energy fluxes of gamma rays, neutrinos,
and cosmic rays. The segmented power-law neutrino flux,
described in Section VI A 5, obtained in the analysis described
in this paper, is shown with red circles. The single power-law
assumption, described in Section VIA1, is shown with the
light red region. The high-energy gamma-ray measurements
by Fermi [73] are shown in orange, while the extremely-high-
energy cosmic-ray measurements by the Pierre Auger Obser-
vatory [74] are shown as purple data points. The comparable
energy content of these three fluxes is of particular interest in
the investigation of cosmic-ray origin.

with a blazar [65, 66]. However, the energy spectrum,
directional distribution, and composition of this neutrino
flux are still too poorly constrained to differentiate be-
tween many astrophysical scenarios. This work focuses
on measuring the astrophysical neutrino spectrum us-
ing events with their interaction vertex contained inside
a fiducial volume; see [67] for additional details. The
astrophysical flux measurement assumes that the flux
is isotropic and equal in composition between all neu-
trino species, whose end result is shown in Fig. I.1. We
also present a directional search for neutrino sources in
Appendix H. Other work with this sample includes the
measurement of the neutrino flavor composition [68], the
search for additional neutrino interactions [69, 70] and
dark matter in the galactic core [71], and the measurement
of the neutrino cross section [72].

This paper is organized as follows. In the first sec-
tions, II, III, IV, and V the detector is described, the event
selection is defined, and relevant backgrounds, system-
atics, and statistical methodology are discussed. In Sec-
tion VI, the results of this work concerning the isotropic
astrophysical flux are presented. Each of the results sub-
sections begins with a brief summary in italics, followed
by detailed discussions. Finally, Section VII summarizes
the main conclusions of this work.

IceCube Collaboration, arXiv:2011.03545

γ-rays UHECRsneutrinos

Connecting multi-wavelength multi-particle observations

Intriguing for both theorists and experimentalists 
Common sensitivity at space, south pole and desert
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Batista et al, MIAPP UHECR Review, 2019, FrASS, 6, 23 

UHECRsγ − rays neutrinos UHECRsγ − rays neutrinos

Blazars

Max. 3FHL blazar contribution 
16.7%*                                       
Huber for IceCube Coll PoS (ICRC 2019) 916 

 

?

UHECR/Neutrino arrival direction correlations  
Constraints on the contribution of blazars to the diffuse neutrino 
flux: Stacking 

* ≲27% with spectral templates: IceCube Coll PoS (ICRC2017) 994 11

Murase & Waxman 16, PRD 94 (2016) 103006  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Ackermann, Ahlers et al. 2019, 
Yuan et al 2019, 
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ASCA /LSS  U+99

The CXB below 10 keV
n Now almost all of the CXB 

below ~10 keV is resolved, 
mostly into Compton-thin AGNs 
(NH < 1024 cm2) with ~104 deg-2

n X-ray surveys are the most 
sensitive  among those at any 
wavelengths 

CDFS
Xue+ 11

Subaru-XMM Deep Survey (SXDS) 
Ueda+08

Kushino+ 02

Population Synthesis Model of the CXB (Ueda+14)
n CXB = (luminosity function) × (absorption distribution)
n Assumptions

n Broadband spectra (1-1000 keV)
n Compton thick AGNs follow the same evolution as 

Compton thin AGNs

Observed XRB spectrum

Integrated spectrum 
of  C-thin AGNsCompton-thick AGNs

Remaining Issues on the CXB

n Origin of the CXB above 10 keV
n Contribution of Compton thick AGNs

n AGN evolution
n Do they “co-evolve” with galaxies? Why/how? 
n Physical origin of cosmic downsizing

Remaining Issues on the CXB

n Origin of the CXB above 10 keV
n Contribution of Compton thick AGNs

n AGN evolution
n Do they “co-evolve” with galaxies? Why/how? 
n Physical origin of cosmic downsizing

Remaining Issues on the CXB

n Origin of the CXB above 10 keV
n Contribution of Compton thick AGNs

n AGN evolution
n Do they “co-evolve” with galaxies? Why/how? 
n Physical origin of cosmic downsizing

Key Population: Buried AGN
n Covered by Compton thick material with large solid angle

n Narrow line regions are little developed because UV lights do not leak
n Sometimes AGN can be identified only by using X-rays (ex. NGC 4945)

n Hard X-rays are the best band to catch such AGNs, thanks to 
n Strong penetrating power against obscuration
n Little contamination from stars (cf. infrared band)

ⒸJAXA

ⒸNAOJ

Ricci+ 17

Ueda+ 07

Buried AGN as key population
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Figure 11. Iteration 26 of our modified version of the
Richardson-Lucy deconvolution algorithm, Eq. (9), together
with the exposure regions, including 0% (black contours),
25% (purple), 50% (red), and more than 75% (white) with
respect to the maximum exposure. Iteration 26 represents
the case at which the likelihood ratio function (with respect
to a background-only fit) shows the largest positive curvature
(cf. Fig. 10), typically chosen as the best trade-o↵ between
granularity of the map and likelihood, with a total integrated
511 keV flux of 2.1 ⇥ 10�3 ph cm�2 s�1. See text for further
discussion.

A third modification to the Richardson-Lucy algo-
rithm is provided in this work by allowing the back-
ground to vary between iterations: A fixed background
model expectation, ✏BG

i , for example from an acceptable
maximum likelihood fit using a first-order sky model,
will result in a reconstruction that strongly depends
on this first image and the resulting total number of
background photons in each data space bin. Conse-
quently, the reconstruction will be a distortion of the
best-fit maximum likelihood solution image, and intro-
duces some granularity, but which may just be ‘filling
the residuals’ with sky emission. Such an approach is
naturally flawed because only specific data space bins
may be re-populated due to the forward application of
the response, as the background is fixed. This is equiva-
lent to subtracting a background model, and neglecting
to consider that this model also carries its own uncer-
tainties. In our modified algorithm, we re-determine the
25 background re-scaling parameters, �k

b , in each iter-
ation, together with the acceleration parameter �k, so
that the updated image is built from how much back-
ground is required to explain the data - and not assum-
ing it in the first place.
Finally, our full modified Richardson-Lucy deconvolu-

tion version is written

Mk+1
j = Mk

j + �k

2

4wjM
k
j

0

@
P

i

⇣
di

✏ki
� 1

⌘
Rij

P
i Rij

1

A

3

5

2.5�

(8)

with

✏ki =
X

j

RijM
k
j +

X

b2B̂

�k
b R̂

BG
i , (9)

where R̂BG
i is the best-fit background model response

from Sec. 3.3.2, together with set B̂, containing the 25
required time intervals to guarantee an adequate fit.

4.1.2. Images

The general problem with any such iterative proce-
dure is to find when to stop the algorithm, or determine
which image to pick as best representing the data. In
fact, there are no definite answers to these questions, as
also each solution is in itself uncertain and just repre-
sents one realisation of the set of parameters. We use the
gradient of the shape of the test statistics,

p
�2� lnL ,

between the current image proposal and a background-
only description (iteration 0) to identify plausible iter-
ations that describe the COSI 511 keV data adequately
(see Fig. 10). In the case of priors that set the corre-
lations lengths of the pixels, for example, to regularise
the frequency of noise in the Poisson count dominated
data, Allain & Roques (2006) used a trade-o↵ between
the likelihood and the prior to extract an adequate so-
lution (‘L-curve’). Our regularisation is approximately
given by the Gaussian smoothing kernel and thus con-
stant. This means the inflection points of the likelihood
function alone provide a first-order criterion. We find
that iteration 24 is the first inflection point, followed
by iteration 26 showing the largest positive curvature.
Another inflection point is found at iteration 28, and
the last largest positive curvature until convergence to
the maximum likelihood (noise-dominated) solution at
iteration 33 (see Fig. 10).
Thus, iteration 26 provides a map with a compro-

mise between noise and granularity. We show itera-
tion 26 of the modified Richardson-Lucy algorithm in
Fig. 11. Clearly, there is emission around the centre
of the Galaxy which is also found to be uncorrelated
with the exposure map (contours). This is reassuring
that the algorithm works as expected. We note that be-
yond iteration 33, the low-frequency noise takes over and
can enhance individual emission features, especially in
regions with . 25% of exposure. Between iterations
24 and 33, the total 511 keV flux varies between 1.1
and 5.1 ⇥ 10�3 ph cm�2 s�1, with iteration 26 showing

4JFHFSU�ˏ��

6 J. Knödlseder et al.: The all-sky distribution of 511 keV electron-positron annihilation emission

Fig. 4. Richardson-Lucy image of 511 keV gamma-ray line emission (iteration 17). Contour levels indicate intensity
levels of 10−2, 10−3, and 10−4 ph cm−2s−1sr−1 (from the centre outwards).

Fig. 5. Longitude and latitude profiles of the image shown in Fig. 4 (integration range |l| ≤ 30◦, |b| ≤ 30◦).

smoothed the iterative corrections on the right hand side
of Eq. 5 using a 5◦×5◦ boxcar average. In this way the ef-
fective number of free parameters in the reconstruction is
reduced and image noise is damped to an acceptable level.
The application of more sophisticated image reconstruc-
tion methods involving wavelet based multi-resolution al-
gorithms aiming at a complete suppression of image noise
(Knödlseder et al. 1999a) will be presented elsewhere.

The resulting all-sky image of the 511 keV line emis-
sion is shown in Fig. 4, longitude and latitude profiles
of the emission are shown in Fig. 5. We have chosen to
stop the iterative procedure after iteration 17 since at this
point the recovered flux and the fit quality correspond
approximately to the values that we achieve by fitting as-
trophysical models to the data (c.f. section 4.2). In this
way we make sure that we are not in the regime of over-
fitting, which is characterised by substantial image noise

and artificial image structures. On the other hand, sim-
ulations showed that faint diffuse emission, as expected
for example for a galactic disk component, would not be
recovered at this point.

Figure 4 reveals that the 511 keV sky is dominated by
prominent emission from the bulge region of the Galaxy.
Beyond the galactic bulge, no additional 511 keV emis-
sion is seen all over the sky, despite the good exposure in
some regions (e.g. Cygnus, Vela, LMC, anticentre, north
galactic pole region). The 511 keV emission appears sym-
metric and centred on the galactic centre, with indica-
tions for a slight latitude flattening. The latitude flatten-
ing could be either due to an inherent asymmetry of the
bulge component or due to the presence of an underlying
faint galactic disk component. Indeed, if the Richardson-
Lucy iterations are continued, a faint disk-like structure
emerges (c.f. Fig. 6). Yet the image starts to become pol-
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FIG. 5.ÈMap of the Galactic 511 keV positron annihilation line using the SVD method. Contours are exponentially spaced.

region, this indicates that the features are not due to non-
uniform exposure or time variability of the emission
between OSSE scans.

4.1. Nonuniform Exposure E†ects
shows the OSSE exposure in the Galactic centerFigure 3

region. As can be seen, the degree of nonuniformity is fairly
high, with the exposure varying by over an order of magni-
tude even over this restricted area. While a lower exposure
results in reduced sensitivity to source Ñux, in the context of
creating maps, a lower exposure also increases the sensi-
tivity to the e†ects of noise in the data, because the s2 is less
constrained in regions of low exposure. As a result, the
e†ects of regularized inversion techniques will be relatively
larger in regions where there is less exposure. The degree of
bias should thus roughly follow the exposure, so the
resulting images may be roughly modulated by the total
exposure. This is true for both the SVD and the MEM
techniques. Features that are highly correlated with the
exposure are clearly suspect. For example, the maps in

Figures and show an apparent longitudinal asymmetry,5 6
with an apparently higher surface brightness for the Galac-
tic plane at positive longitudes. shows that theFigure 3
exposure is higher on the positive-longitude side of the
Galactic center so, given the low surface brightness of the
Galactic plane, it is not surprising that the maps show some
e†ect of this nonuniform exposure.

To Ðrst order, the exposure can help identify features in
the maps that may be artifacts ; however, the situation is
further complicated by the nonhomogeneity of the instru-
ment angular responses. The nonhomogeneity of the
responses is a direct result of the discrete nature of the
observations (e.g., the OSSE observations are made at spe-
ciÐc locations with discrete position angles, and the Ñux is
measured relative to a limited number of speciÐc back-
ground o†set positions). This nonhomogeneity may cause
more complicated types of systematic e†ects that are not
directly reÑected in the exposure map. Since all of the
instruments in this study are linear, SVD can be used to
provide insights into such potential systematics. From

FIG. 6.ÈMap of the Galactic 511 keV positron annihilation line using the MEM. Contours are exponentially spaced.
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where cjdt=dzj is given by (e.g. [185]):

c
dt
dz

!!!!

!!!! ¼
RH

ð1þ zÞEðzÞ
; RH %

c
H0

ð3Þ

EðzÞ % XRð1þ zÞ4 þXmð1þ zÞ3 þXkð1þ zÞ2 þXK

h i1=2

¼ ð1þ zÞ2ðXmzþ 1Þ & zð2þ zÞXK

h i1=2

¼ Xmð1þ zÞ3 þXK

h i1=2
ð4Þ

H0 is the Hubble constant, and XR Xm;Xk and XK are the dimension-
less density parameters of the radiation, matter, the curvature, and
the cosmological constant K, obeying the relation: XR þXm þXkþ
XK ¼ 1. The second expression for EðzÞ is for a matter dominated
(XR ' 1) universe, and the third is for one that is matter dominated
and flat (Xk ¼ 0). In the concordance cosmology model:
H0 ¼ 70 km s&1 Mpc&1; Xm ¼ 0:27, and XK ¼ 0:73 [128].

2.2. Gamma-ray attenuation by pair production

The interaction between two photons with energies Ec and !b,
will lead to the creation of a particle anti-particle pair when the to-
tal c-ray energy in the center of momentum of the system exceeds
the rest frame energy of the two particles. The threshold for the
creation of an eþ þ e& pair is given by:

!thðEc;l; zÞ ¼
2 ðme c2Þ2

Ec ð1& lÞ ð5Þ

where l % cos h, and h is the angle between the two photons, as
illustrated in Fig. 1.

The cross-section for the c–c interaction is given by:

rccðEc; !;l; zÞ ¼
3rT

16
ð1& b2Þ 2b ðb2 & 2Þ þ ð3& b4Þ ln

1þ bÞ
ð1& bÞ

" #$ %
ð6Þ

where

b %

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1& !th

!

" #s

ð7Þ

Fig. 2 (left panel) depicts the cross section as a function of b. The
cross section peaks at a value of b ¼ 0:70, providing a relation be-
tween the energies Ec and ! (or wavelength k) at the peak, given
by:

EcðTeVÞ ¼ 1:07
!ðeVÞ ð1& lÞ ¼

0:86kðlmÞ
ð1& lÞ ð8Þ

The right panel of the figure depicts the cross section as a function
of b % 2ðmc2Þ2=Ec! for different values of the angle h. When the pho-
tons are moving in the same direction (h ¼ 0), the cross section col-
lapses to a delta-function at b ¼ 0, and the energy threshold
becomes infinite.

2.3. The attenuation of c-rays from cosmological sources

En route to Earth, c-rays from cosmological sources have to pass
through the radiation field of the EBL, resulting in their attenuation

by pair producing interactions. The optical depth of a c-ray photon
at an observed energy Ec, emitted by a source at redshift z due to
this process is given by:

sccðEc; zÞ ¼
Z z

0
dz0

d‘
dz0

Z 1

&1
dl1& l

2

Z 1

!0
th

d!n!ð!; z0Þð1þ z0Þ3 rccðb0; z0Þ ð9Þ

where n!ð!; zÞ % dnð!; zÞ=d! is the specific comoving number density
(cm&3 eV&1) of background photons with energy ! at redshift z, and
the ð1þ zÞ3 term represents its conversion to a proper number den-
sity. The pair-production threshold energy is !0th ¼ 2ðmec2Þ2=
Ecð1& lÞð1þ zÞ, where the ð1þ zÞ factor takes into account that
the observed c-ray photon had a higher energy at the redshift of
the interaction. The parameter b0 ¼ ð1& !0th=!Þ

1=2, and
d‘=dz ¼ cjdt=dzj, where ‘ is the proper distance.

Calculating the EBL opacity to c-rays from cosmological distant
sources requires knowledge of the evolution of the comoving spe-
cific photon number density n!ð!; zÞ as a function of redshift. The
specific number density of photons with energy ! at redshift z is re-
lated to the specific EBL intensity at a given redshift z by:

!2 n!ð!; zÞ ¼
4p
c

m Imðm; zÞ ¼ 2:62( 10&4 m Imðm; zÞ ð10Þ

where ! ¼ hm, Imðm; zÞ is given by Eq. (2), and the coefficient in the
second line was calculated for ! in eV, n! in cm&3 eV&1, and m Im in
nW m&2 sr&1.

Finally, we point out that the c–c cross section is wide, so that
in calculating the c-ray opacity, strong variations in the EBL spec-
trum are smoothed out over a wide range of c-ray energies. The
EBL intensity at a given wavelength is therefore effecting scc over
a wide range of c-ray energies around the peak given by Eq. (8).

2.4. A simple example: an EBL given by a diluted blackbody spectrum

Of particular interest is the behavior of scc for a background
radiation field that is represented by a diluted blackbody. Fig. 3
(upper left panel) depicts a local EBL characterized by a Planck
function, normalized to an intensity of 10 nW m&2 sr&1 at 1 lm.
The upper right panel of the figure depicts the photon number den-
sity. The bottom left panel shows the c-ray opacity at redshift
z ¼ 0:2, assuming a non-evolving EBL, and the right panel shows
the source attenuation as a function of c-ray energies. Also shown
in the figure are the energy regimes in which substantial changes
in the slope of the opacity occur (dashed lines).

The rapid rise in the EBL spectrum between 0.5 and 1 lm re-
sults in a rise of the c-ray opacity, and the onset of substantial
source attenuation in the 10–500 GeV energy region. This sudden
increase in the GeV attenuation creates a break, CGeV , in the spec-
trum, defined as the difference in power law index between the
unattenuated and the attenuated region of the spectrum (see
Fig. 5 in this paper). At higher c-ray energies, the spectrum of a bla-
zar characterized by an intrinsic power law will exhibit a second
spectral break around )1 TeV. For an evolving EBL, the magnitude
and location of this spectral break are expected to evolve with red-
shift. The substantial decrease in the attenuation at a few TeV is a
consequence of the particular choice of the EBL spectrum, which
decreases rapidly at wavelengths beyond )2 lm.

2.5. A more realistic example: an EBL that includes dust emission

Fig. 4 depicts a more realistic presentation of the current EBL
spectrum (left panel) and the c-ray opacity for different redshifts
(right panel), taken from model calculations of [99]. At wave-
lengths shortwards of )5 lm the spectrum represents the stellar
and AGN contributions to the EBL. At longer wavelengths the spec-
trum represents the AGN and starlight energy that was absorbed
and reradiated by the dust. The right panel shows the energy

θ

γ

γ

e

e+

Fig. 1. Schematic illustration of the c–c pair production reaction, showing the
definition of the angle h between the interacting photons.

114 E. Dwek, F. Krennrich / Astroparticle Physics 43 (2013) 112–133

X-ray, MeV skys (Y.Inoue) 8

Soft X-ray Sky (0.3-2.3 keV)

SRG/e-ROSITA 
6-month survey ~106 objects erg/cm2/s> 1 × 10−14

MeV Gamma-ray Sky

• High Energy Non-thermal and Heavy Nuclear Astrophysics  
• We should open the MeV window in the sky.

COMPTEL
32 objects 

Note: >50 Candidates in GW now erg/cm2/s > 1 × 10−10
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5 TWO E P O C H S F O R B L AC K H O L E
F O R M AT I O N ?

Our three blazars join the other two blazars already known in
the SDSS+FIRST region of the sky in the redshift bin 4 <

z < 5 and with a black hole mass MBH > 109 M!: SDSS
J083946.22+511202.8 and SDSS J151002.92+570243.3 (Sbarrato
et al. 2013a). They allow us to infer the existence of a large num-
ber of jetted quasars analogous to the five blazars. Since they are
all observed with θv < 1/", each of them traces the presence
of ∼2"2 = 338("/13)2 quasars with MBH > 109 M!. Since the
SDSS+FIRST survey covers 8770 deg2, the five blazars imply that
over the whole sky there must exist ∼7700 jetted AGN with similar
intrinsic properties, namely similar black hole masses. The comov-
ing volume in the redshift frame 4 < z < 5 is ∼425 Gpc3, therefore
we can conclude that there must be at least 18 radio-loud AGN per
Gpc3 with masses MBH > 109 M!, hosted in jetted systems.

How does this conclusion fit in the current paradigm of supermas-
sive black holes in the early Universe? Fig. 4 shows the comoving
number density of extremely massive black holes (MBH > 109 M!)
hosted by radio quiet (blue line, derived as in Ghisellini et al. 2010
from the mass function in Hopkins et al. 2007) and radio-loud
AGN [orange line, derived from Fermi/LAT (Ajello et al. 2012)
and Swift/BAT (Ajello et al. 2009) blazar luminosity functions as
in Ghisellini et al. 2010. Note that at z > 4 the comoving number
density of jetted quasars is no more supported by data from the two
blazar surveys (Fermi/LAT and Swift/BAT). Before the beginning of
our systematic search of high-redshift blazar candidates (see Ghis-
ellini et al. 2010, 2013), the serendipitous blazars known at z > 4
(green pentagons) could not provide sufficient statistics to continue
the calculation of comoving number density. For z > 4, the density
was assumed to decrease exponentially, as the corresponding one
for radio-quiet objects.

Nevertheless, a hint of different density distributions between
jetted and non-jetted objects was already visible in Ghisellini et al.
(2010) and Ghisellini et al. (2013). The two yellow pentagons in
Fig. 4 are the (all-sky) number densities derived from the five blazars
at 4 < z < 5 contained in the SDSS+FIRST sky area (three from
this work and two from Sbarrato et al. 2013a) and the two blazars
we classified at z > 5 (B2 1023+25 at z = 5.3, Sbarrato et al.
2012, Sbarrato et al. 2013b; SDSS J1146+403 at z = 5, Ghisellini
et al. 2014). Our observations clearly push towards an interesting
conclusion: the density of extremely massive black holes hosted
in jetted systems peak at least around z ∼ 4, while the non-jetted
systems peak at z ∼ 2–2.5. This suggests two different epochs of
SMBH formation, and the black holes that grow developing a jet
seem to be born earlier, and/or to grow faster.

The presence of a jet in AGN is commonly linked to high values of
black hole spin. This does not facilitate a fast accretion, according
to the common knowledge. Maximally spinning black holes (i.e.
with dimensionless spin values a ∼ 0.998) accrete from accretion
discs that are thought to be more efficient radiators (η = 0.3; Thorne
1974). Spending energy in radiation makes the accretion of matter
on the black hole much less efficient, slowing down the accretion
process. As explained in Ghisellini et al. (2013), in fact, a spinning
black hole accreting at Eddington rate would need 3.1 Gyr to grow
from a seed of 100 to 109 M! (ignoring black hole merging). This
would imply that such massive black holes should not be visible at
z > 2.1, while their preferential formation epoch seems to be around
z ∼ 4. In Ghisellini et al. (2013), some options for a faster accretion
in presence of a jet are explored. The available energy, in fact, is not
all radiated away, but contributes to amplifying the magnetic field

Figure 4. Comoving number density of supermassive black holes with
MBH > 109 M! hosted in radio-quiet (blue line, derived from the lumi-
nosity function by Hopkins, Richards & Hernquist 2007) and radio-loud
quasars (orange line). The radio-loud density is obtained from blazar num-
ber densities, by multiplying them by 450 = 2"2 (" = 15). Blue data and
the light blue line are derived from the γ -ray luminosity function obtained
by Fermi/LAT (Ajello et al. 2012). Red data points and the yellow line are
derived from the [15–55keV] luminosity function from Ajello et al. (2009),
modified as in Ghisellini et al. (2010). All the number density functions
are derived by integrating the corresponding luminosity functions at lumi-
nosities larger than what labelled in figure, to ensure that correspond to
MBH > 109 M!. Such a cut in luminosity selects objects that are the most
luminous in their corresponding bands, other than the most massive. Green
pentagons represent the state of the art before the beginning of our project,
with four serendipitous blazars in the 4 < z < 5 bin and the single detection
of Q0906+6930 at z > 5. The yellow pentagons are instead the number
densities derived from our results. In the redshift frame 5 < z < 6, the data
point is given by the two blazars we classified at z > 5 (B2 1023+25 and
SDSS J1146+403, both in the SDSS+FIRST region of the sky). At 4 < z

< 5, the new (yellow) lower limit is provided by the two already known
high-z blazars in the SDSS+FIRST survey (SDSS J083946.22+511202.8
and SDSS J151002.92+570243.3), along with the three classifications we
perform in this work. Our results confirm the existence of an early peak
(z ∼ 4) of black hole formation in jetted AGN, in contrast to the main
formation epoch of massive radio-quiet quasars (z ∼ 2.5).

and thus launching the jet. Considering this, the accretion is faster,
but black holes with MBH > 109 M! are still hard to form before
z ∼ 4–5.

6 C O N C L U S I O N S

In this work, we observed with Swift/XRT three blazar candidates
contained in the SDSS+FIRST survey, having redshifts between
4 and 5 and black hole masses exceeding 109 M!. We can clas-
sify SDSS J142048.01+120545.9, SDSS J222032.50+002537.5
and PMN J2134−0419 as blazars, thanks to the their bright and
hard X-ray spectrum. The full SED fitting in fact requires bulk
Lorentz factors " ∼ 13, and viewing angles θv ∼ 3◦.

These three newly classified blazars join the other two already
known in the same region of the sky, same redshift bin, and black

MNRAS 446, 2483–2489 (2015)Downloaded from https://academic.oup.com/mnras/article-abstract/446/3/2483/2892664
by RIKEN user
on 22 March 2018
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In the optical–UV, the Swift UVOT measurements are con-
sistent with the magnitudes from the SDSS, and with historical
records (x 3.3). While this needs to be confirmed by future mon-
itoring, the lack of variability in this band is consistent with the
idea that the optical /UV radiation comes from a different com-
ponent, most likely the thermal emission from the disk. A straight-
forward test could be provided by polarimetry, with a highly
polarized optical flux arguing against a thermal origin and in
favor of a nonthermal one.

J0746 was detected by the BAT at >10 keV with a bright flux.
This is similar to other blazars. Bright (!10"10 ergs cm"2 s"1)
emission was detected with the BAT (Giommi et al. 2006) and
INTEGRAL (Pian et al. 2006 ) from the z ¼ 0:859 FSRQ 3C
454.3, while a rapid ( lasting 2 ks) flare was detected with
INTEGRAL in 20–40 keVat the position of the z ¼ 0:902 blazar
NRAO 530 (Foschini et al. 2006). Thus, it is reasonable to ex-
pect significant shorter term flux variability at energies >10 keV
from J0746 in future more sensitive observations.

The X-ray variability is better constrained in the 0.5–8 keV
energy band. The XRT light curves of J0746 show flux changes
of a factor 2 on timescales of hours to weeks and months. There
is a hint that the hard X-rays vary with larger amplitude than the
softer energies, but this finding needs to be confirmed by future
observations. However, while the 0.5–8 keV flux varies, there
are no accompanying spectral variations. This is similar to other
FSRQs at lower z observed with ASCA (Advanced Satellite for
Cosmology and Astrophysics) and ROSAT (Donato et al. 2001;
Sambruna 1997), and to other radio-loud quasars at z > 1 (Page
et al. 2005).

The large X-ray luminosity and rapid variability of J0746
provide further support for the idea that its emission is beamed.
In fact, assuming the X-ray emission from J0746 is isotropic, we
can derive a limit to the radiative efficiency !. Following Fabian
(1979), ! > 4:8 ; 10"43!L /!t ergs s"1 s"1, where !L is the
luminosity change in a time interval ! t (Brandt et al. 1999).
From Table 4 and Figure 4d, !L ! 5 ; 1046 ergs s"1 and ! t !
1800 s in the quasar’s rest frame. Thus, ! > 13, which is un-
physically large unless we require relativistic beaming of the
radiation.

5.1.2. Broadband Spectral Indices

The broadband energy distributions of blazars can be de-
scribed to first approximation with the spectral indices " ro, "ox,
and " rx. These are defined as the two-point indices between
radio (5 GHz) and optical (V band), optical and X-rays (1 keV),
and radio to X-rays. Based on the radio-to-X-ray flux ratio, bla-
zars can be further classified as high-denergy peaked BL Lac
objects (HBLs), with " rx < 0:8; and low-energy peaked BL Lac
objects (LBLs) and FSRQs,with" rx > 0:8 (Padovani&Giommi
1995).

When plotted in the " ro-"ox plane, blazar classes occupy dis-
tinct, although partly overlapping, regions. For HBLs, " ro < 0:6
and "ox < 1:3, while LBLs and FSRQs have " ro > 0:5 and
"ox > 1:0 (e.g., Donato et al. 2001). Using rest-frame flux den-
sities at 5 GHz, in V band, and at 1 keV, the broadband spectral
indices of J0746 are " rx ¼ 0:78, " ro ¼ 0:65, and "ox ¼ 1:03.
Thus, J0746 appears to be a borderline source between FSRQs
and HBLs.

It is useful to compare the broadband indices of J0746 to radio-
quiet quasars, because this could indicate the level of boosting
of the continuum due to beaming. A recent extensive compila-
tion of broadband indices for radio-quiet quasars is provided by
Strateva et al. (2005). Here they define an optical to X-ray index
as the slope between the flux at 2 keV and at 2500 8 in the

quasar’s rest frame. For J0746, this index is 1.16, much flatter
than the radio-quiet quasars in Strateva et al. (2005). Thus, for a
given optical flux, the X-ray emission from J0746 is more than a
factor 10 larger than expected for radio-quiet quasars. This also
suggests that, at least to a first approximation, beaming affects
the X-ray emission of J0746 but not (or much less) its optical–
UV flux.

5.1.3. The Spectral Energy Distribution (SED)

As discussed in x 1, a strong spectral signature of blazars is
the presence of a double-peaked structure in their SEDs. Sim-
ilarly, as shown in Figure 6, J0746 exhibits a double-humped
SED.

To assemble the SED of J0746, we used data from this pa-
per as well as from the literature. In Figure 6 the radio ( filled
circles), optical, UV, and X-ray (XRT, 0.5–8 keV) fluxes are
contemporaneous measurements from our November 4 cam-
paign, while the filled triangles are archival observations from
NED. Also plotted is the 9 month BAT spectrum (see below).
As such, the SED in Figure 6 contains contemporaneous (radio,
optical, UV, and medium-hard X-rays) data as well as archival
fluxes.

At GeV energies, we plot an upper limit to the EGRET flux
from a reanalysis of four archival images. Unfortunately, the
coverage of the J0746 field by EGRET was very poor: EGRET
observed the source in 1992, 1993, 1994, and 1995. However,
J0746 was never closer than 16N7 to the EGRETaxis; this implies
that no high-quality exposure of the source was ever acquired.

Fig. 6.—SED of J0746 from archival and coeval observations. The BAT
spectrum from the 9 month exposure is plotted, together with the XRT spectrum,
UVOT, and radio ( filled circles) fluxes from the November 4 campaign. The data
plotted with triangles are from NED, while the GeV upper limit is from our
reanalysis of the EGRET database. The SED is fitted with a composite jet + disk
model. The solid line shows the jet continuum calculated with the emission
model described in the text , assuming the following parameters: " ¼ # ¼ 20,
R ¼ 2:7 ; 1016 cm, B ¼ 2 G, electron density ne ¼ 9 ; 104 cm"3, $min ¼ 1,
$rmb ¼ 50, $max ¼ 103, n1 ¼ 1:5, n2 ¼ 3:8. The external radiation field has a
luminosity LBLR ¼ 1046 ergs s"1 and is diluted within a BLR assumed to have
a radius RBLR ¼ 1018 cm. The single emission components are also reports:
synchrotron (dotted line), SSC (long-dashed line), EC (dot-dashed line) and
the disk (dashed line). The peak of the synchrotron component is produced by
the self-absorption.

DISCOVERY OF EXTREME MeV BLAZAR WITH SWIFT BAT 31No. 1, 2006
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MeV from buried AGN?



MeV window (A.Takada, A.Zoglauer) 9

Alice Springs

¾ ETCC
RangeᲴ0.3~5 MeV
effective areaᲴ~1 cm2 (0.3 MeV)
PSFᲴ~20°(0.6 MeV)
weightᲴ511 kg powerᲴ~250W

¾ Observation targetsᲴ
Galactic center region
Crab nebula

¾ Launched on April 7th, 2018, from Alice Springs
¾ Level flight lasted 26 hours at altitude > 38km
¾ System worked stably during level flight
¾ We successfully recovered SMILE-2+ gondola
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Apr. 8th 4:00-6:30

Apr. 7th 11:00-13:00

Adding to A. W. Strong+ (2011)

SMILE-2+
(low-energy)

(high-energy)

20.2 0.3 0.7

differential 

Zenith < 60 deg.

(~3.0 g/cm2)

(~3.0 g/cm2)

¾ Deconvoluted spectrum is 
consistent with SPI & COMPTEL.

¾ All of observations in MeV band 
have an excess compared with 
the expected emission.

Galactic diffuse gamma

Apr. 7th 14:30-19:30 (Crab reg.)
Apr. 7th 20:30-22:50 (averaged)

(~3.5 g/cm2)

¾ Unfortunately, balloon altitude 
decreased during the observation of 
Crab nebula.

¾ There is excess with 3.4V by simple 
ON-OFF method.

->  matched the expectation !
¾ Obtained photon-flux was consistent 

with the past observations.



Ready to detect supernova neutrinos (T.Yano) 10

What if SN happens now? @Super-K
• SKʼs directional information is important for optical telescopes in the multi-messenger astronomy era.
• SNwatch: Real-time supernova neutrino burst monitor     Astropart. Phys. 81(2016)39

• In several minutes  plots are generated automatically and auto-emails+ auto-phone calls follow

11

� Golden Alarm (Definition): 
◦ 60 events in 20sec

� The process time depends on the events
◦ It takes about 10 minutes for the process of 10k events
◦ Alarm will sent to SNEWS, IAU CBAT, ATEL, GCN. (< 

1hour)
◦ Quicker alert system is needed for covering type Ib/Ic

stars.SN simulation @10kpc, Wilson (Totani1998) model

D:68m

Water 
Depth:
71 m

Tot. Vol.
0.26Mt

H:
42m

D:39m

Tot.Vol. 
0.05Mt

Super-K

Hyper-Kamiokande

19

Detector locations

Next generation large water Cherenkov detector
• 2020 Feb: Hyper-Kamiokande is officially approved by Japanese Diet.
• 2027: Observation with Hyper-Kamiokande will be started.

~8km

Complete upgrade to SK-Gd 
Start construction of Hyper Kamiokande



10-year Time Integrated Point Source Searches

Source list: NGC 1068: 2.9 s
Binomial search. 4 sources (NGC 1068, TXS 0506+056, 
PKS 1424+240, GB6 J1542+6129): 3.3 s

I. Taboada | Georgia Inst. of Tech. 10

Northern sky hottest
spot (d>-5o)
p-value: 0.099
g = -3.4   ns = 61.5

Southern sky hottest spot
RA: 350.2o, d=-56.5o (d>-5o) 
p-value: 0.75

NGC 1068

Phys. Rev. Lett. 124, 051103 (2020)

High energy neutrino sky (I.Taboada) 11

NGC 1068
Star-burst galaxy and  Seyfert II. 14 Mpc

See K. Murase on why MeV photons are expected.

I. Taboada | Georgia Inst. of Tech. 12

IceCube’s Multi-messenger program
Realtime alerts V1: April 2016 – June 2019
Realtime alerts V2: June 2019 – present
10 Gold (+20 Bronze) events / year
PoS(ICRC2019)1021

Fast Response Analysis
PoS(ICRC2019)1026

GW realtime follow-up
PoS(ICRC2019)918

I. Taboada | Georgia Inst. of Tech. 13

Science 361 (2018) eaat1378
Science 361 (2018) 147-151

What are the sources?
Isotropic n distribution is consistent with a diffuse flux
Event flavor consistent with oscillations over astrophysical scale 

Point sources: No – but see ahead.
Follow up by multiple instruments: TXS 0506+056 – see ahead.
GRBs (prompt < 1-3%): No
Any short (<100 s) transients: Probably not
Galactic plane: No
Many other usual suspects have been excluded …

I. Taboada | Georgia Inst. of Tech. 9

PRL 122 (2019) 051102

ApJL 824 (2016) 2

ApJ 849 (2017) 67

Preferred hidden core model, 
like compton think AGN (NGC1068)



Optical follow-up (K.Bechtol) 12

Multimessenger Context: 
IceCube-170922A / TXS 0506+056 (Blazar)

3

IceCube + friends 
arXiv:1807.08816

V ~ 14 mag

Measured with ASAS-SN. Brightened by 0.5 mag in 50 days prior to IceCube event.  
Brightest level in last several years.

Optical Follow-up of IceCube Tracks: 
Access to the Southern Hemisphere

232.2 deg

All DECam exposures up to June 2016IceCube HESE (3yr) and NuMu (2y) Events

Cascade Track

~15 deg ~1 deg @ 1 TeV 
~0.4 deg @ 100 TeV

IceCube, arXiv:1406.6757

Cascade Track

Angular 
Resolution



100 TeV gamma-ray sky (K.Kawata) 13
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(a) E >10 TeV (b) E >100 TeV

FIG. S2. Significance maps around the Crab nebula observed by the Tibet AS+MD array for (a) E > 10 TeV and for (b)
E > 100 TeV, respectively. The cross mark indicates the Crab pulsar position.

MUON DISTRIBUTION MEASURED BY THE MD ARRAY

In this paper, the total number of particles detected in the MDs (i.e. ΣNµ) is used as the parameter to discriminate
cosmic-ray induced air showers from photon induced air showers. As shown in Fig. 2 in the paper, the muon cut
threshold depends on the Σρ, where Σρ is roughly proportional to energy, and Σρ = 1000 roughly corresponds to
100 TeV.

For E > 100 TeV, the averaged ΣNµ for the cosmic-ray background events is more than 100, while the muon cut
value is set to be approximately ΣNµ = 10 ∼ 30 depending on Σρ. As a result, we successfully suppress 99.92% of
cosmic-ray background events with E > 100 TeV, and observe 24 photon-like events after the muon cut.

Figure S3 shows the relative muon number (Rµ) distribution above 100 TeV for the Crab nebula events. Rµ is
defined as the ratio of the observed ΣNµ to the ΣNµ on the muon cut line in Fig. 2 at the observed Σρ. Three
events among 24 photon-like evens have ΣNµ = 0 which corresponds to the leftmost bin corresponds Rµ = 0 in
Fig. S3. We find a clear bump of muon-less events in Rµ < 1 region, and the relative muon distribution after the
muon cut (Rµ < 1) is consistent with that estimated by the photon MC simulation. This is unequivocal evidence for
the muon-less air showers induced by the primary photons from an astrophysical source.
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FIG. S3. Relative muon number (Rµ) of the Crab nebula events with E > 100 TeV. Rµ is defined as the ratio of the observed
ΣNµ to the ΣNµ value on the muon cut line in Fig. 2 at the observed Σρ. The leftmost bin indicates the number of events with
Rµ = 0. The black points show the number of observed events from the Crab nebula. The solid red histograms and dashed
blue histograms show the photon MC simulation and the observed cosmic-ray background events, respectively. The central
vertical dashed line indicates the muon cut position at Rµ = 1.
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MUON DISTRIBUTION MEASURED BY THE MD ARRAY

In this paper, the total number of particles detected in the MDs (i.e. ΣNµ) is used as the parameter to discriminate
cosmic-ray induced air showers from photon induced air showers. As shown in Fig. 2 in the paper, the muon cut
threshold depends on the Σρ, where Σρ is roughly proportional to energy, and Σρ = 1000 roughly corresponds to
100 TeV.

For E > 100 TeV, the averaged ΣNµ for the cosmic-ray background events is more than 100, while the muon cut
value is set to be approximately ΣNµ = 10 ∼ 30 depending on Σρ. As a result, we successfully suppress 99.92% of
cosmic-ray background events with E > 100 TeV, and observe 24 photon-like events after the muon cut.

Figure S3 shows the relative muon number (Rµ) distribution above 100 TeV for the Crab nebula events. Rµ is
defined as the ratio of the observed ΣNµ to the ΣNµ on the muon cut line in Fig. 2 at the observed Σρ. Three
events among 24 photon-like evens have ΣNµ = 0 which corresponds to the leftmost bin corresponds Rµ = 0 in
Fig. S3. We find a clear bump of muon-less events in Rµ < 1 region, and the relative muon distribution after the
muon cut (Rµ < 1) is consistent with that estimated by the photon MC simulation. This is unequivocal evidence for
the muon-less air showers induced by the primary photons from an astrophysical source.
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FIG. S3. Relative muon number (Rµ) of the Crab nebula events with E > 100 TeV. Rµ is defined as the ratio of the observed
ΣNµ to the ΣNµ value on the muon cut line in Fig. 2 at the observed Σρ. The leftmost bin indicates the number of events with
Rµ = 0. The black points show the number of observed events from the Crab nebula. The solid red histograms and dashed
blue histograms show the photon MC simulation and the observed cosmic-ray background events, respectively. The central
vertical dashed line indicates the muon cut position at Rµ = 1.
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Gamma-ray Emission from Crab

First Detection of Sub-PeV g (5.6s)
9Amenomori et al., PRL 

Supplemental Material (2019)

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 

24 g rays against 5.5 CR BGs

16
HAWC Collaboration+19 

�
Highest Energy Skymaps �

�

MGRO 2019+371 
MGRO 1908+06 

HESS J1825+137 
HESS J1826-130 

24 

From Slides made by S. Casanova 2020

100 TeV Observation with HAWC

Abeysekara et al., PRL, 124, 021102 (2020) 



Competition on 100 TeV breakthrough 14

The ALPACA Experiment (Air Shower Array)
・Chacaltaya plateau (16° 23! S, 68° 08!W, Bolivia)
・Elevation : 4,740 m (572.4 g/cm")
・A surface air shower array (AS array : 83,000 m") 

+ an u/grd. muon detector array → BGCR rejection

・Main motivation: Southern VHE γ-ray astronomy 
beyond 100 TeV

2

15 m 300 m

Muon detectors
Scintillation detectors

Section view of the MDs

Chinese Physics C Vol. xx, No. x (202x) xxxxxx
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Fig. 16. Distribution of events as a function of the square of the angle to the Crab direction for both experimental
data and MC simulation. Two energy ranges, i.e., 25−40 TeV (left panel) and 100−1000TeV (middle panel) are
shown. Right panel is the σPSF as a function of energy.

log(Erec/TeV ) Emiddle Non Nb Differential Flux

(TeV) (TeV−1 cm−2 s−1))

[1.0, 1.2] 12.6 10810 9620 (4.52±0.40)×10−14

[1.2, 1.4] 20.0 2513 1902 (1.13±0.09)×10−14

[1.4, 1.6] 31.6 294 81 (2.98±0.24)×10−15

[1.6, 1.8] 50.1 91 9.3 (6.64±0.78)×10−16

[1.8, 2.0] 79.4 47 4.0 (1.43±0.23)×10−16

[2.0, 2.2] 126 21 0.50 (4.05±0.91)×10−17

[2.2, 2.4] 200 7 0.11 (8.00+3.84
−3.19)×10−18
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 2019γTibet AS
HAWC 2019
LHAASO-KM2A

Fig. 17. The spectrum of the Crab Nebula mea-
sured by KM2A in red together with the spectra
measured by other experiments in various colors
as indicated in the legend. The dotted line in-
dicates the best fitting result using a power-law
function. References for other experiments are:
HEGRA [7], HESS [8], MAGIC [9], ARGO-YBJ
[3], HAWC [5], Tibet AS-γ [6].

4.6 Systematic Uncertainties

The systematic errors affecting the SED have been in-
vestigated by studying the variation of the Crab Nebula
spectrum under various assumptions. During the period
of interest, about a few percent of detector units was
under debugging. The number of operating units varied

with time. A typical layout is taken into account in the
detector simulation to mimic the status of the array. The
uncertainty is estimated by using different configurations
in the detector simulation. The variation of detector
number affects the gamma-ray/background separation,
while the impact on gamma-rays is weaker than on the
background. The maximum variation in flux introduced
by detector layout is less than 2%. The main system-
atic error comes from the atmospheric model used in the
Monte Carlo simulations. The atmospheric density pro-
file in reality always deviates from the model provided in
[15] due to the seasonal and daily changes. According to
the variation of event rate during the operational period,
the total systematic uncertainty is estimated to be 7%
on the flux and 0.02 on the spectral index.

5 Summary

Using the first five months of data from the KM2A
half-array, a standard candle at very high energy — Crab
Nebula — is observed to investigate the detector per-
formance and corresponding data analysis pipeline for
gamma-rays. The statistical significance of the gamma-
ray signal from Crab Nebula is 28.0 σ at 25-100 TeV
and 14.7 σ at >100 TeV. The gamma-ray angular dis-
tributions around the source are fairly consistent with
the point spread function obtained by simulations. Ac-

000-12

Results coming soon from LHAASO 
(arXiv:2010.06205)

ALPACA (S.Kato)

Rumor: ~1 PeV γ-ray from somewhere?

Crab
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- 21 -

Best matching: starburst galaxies

Post-trial significance: 4.5σ

!
• SBGs : higher rate of  cataclysmic 

events (GRBs, hypernovas, magnetars) 

• Transient sources in all galaxies, SBGs 
being a good tracer of  the 
proportionality between SFR and CR 
production?

[Auger Collab. 2019]Composition and horizons at UHE

- 19 -
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☞ Limited horizons @ 30-40 EeV

[Alves Batista, Boncioli, Di Matteo et al.,  JCAP10(2015)063]

> 8 EeV

Extragalactic cosmic rays

- 17 -

✦ Hard ejected spectra 

✦ Energy cutoff  ~5Z EeV

✦ Steepening above ~50 EeV:  
combination of  the maximum 
energy of  acceleration of  the 
heaviest nuclei at the sources and 
the GZK effect

✦ Steepening above ~10 EeV:   
interplay between the flux 
contributions of  He and CNO 
injected at the source with their 
distinct cutoff  energies, shaped by 
photodisintegration during the 
propagation

✦ Luminosity density (E2qgen(E)):         
6 1044 erg Mpc-3 yr-1

[Auger Collab. 2020]

Extragalactic origin

- 14 -

Direction of  the local void 

Laniakea: Norma (attractor) + Pavo-Indus + 
Virgo supercluster (Virgo cluster + Local sheet) 

Local sheet : 10-15 Mpc diameter, 0.5 Mpc 
height, with a void region ~70 Mpc North in 
supergalactic coordinates

[Auger Collab. 2017]

Ultrahigh-energy cosmic ray sky (O.Deligny)



Ultrahigh-energy cosmic ray sky (Y.Zhezher) 16

Results: point-source photon flux upper-limits

Photon flux upper-limit, E > 1 EeV

0 0.242201km 2yr 1

90° 180°270°

+90°

-90°

0°

95% C.L.

E� �, eV hF�i , km�2yr�1

1018.0
0.094

1018.5
0.029

1019.0
0.010

1019.5
0.0071

1020.0
0.0058

Pierre Auger: hF�i  0.035 km�2yr�1
(1� ang.res., 1017.3  E  1018.5 eV)

TA, MNRAS 492 (2020), 3984

20

Large-scale anisotropy search

The residual-intensity sky map of UHECRs measured by TA with energies
above 8.8 EeV in equatorial and galactic coordinates.
A dipole structure is seen in the common declination � < 24.8� band shared
with Auger.

TA, ApJL, 898, L28 (2020)

14

> 8.8 EeV

> 57 EeV



Connecting to Geophysics (T.Enoto) 17

Photonuclear Reactions 
Triggered by Lightning Discharge

2 3  N O V E M B E R  2 0 1 7  |  V O L  5 5 1  |  N A T U R E  |  4 8 1

LETTER
doi:10.1038/nature24630

Photonuclear reactions triggered by lightning 
discharge
Teruaki Enoto1, Yuuki Wada2,3, Yoshihiro Furuta2, Kazuhiro Nakazawa2,4, Takayuki Yuasa5, Kazufumi Okuda2, 
Kazuo Makishima6, Mitsuteru Sato7, Yousuke Sato8, Toshio Nakano3, Daigo Umemoto9 & Harufumi Tsuchiya10

Lightning and thunderclouds are natural particle accelerators1. 
Avalanches of relativistic runaway electrons, which develop in electric 
fields within thunderclouds2,3, emit bremsstrahlung γ-rays. These 
γ-rays have been detected by ground-based observatories4–9, by 
airborne detectors10 and as terrestrial γ-ray flashes from space10–14.  
The energy of the γ-rays is sufficiently high that they can trigger 
atmospheric photonuclear reactions10,15–19 that produce neutrons 
and eventually positrons via β+ decay of the unstable radioactive 
isotopes, most notably 13N, which is generated via 14N + γ → 13N + n, 
where γ denotes a photon and n a neutron. However, this reaction 
has hitherto not been observed conclusively, despite increasing 
observational evidence of neutrons7,20,21 and positrons10,22 that are 
presumably derived from such reactions. Here we report ground-
based observations of neutron and positron signals after lightning. 
During a thunderstorm on 6 February 2017 in Japan, a γ-ray flash 
with a duration of less than one millisecond was detected at our 
monitoring sites 0.5–1.7 kilometres away from the lightning. The 
subsequent γ-ray afterglow subsided quickly, with an exponential 
decay constant of 40–60 milliseconds, and was followed by prolonged 
line emission at about 0.511 megaelectronvolts, which lasted for a 

minute. The observed decay timescale and spectral cutoff at about 
10 megaelectronvolts of the γ-ray afterglow are well explained by  
de-excitation γ-rays from nuclei excited by neutron capture. 
The centre energy of the prolonged line emission corresponds to 
electron–positron annihilation, providing conclusive evidence of 
positrons being produced after the lightning.

With the aim of detecting γ-rays from powerful and low-altitude 
winter thunderclouds along the coast of the Sea of Japan, we have been 
operating radiation detectors since 20066,22,23 at the Kashiwazaki-
Kariwa nuclear power station in Niigata (see Methods section 
‘GROWTH collaboration’). On 6 February 2017, a pair of lightning 
discharges occurred at 08:34:06 utc, 0.5–1.7 km away from our 
four radiation detectors (labelled ‘A’ to ‘D’, see Fig. 1 and Methods 
section ‘Lightning discharges’). All four detectors simultaneously 
recorded an intense radiation that lasted for about 200 ms (Fig. 1). 
The  radiation-monitoring stations operated by the power plant also 
recorded this flash (see Fig. 1a and Methods section ‘Radiation 
 monitors’). The analogue outputs of the phototube amplifier exhibited 
strong ‘undershoot’ (that is, a negative voltage output was detected, 
which would never happen during normal operation) at the beginning 

1The Hakubi Center for Advanced Research and Department of Astronomy, Kyoto University, Kyoto 606-8302, Japan. 2Department of Physics, Graduate School of Science, The University of  
Tokyo, Tokyo 113-0033, Japan. 3High Energy Astrophysics Laboratory, RIKEN Nishina Center, Saitama 351-0198, Japan. 4Research Center for the Early Universe, The University of Tokyo, Tokyo 
113-0033, Japan. 555 Devonshire Road, Singapore 239855, Singapore. 6MAXI Team, RIKEN, Saitama 351-0198, Japan. 7Graduate School of Science, Hokkaido University, Sapporo 060-0808, 
Japan. 8Department of Applied Energy, Graduate School of Engineering, Nagoya University, Aichi 464-8603, Japan. 9Advanced Institute for Computational Science, RIKEN, Hyogo 650-0047, Japan. 
10Nuclear Science and Engineering Center, Japan Atomic Energy Agency, Ibaraki 319-1195, Japan.
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Figure 1 | Lightning discharges and subsecond decaying high-energy 
radiation. a, Photograph of the observation site. Yellow dashed circles 
show the positional error of the locations of the negative (‘−’) and 
positive (‘+’) discharges (see Methods section ‘Lightning discharges’). 
Our radiation detectors (red) and the radiation-monitoring stations 
(blue) are marked by overlaid circles, with the size of the circle indicating 
the radiation enhancement relative to the environmental background, 

averaged over the approximately 10 min before and after the lightning. 
The arrow shows the wind speed and direction. b–d, Deadtime-corrected 
10-ms-binned count-rate histories with ±1σ errors, recorded by detectors 
A (b; >0.35 MeV), B (c; >0.35 MeV) and C (d; >1.2 MeV). Red lines show 
the best-fitting model functions of an exponential decay. See Methods 
section ‘Initial flash’ for details.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

Short-duration burst associated with lightning
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3. Annihilation gamma rays

60 s

detector A (0.35-0.60 MeV)

1. Intensive initial spike (<~a few milliseconds, exceeds 10 MeV) 
2. Gamma-ray afterglow (<~100 ms, <10 MeV) 
3. Delayed annihilation gamma rays (~minute, at 0.511 MeV)

(Enoto, Wada et al., Nature, 2017)

• on February 6, 
2017, 17:34:06, 
at Kashiwazaki 

Terrestrial Gamma-ray Flash (TGF)

6 CG Credit: NASA/GSFC
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• Discovered by astronomical satellites above thunderstorm 
• Millisecond gamma-ray bursts (<~20 MeV)

Lunar Exploration using Neutron Signals

44

Surface

Gamma rays

Galactic Cosmic Rays 
(Proton, Helium)

Thermal 
neutrons

(~
1 

m
)

Lunar rober 

Fast neutrons

Nuclear  
reactionsWater? Neutron capture44

• Starting from collaboration with planetary scientists, eventually I want to try astronomy 
from the moon in the next decade. Need collaborators to consider this together!

Go to the Moon ! 
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Multipeaked Elves

First observation of a triple elves

Intracloud activity could be associated with the creation of TGFs (Terrestrial 
Ground Flashes). 
The Atmosphere-Space Interactions Monitor (ASIM - 
DOI:10.1126/science.aax3872) reported the first coincident observation of a 
TGF and an elves.
Could the triple elves be related to TGFs?

35

Time Propagation

Vground = (2.8 ± 0.4) * 108 m/s

Altitude of the origin point very low, compatible with a source at ground.

Vground = (2.8 ± 0.3) * 108 m/s

A simple MC assuming a spherical front was performed: 
● origin point of the event fixed at different altitudes; 
● for each impact point at ground, the distance from the origin point is calculated;
● assuming relativistic particles, the arrival time is obtained. 
The simulated arrival times are represented by the colored lines 
→ altitudes from 0 to 10 km.
Subtracting tOff from the measured arrival times, they superimpose to the 

simulated line corresponding to an origin point at 0 km.

ct0 = 0.8 ± 0.3 km ct0 = 0 ± 1 km

  8

The Fluorescence detector 
and Elves Observation

→Also detected by Mini-EUSO
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Electromagnetic fraction measurement not yet in CR models

YITP workshop, Kyoto | 2020/12/7 London | Anatoli Fedynitch

� Measurement constrains <~5% of total interaction energy
� EM energy fraction in SIBYLL 2.3 found to be underestimated in this limited phase space
� None of the cascade models uses these data, yet

PYTHIA 8 tunes ³CRVPic Ua\´ PRdelV

Tuning interaction models for interpretation (A.Fedynitch) 19

Page 2

Features in cosmic ray observations Dembinski, AF, Engel, Gaisser, Stanev 
PoS(ICRC2017)533 & in prep.

None of the features 
unambiguously explainedYITP workshop, Kyoto | 2020/12/7 London | Anatoli Fedynitch

Page 3

UHECR mass composition

Auger, ICRC 2015

Spectrum 
measured 

calorimetrically

³VPRRWK´ LQcUeaVe 
of mean mass

Decreasing 
fluctuations →

mixture masses

UHECR are 
nuclei(?)

Data Model territory
Aab et al. (PAO), PRL 2020

YITP workshop, Kyoto | 2020/12/7 London | Anatoli Fedynitch



Galactic/Extra-galactic magnetic fields 20

Backtracking in GMF (with CRPropa)
(JF12 Model, 10 EeV)

Galactic Center

Earth

• Backtracking: inverse 
calculation using 
anti-particle from the 
earth
• particle: anti-proton
• back to 20 kpc from 

the galactic center
• Tool: CRPropa 3

• software for UHECR 
propagation

• propagation with 
GMF 

• GMF：JF12 Model 
(Jansson&Farrar+12)

JF12 Model

Trajectory of protons

6

Backtracking of charged particle (R.Higuchi) Faraday rotation measurement (A.Y.L. On)

SUBTLETIES	IN	QUANTIFYING	THE	RMF	

Polarisation	
angle	changes	
along	each	
line-of-sight	

Fluctuations	of	density	and	magnetic	fields	along	the	line-of-sight	
and	across	the	sky	plane	can	be	different	

(1)	Resulting	
polarisation	
angles	we	see	
on	the	sky	are	
the	same	

A	has	two	characteristic	length	scales	

B	has	one	characteristic	length	scale	
(2)	lc,	perp	≠	lc1,	ll	≠	lc2,	ll	≠	lc3,	ll	

18 
(Chan,	Wu,	On+	2018;	On+	2019)	

YITP Workshop 
December 7 ��10, 2020                  Alvina Y. L. On    



Cosmic ray anisotropy to investigate magnetic field (M.Alhers)
21

Phase-Flip by Vela SNR

• 1–100 TeV phase indicates dominance
of a local source within longitudes:

120� . l . 300�

• plausible scenario: Vela SNR [MA’16]

• age : ' 11, 000 yrs

• distance : ' 1, 000 lyrs

• SNR rate : RSNR = 1/30 yr�1

• (e↵ective) isotropic di↵usion:

Kiso ' 4 ⇥ 1028(E/3GeV)1/3cm2/s

• Galactic half height : H ' 3 kpc

• instantaneous CR emission (Q?)

135 ±

22
5±

180±

Vela SNR

G
C

°6 °4 °2 0 2
predicted d ?

0h [10°3]

°8

°6

°4

°2

0

2

pr
ed

ic
te

d
d? 6h

[1
0°

3 ]

0.0

1.0

2.0

3.0

0.0

1.0

2.0

3.0

projected

not projected

1 10 102 103

energy [TeV]

0.1

1

10

amplitude [10°3]

[MA’16]

Markus Ahlers (NBI, Copenhagen) Cosmic Ray Anisotropy December 8, 2020 slide 19

Cosmic Ray Dipole Anisotropy
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Markus Ahlers (NBI, Copenhagen) Cosmic Ray Anisotropy December 8, 2020 slide 14

Vela, as local cosmic ray origin?



Spectrum hardening by secondary nuclei (N.Kawanaka) 22

Prediction
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AMS-02

a local SNR contribution
(≳ 200 GeV):
Secondaries are harder than 
primaries 

background (≲ 200 GV):
Secondaries are softer than 
primaries.

Energy dependence of 
secondary-to-primary ratios 
would flatten at higher 
energies
# It may rise with energy!

NK and Lee in prep.

Fitting to the observed CR spectra
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age: 1.5 × 105 yr
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N

C

a local SNR with CSM:

Spectral hardenings of 
primary and secondary 
nuclei are reproduced 
simultaneously!

Primaries

Secondaries

(thin lines)

NK and Lee in prep.



SNR as PeVatron (Y.Ohira) 23

Self confinement by streaming instability  

Rsh
L⊥

B CR streaming instabilities 
amplify magnetic field 
fluctuations in the 
subluminal region.

fast acceleration in the 
superluminal region

Rsh

B Random walk 
in the subluminal 
upstream region

10-3
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10-2 10-1 100 101

E2  d
N

/d
E

 E ( PeV )

ー Dup,subl = ∞
Bup,0 = 3µG

ー Dup,subl = Dbohm,B0
Bup,0 = 3µG

ー Dup,subl = Dbohm,B0
Bup,0 = 10µG 10-4
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100
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ax

 (P
eV

)

t / tSedov

Mej=1Msun
ESN=1051erg
nISM = 1/cm3

BISM = 3µG, eB = 0.01

Emax,age(t)

Emax,esc(t)

No streaming 
instability

DSA at parallel and perpendicular shocks
Parallel shock Perpendicular shockBup

XVsh
B

up

XVsh

B // Vsh B ⊥ Vsh

Injection

Spectral
index

Emax

Particles can easily go back to 
upstream region. 

Low energy particles cannot go back 
to upstream region (Jokipii1987).

For UCR << rVsh2, s = 2. 

For UCR >~ 0.1rVsh2, ???

For dBdown << B0, s >> 2.

For dB~B0~3µG, Emax << 1PeV. 

dBup > 100 µG is needed.

For dB << B0~3µG, Emax ~ 1PeV. 

(Takamoto & Kirk 2015)

H atoms help the injection.
(Ohira2012,2013,2016)

For dBdown >> B0, s = 2.
(Kamijima, Ohira, Yamazaki 2020)

(Jokipii1987)
Escape of CRs makes Emax small.

!

!

"

"

"

!

!"?

!

!

"
dBup,subluminal ~ 10 µG is needed. #

(Kamijima & Ohira, in preparation)

!"?

(Lagage & Cesarsky 1983)



Detailed studies of SNRs 24

Sample selection & Analysis 1: gamma-ray spectral modeling 

く

Ø Sample selection
• From 1st Fermi SNR catalog & preceding systematic gamma-ray study

: 38 SNRs
• Gamma-ray spectra: our analysis on Fermi (15 SNRs) or literatures

(Acero+16; Zeng+19)

Hiromasa Suzuki@YITP workshop 2020 5

Model:

Ø Analysis 1: Gamma-ray spectral modeling:
• Markov-Chain Monte-Carlo sampling method is used
• Cutoff / Broken power-law models assumed

(23 SNRs)

ex.) Cutoff power-law modeling results

(Suzuki PhD thesis in prep.)

(Suzuki PhD thesis in prep.)

(similar to Zeng+19)

Fermi
HESS/ MAGIC/ VERITAS

Good fit for almost all
w/ this simple model

December 7–10, 2020 | CRPHYS2020 @Kyoto U Naomi Tsuji (RIKEN/iTHEMS)

Acceleration efficiency in young SNRs

10

• Evolution of η (expansion parameter v.s. η):

• Acceleration is more efficient (small η) in older (m~0.4) SNRs

• could be related to turbulent production

※ Note: Forward-shocked 
max-ε0 (max-Vsh) regions η = 5.2 m–4

inefficient

efficientstrong

Turbulent 
level

weak

Acceleration

Systematic study (N.Tsuji) Particle escape  (H.Suzuki)



HL-GRB, LL-GRB, TDE (W.Winter) 25

Page 22

Summary

HL-GRBs
• Well-studied source class

• Can describe UHECR spectrum 
and composition Xmax

• Multi-collision models work for a 
wide range of parameter sets

• Neutrino stacking limits obeyed 

• Light curves may be used to 
further narrow down models

• Cannot describe diffuse neutrinos

• Composition variable s(Xmax) 
requires some fine-tuning 

• Energetics in internal shock 
scenario is a challenge; more 
energy in afterglows than
previously thought? VHE g-rays?

| CRPHYS2020 | Winter Walter, Dec. 8, 2020, Kyoto, Japan

Different transient classes in the light of UHECR and neutrino observations

LL-GRBs
• Potentially more abundant than 

HL-GRBs

• Can describe UHECR spectrum 
and composition even across the 
ankle

• May at the same time power the 
diffuse neutrino flux

• Less established/studied source 
class = more speculative

• Radiation modeling requires 
further work

• Progenitor model disputed

• UHECR+neutrino energetics 
point require relatively long 
“standard” LL-GRBs, may be 
challenged by population studies

TDEs
• The only transient class from which 

neutrinos have been observed from
→ Must accelerate cosmic rays

• Have potentially negative source 
evolution, which helps UHECRs

• A lot of recent activity in 
astrophysics; many new discoveries

• Observed TDEs are very diverse

• Models have a lot of freedom

• Local rate and demographics may 
have to be re-evaluated

• Energetic events, such as the jetted 
TDE Sw J1644+57, may be rare

• Potential tension with neutrino 
multiplet searches if too few too 
energetic events

Page 12

Describing UHECRs and neutrinos with LL-GRBs

| CRPHYS2020 | Winter Walter, Dec. 8, 2020, Kyoto, Japan

Boncioli, Biehl, Winter,
ApJ 872 (2019) 110;
arXiv:1808.07481

Injection composition and 
escape from Zhang et al., 

PRD 97 (2018) 083010; 

• Can be 
simultaneously
described 

• The radiation density 
controls the neutrino 
production and sub-
ankle production of 
nucleons

• Subankle fit and 
neutrino flux require 
similar parameters

Page 3

Transients which can power the UHECRs
• Required energy per transient event to power UHECRs: 

• Connection with gamma-rays: ~ 0.2 fe-1 Eg

if all UHECRs can escape, and 20% of the CR energy is in 
UHECRs (typical for E-2 spectrum). 
fe-1: baryonic loading (LCR/Lg)inj

• Examples in this talk: can all sustain this energy (roughly)
• HL-GRBs: Eg ~1052 erg s-1 x 10 s ~ 1053 erg, rate ~ 1 Gpc-3 yr-1

☞ Ok for fe-1 > 10. Seems widely accepted mainstream ...

• LL-GRBs: Lg ~1047 erg s-1, rate ~ 300 Gpc-3 yr-1

☞ Ok for Duration [s] x fe-1 > 105;
duration disputed (closer to typical GRBs, rather than 104 s?)

• Jetted TDEs: Eg ~1047 erg s-1 x 106 s ~ 1053 erg (Sw J1644+57), rate < 
0.1 Gpc-3 yr-1 ☞ Ok for fe-1  >~ 100; local rate + Lg disputed

Gpc-3 yr-1

Required energy 
output per source

from Baerwald, 
Bustamante, Winter, 

Astropart. Phys. 62 (2015) 66;
Fit energetics: Jiang, Zhang, 
Murase, arXiv:2012.03122;

early args: Waxman, Bahcall, ...

Fit to UHECR data Source density
Liang, Zhang, 

Virgili, Dai, 2007; 
see also: Sun, Zhang, 

Li, 2015

| CRPHYS2020 | Winter Walter, Dec. 8, 2020, Kyoto, Japan

Acceleration to UHE is complicated...



Blazer jet emission models (M.Petropoulou) 26

  

 Blazar Jet Emission Models 

● Jet plasma: relativistic e+e-  + cold e,p
● HE emission: ICS from rel. e+e- 

Leptonic Models 

Abdo et al. 2011

e-syne-syn e-ICS

 e.g., Maraschi et al. 1992; Dermer et al. 1992; Dermer & Schlickeiser 1993; Sikora et al. 1994; Mastichiadis & 
Kirk 1995; Bloom & Marscher 1996; Mastichiadis & Kirk 1997; Tavecchio et al. 1998; Boettcher & Dermer 
1998; Cerruti et al. 2012 … 4

  

 Blazar Jet Emission Models 

● Jet plasma: relativistic e+e- p + cold e,p
● HE emission: SYN from rel. p

Hadronic Synchrotron Models

e-syn
p-syn

e-ICS

Cerruti et al. 2015

 e.g., Mannheim & Biermann 1992; Aharonian 2000; Muecke & Protheroe 2001; Muecke et al. 2003, Boettcher 
et al. 2013; Cerruti et al. 2015, Petropoulou & Dimitrakoudis 2015; … 5

  

 Blazar Jet Emission Models 

● Jet plasma: relativistic e+e- p + cold e,p
● HE emission: ICS/SYN from secondary e+e-  

Hadronic Cascade Models

MP, Vasilopoulos, Giannios 2017

e-syn secondary
 e-syn 

e-syn

 e.g., Mannheim et al. 1991;  Mannheim 1993; Sahu et al. 2013; Petropoulou & Mastichiadis 2012;  
Petropoulou et al. 2015; Petropoulou et al. 2017; …  6

  

 Looking into the future: theoretical perspective

Chatterjee+2020

● Connect plasma physics (particle acceleration) with magnetized fluid physics (jet dynamics and 
acceleration) with radiation physics to create a physical model for multi-messenger emission in jets. 

Nathanail+2020

MP, Sironi+2020Ball+2019

20

  

Cerruti et al. 2019 ν

 Implications from the 2017 Flare Modeling

● Past studies of neutrinos from blazars predicted hadronic γ-
rays.  BUT modeling of TXS 0506+056/IC-170922A requires a 
leptonic origin of γ-rays.

● Maximum proton energies below EeV → TXS 0506+056 is 
unlikely to be an  UHECR + PeV neutrino source.

● Number of muon neutrinos per yr < 1. Still, the predictions are 
statistically consistent with the detection of 1 event in 0.5 yr 
(e.g. Strotjohann et al. 2019).

Keivani et al. 2018

ν

Gao et al. 2019
ν

Ansoldi et al. 
2018

ν

10

  

 Blazar Jet Emission: A Challenging Problem

All models describe equally well the photon spectra.

How can we tell which scenario is true?

1)  Many free parameters for each zone (13 – 20)

2)  Non-contemporaneous multi-wavelength data 
besides exceptional periods (e.g. flares)

3)  Not full coverage of the electromagnetic spectrum

1)  High-energy neutrino observations

2)  Multi-frequency temporal information

3)  MeV monitoring observations (flux & polarization)

7

Plasma physics required



Centaurus A as UHECR source? (A.Taylor) 27

Centaurus	A	-	VHE	Extension	

HESS	Detected	Extension	on	~2kpc	scale	

9	
Andrew	Taylor	

HESS	Preliminary	

Log10(r	[pc])	

Log10(z	[pc])	
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Torus	

Disk	

Broad-line	Region	

Narrow-line	Region	

Jet	

[HESS-	F.	Rieger,	A.	Taylor, et	al., 
Nature]  

Emax ⇡ 1018eV

tacc ⇡ 0.1 Myr

Dissecting Cen A’s Acceleration Sites 

Emax ⇡ 1015eV

Acceleration on kpc scales: 

Andrew	Taylor	 17	

�scat. ⇡ 0.5, ⌘ ⇡ 104
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Acceleration on larger scales: 

Energy dependence of acceleration time 
may only approach the Bohm level (η~1) 
at the highest energies	

[S. O’Sullivan, A. Taylor, B. Reville in prep.] 
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UB ⇡ 10 eV cm�3
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10	
Andrew	Taylor	

UIR ⇡ 10 eV cm�3

<latexit sha1_base64="4dIDhvyr/wW2Ipixz6FBhb3m9wQ=">AAACDHicbVC9TsMwGHTKXwl/BUYWiwqJhSqBSjBWsMBWEGkrNaFyXKe16iSW7SCqKN1ZeBUWBhBi5QHYeBvcNgO0nGTpdHefPn/nc0alsqxvo7CwuLS8Ulw119Y3NrdK2zsNGScCEwfHLBYtH0nCaEQcRRUjLS4ICn1Gmv7gYuw374mQNI5u1ZATL0S9iAYUI6WlTqns+kFqOp306iZzEecifoC2BUekMcLhXXp0kpmZTlkVawI4T+yclEGOeqf05XZjnIQkUpghKdu2xZWXIqEoZiQz3UQSjvAA9Uhb0wiFRHrp5JgMHmilC4NY6BcpOFF/T6QolHIY+joZItWXs95Y/M9rJyo481Ia8USRCE8XBQmDKobjZmCXCoIVG2qCsKD6rxD3kUBY6f5MXYI9e/I8aRxX7Gqlel0t187zOopgD+yDQ2CDU1ADl6AOHIDBI3gGr+DNeDJejHfjYxotGPnMLvgD4/MHD0eaWw==</latexit>

[A. Weiss et al., A&A (2008)] [J. Burns et al., ApJ (1983)] 



distributions (SEDs) are constructed from the data and from
empirical relations, and then we compute neutrino and
cascade gamma-ray spectra by consistently solving particle
transport equations. We demonstrate the importance of
future MeV gamma-ray observations for revealing the
origin of IceCube neutrinos especially in the medium-
energy (∼10–100 TeV) range and for testing neutrino
emission from NGC 1068 and other AGN.
We use a notation with Qx ¼ Q × 10x in CGS units.
Phenomenological prescription of AGN disk coronae.—

We begin by providing a phenomenological disk-corona
model based on the existing data. Multiwavelength SEDs
of Seyfert galaxies have been extensively studied, consist-
ing of several components; radio emission (see Ref. [60]),
infrared emission from a dust torus [61], optical and
ultraviolet components from an accretion disk [62], and
x rays from a corona [33]. The latter two components are
relevant for this work.
The “blue” bump, which has been seen in many AGN, is

attributed to multitemperature blackbody emission from a
geometrically thin, optically thick disk [63]. The averaged
SEDs are provided in Ref. [64] as a function of the
Eddington ratio, λEdd ¼ Lbol=LEdd, where Lbol and LEdd ≈
1.26 × 1045 erg s−1ðM=107 M⊙Þ are bolometric and
Eddington luminosities, respectively, and M is the
SMBH mass. The disk component is expected to have a
cutoff in the ultraviolet range. Hot thermal electrons in a
corona, with an electron temperature of Te ∼ 109 K,
energize the disk photons by Compton upscattering. The
consequent x-ray spectrum can be described by a power
law with an exponential cutoff, in which the photon index
(ΓX) and the cutoff energy (εX;cut) can also be estimated
from λEdd [31,65]. Observations have revealed the relation-
ship between the x-ray luminosity LX and Lbol [66] [where
one typically sees LX ∼ ð0.01 − 0.1ÞLbol], by which the
disk-corona SEDs can be modeled as a function of LX and
M. In this work, we consider contributions from AGN with
the typical SMBH mass for a given LX, using M ≈ 2.0 ×
107 M⊙ðLX=1.16 × 1043 erg s−1Þ0.746 [67]. The resulting
disk-corona SED templates in our model are shown in

Fig. 2 (see Supplemental Material [68] for details), which
enables us to quantitatively evaluate CR, neutrino and
cascade gamma-ray emission.
Next we estimate the nucleon density np and coronal

magnetic field strength B. Let us consider a corona with
the radius R≡RRS and the scale height H, where R is
the normalized coronal radius and RS ¼ 2GM=c2 is the
Schwarzschild radius. Then the nucleon density is
expressed by np ≈ τT=ðσTHÞ, where τT is the Thomson
optical depth that is typically ∼0.1–1. The standard
accretion theory [69,70] gives the coronal scale height
H≈ðCs=VKÞRRS¼RRS=

ffiffiffi
3

p
, whereCs ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kBTp=mp

p
¼

c=
ffiffiffiffiffiffiffi
6R

p
is the sound velocity, and VK ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
GM=R

p
¼

c=
ffiffiffiffiffiffiffi
2R

p
is the Keplerian velocity. For an optically thin

corona, the electron temperature is estimated by
Te ≈ εX;cut=ð2kBÞ, and τT is empirically determined from
ΓX and kBTe [31]. We expect that thermal protons are at
the virial temperature Tp ¼ GMmp=ð3RRSkBÞ ¼ mpc2=
ð6RkBÞ, implying that the corona may be characterized by
two temperatures, i.e.,Tp > Te [71,72]. Finally, themagnetic
field is given by B ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8πnpkBTp=β

p
with plasma beta (β).

Many physical quantities (including the SEDs) can be
estimated observationally and empirically. Thus, for a given
LX, parameters characterizing the corona (R, β, α) are
remaining. They are also constrained in a certain range by
observations [73,74] and numerical simulations [45,47].
For example, recent MHD simulations show that β in the
coronae can be as low as 0.1–10 (e.g., Refs. [41,46]). We
assume β ≲ 1–3 and α ¼ 0.1 for the viscosity parameter
[63], and adopt R ¼ 30.
Stochastic proton acceleration in coronae.—Standard

AGN coronae are magnetized and turbulent, in which it is
natural that protons are stochastically accelerated via
plasma turbulence or magnetic reconnections. In this work,
we solve the known Fokker-Planck equation that can
describe the second order Fermi acceleration process

FIG. 1. Schematic picture of the AGN disk-corona scenario.
Protons are accelerated by plasma turbulence generated in the
coronae, and produce high-energy neutrinos and cascaded
gamma rays via interactions with matter and radiation.

FIG. 2. Disk-corona SEDs used in this work, for LX ¼ 1042,
1043, 1044, 1045, and 1046 erg s−1 (from bottom to top). See text
for details.
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• Accretion flows in AGNs are feasible neutrino & gamma-ray sources 
- Coronae in Seyfert galaxies can reproduce X-ray & 10-100 TeV ν backgrounds  
- RIAFs in LLAGNs can explain MeV γ & PeV ν backgrounds 
→ Combining these two, AGN accretion flows can explain  
      a wide energy range of γ & ν backgrounds

• Future multi-messenger observations can robustly test our models: 
- IceCube-Gen2 can detect AGNs as point sources 
- Proposed MeV satellites can detect MeV γ rays from AGNs

where ηpγ ≈ 2=ð1þ ΓXÞ, σ̂pγ ∼ 0.7 × 10−28 cm2 is
the attenuation pγ cross section, ε̄Δ ∼ 0.3 GeV,
ε̃pγ−X ¼ 0.5mpc2ε̄Δ=εX ≃ 0.14 PeVðεX=1 keVÞ−1, and
nX ∼ LX=ð2πR2cεXÞ is used. The total meson production
optical depth is given by fmes ¼ fpγ þ fpp, which always
exceeds unity in our model. Note that the spectrum of pγ
neutrinos should be hard at low energies, because only
sufficiently high-energy protons can produce pions via pγ
interactions with x-ray photons.
Note that ∼10–100 TeV neutrinos originate from

∼0.2–2 PeV CRs. Unlike in previous studies explaining
the IceCube data [105,106], here in fact the disk photons
are not much relevant for the photomeson production
because its threshold energy is ε̃pγ-th ≃ 3.4 PeVðεdisk=
10 eVÞ−1. Rather, CR protons responsible for the
medium-energy neutrinos should efficiently interact via
the Bethe-Heitler process because the characteristic energy
is ε̃BH-disk ≈ 0.5mpc2ε̄BH=εdisk ≃ 0.47 PeVðεdisk=10 eVÞ−1,
where ε̄BH ∼ 10ð2mec2Þ ∼ 10 MeV [89–91]. With the
disk photon density ndisk ∼ Ldisk=ð2πR2cεdiskÞ for τT ≲ 1,
the effective Bethe-Heitler optical depth (with
σ̂BH ∼ 0.8 × 10−30 cm2) is

fBH ≈ ndiskσ̂BHRðc=VfallÞ
∼ 40Ldisk;45.3α−1−1ðR=30Þ−1=2R−1

S;13.5ð10 eV=εdiskÞ; ð3Þ

which is much larger than fpγ. The dominance of the
Bethe-Heitler cooling is a direct consequence of the
observed disk-corona SEDs. The 10–100 TeV neutrino
flux is suppressed by ∼fmes=fBH, predicting the tight
relationship with the MeV gamma-ray flux.
Analytically, the medium-energy ENB flux is given by

E2
νΦν∼10−7 GeVcm−2s−1sr−1

!
2K
1þK

"
R−1

p

!
ξz
3

"

×
!

15fmes

1þfBHþfmes

"!
ξCR;-1LXρX

2×1046 ergMpc−3yr−1

"
; ð4Þ

which is indeed consistent with the numerical results shown
in Fig. 3. Here K ¼ 1 and K ¼ 2 for pγ and pp inter-
actions, respectively, ξz ∼ 3 due to the redshift evolution of
the AGN luminosity density [107,108], Rp is the con-
version factor from bolometric to differential luminosities,
and ξCR is the CR loading parameter defined against the
x-ray luminosity, where PCR=Pth ∼ 0.01 corresponds to
ξCR ∼ 0.1 in our model. The ENB and EGB are dominated
by AGN with LX ∼ 1044ergs−1 [16], for which the effective
local number density is ρX ∼ 5 × 10−6Mpc−3 [108].
The pp, pγ and Bethe-Heitler processes all initiate

cascades, whose emission appears in the MeV range.
Thanks to the dominance of the Bethe-Heitler process,
AGN responsible for the medium-energy ENB should
contribute a large fraction ≳10–30% of the MeV EGB.

When turbulent acceleration operates, the reacceleration
of secondary pairs populated by cascades [109] can
naturally enhance the gamma-ray flux. The critical energy
of the pairs, εe;cl, is determined by the balance between the
acceleration time tacc and the electron cooling time te-cool
(see Supplemental Material [68] and Refs. [109,110]). We
find that the condition for the reacceleration is rather
sensitive to B and tacc. For example, with β ¼ 3 and
q ¼ 1.5, the reaccelerated pairs can upscatter x-ray
photons up to ∼ðεe;cl=mec2Þ2εX ≃ 3.4 MeVðεe;cl=
30 MeVÞ2ðεX=1 keVÞ, which may lead to the MeV
gamma-ray tail. This possibility is demonstrated in
Fig. 3, and the effective number fraction of reaccelerated
pairs is constrained as ≲0.1%.
Multimessenger tests.—Our corona model robustly pre-

dicts ∼0.1–10 MeV gamma-ray emission in either a
synchrotron or an inverse Compton cascade scenario,
without any primary electron acceleration (see Fig. 4). A
large flux of 10–100 TeV neutrinos should be accompanied
by the injection of Bethe-Heitler pairs in the 100–300 GeV
range (see Supplemental Material [68] for details) and form
a fast cooling ε−2e spectrum down to MeV energies in the
steady state. In the simple inverse Compton cascade
scenario, the cascade spectrum is extended up to a break
energy at ∼1–10 MeV, above which gamma rays are
suppressed by γγ → eþe−. In reality, both synchrotron
and inverse Compton processes can be important. The
characteristic energy of synchrotron emission from Bethe-
Heitler pairs is εBHsyn ∼ 1 MeVB2.5ðεp=0.5 PeVÞ2 [91].
Because disk photons lie in the ∼1–10 eV range, the
Klein-Nishina effect is important for the Bethe-Heitler
pairs. Synchrotron cascades occur if the photon
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FIG. 4. Point source fluxes of all flavor neutrinos and gamma
rays from a nearby AGN, NGC 1068. The ten-year IceCube data
[111] and the Fermi gamma-ray data [112] are shown. For
eASTROGAM [113] and AMEGO [114] sensitivities, the obser-
vation time of 106 s is assumed. Solid thick (thin) curves are for
η ¼ 10 and PCR=Pth ¼ 0.7% (η ¼ 70 and PCR=Pth ¼ 30%),
respectively. For comparison, a neutrino flux in the starburst
scenario of Murase and Waxman [108] is overlaid.
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Neutrinos and gamma rays from NGC1068 (S.Inoue) 29

wind internal model for NGC 1068: example
preliminary � esyn �

pγπ±�

pγe±

eEIC �

µsyn�

- promising in comparison with observed GeV-TeV γ, ν
  -> parameter search in progress, please stay tuned
- clear break due to γγ on disk field

- neutrino emission possible at larger radii,
  with higher TeV-PeV gamma-ray flux
  -> calculations ongoing

pγπ0�

psyn�

- cascade spectrum: fν �ν-1 @keV-GeV, �ν-0.5 <keV
   below observed radio/submm

LAT�MAGIC�

IceCube�Lp=7x1043 erg/s
Ep,max=3x1016 eV�

ALMA
30mas�
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contributions of starburst galaxies coexisting with AGNs are
necessary for star-forming galaxies to significantly contribute
to the diffuse neutrino and gamma-ray backgrounds, and they
suggested the possibility of AGN-driven winds as one of the
cosmic-ray accelerators. However, realistically, the theoretical
gamma-ray and neutrino fluxes highly depend on the model
parameters, such as the shock velocity evolution and the
density of the ambient medium, which determines the
interaction efficiency, as studied in WLI, WLII, and Lamastra
et al. (2017). Actually, as we will show in this work, the total
diffuse neutrino background and EGB cannot be simulta-
neously explained by this model, once considering the
constraint from the so-called isotropic gamma-ray background
(IGRB), which is obtained by subtracting the emission of
resolved extragalactic point sources from the EGB (Ackermann
et al. 2015).

In this work, we evaluate the gamma-ray and neutrino
emission from AGN-driven winds in more detail compared to
previous studies. We take into account several effects that had
not been properly accounted for, such as the two-temperature
structure of the wind and the adiabatic cooling of accelerated
protons. The resulting diffuse gamma-ray and neutrino fluxes
are reduced, by which we can avoid the problem of
overshooting the IGRB. The paper is structured as follows:
the dynamical evolution of the wind is studied in Section 2;
gamma-ray and neutrino production by an individual source is
calculated in Section 3; we obtain the diffuse gamma-ray and
neutrino flux from the sources throughout the universe and
compare with the results in the previous literature in Section 4;
in Sections 5 and 6, we discuss various implications of our
results; and the summary is given in Section 7.

2. Dynamics of AGN-driven Winds

Following WLI, WLII, and Lamastra et al. (2017), we adopt
the 1D model and assume the spherical symmetry for the wind
and the ambient gas. The physical picture is similar to that of
the stellar-wind bubble (Castor et al. 1975) but in different
scales. Let us denote the radius of the forward shock that
expands into the ambient medium by Rs, and the radius of the
reverse shock that decelerates the wind by Rrs. Together with a
contact discontinuity at radius Rcd that separates the two
shocks, this dynamical system is divided into four distinct
zones. Outward, they are (a) the cold fast AGN wind moving
with the bulk velocity vw, (b) the hot shocked winds, (c) the
shocked ambient gases, and (d) the ambient gas, which is
assumed to consist of pure hydrogen atoms for simplicity. A
schematic diagram that illustrates the outflow structure is
shown in Figure 1. Following the treatment in the previous
literature (Weaver et al. 1977; Faucher-Giguère & Quataert
2012; Wang & Loeb 2015), we consider the so-called thin-shell
approximation for regionc, which assumes negligible thick-
ness of the shocked ambient gases (i.e., Rcd;Rs) and that all
the shocked gases move with the same velocity vs.

8 In regionb
or the region of shocked AGN wind, we consider a steady flow
of a homogeneous density nsw and temperature Tsw, which
results in a homogeneous thermal pressure Psw in the region at
any given time. The condition of mass conservation then gives
a constant value of R2vsw from Rrs to Rs, where R is the distance

to the AGN at the galactic center and vsw is the velocity of the
shocked wind. At R= Rs, the shocked wind should move at the
same velocity as the shocked gas, so we have the boundary
condition, vsw(Rs)= vs. Let’s further denote the velocity of the
shocked wind just behind the reverse shock by v R vsw rs sw� a( ) ,
and then we have v R R vs ssw rs

2a � ( ) . We note that the velocity
of the shocked wind just behind the reverse shock is not equal
to that of the reverse shock vrs. But we can find the relation
between them by the Rankine–Hugoniot jump relation, i.e.,

v v v v4 . 1w rs sw rs� � a �( ) ( )
Besides, this condition gives the proton and electron tempera-
tures in shocked wind immediately behind the shock by

T
m

k
v v

3
16

, 2p
p

,sw w rs
2� �( ) ( )

T
m
k

v v
3

16
, 3e

e
,sw w rs

2� �( ) ( )

where mp and me are the mass of a proton and an electron,
respectively. We consider the minimal electron heating case,
protons receive the majority of the shock heat (Faucher-
Giguère & Quataert 2012), and the thermal pressure of the
shocked wind can then be found by

P n kT n m v v

n m v v

3
16

1
3

, 4

p p

p

,sw sw sw sw w rs
2

sw w sw
2
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� � a

( )

( ) ( )

P n kT n m v v

n m v v

3
16

1
3

, 5

e e

e

,sw sw sw sw w rs
2

sw w sw
2
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� � a

( )

( ) ( )

and the total thermal pressure is Psw= Pp,sw+Pe,sw. In the
above expressions, n n M R m v4 psw w w rs

2
wQ� � ˙ / is the density

of both protons and electrons in the shocked wind, where nw is
the density of the unshocked wind and M L v2w w,k w

2�˙ is the
mass injection rate of the wind, with Lw,k being the kinetic
luminosity of the wind. We assume Lw,k to be 5% of the
bolometric luminosity of the AGN Lb following WLII, keeping
constant before the AGN quenches. Note that the sound speed
in the shocked wind region is P v vsw sw w swS_ � a� , which is

Figure 1. Schematic diagram for the structure of the AGN wind-shock system.
Spherical symmetry is assumed for the system. See the text for detailed
descriptions.

8 The forward-shock speed should be about 4/3 times the downstream speed
when the Mach number is large. But they are essentially the same under the
thin-shell approximation.
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pγ ν (+ γ) from inner regions of AGN winds
potential particle acceleration via:
- internal shocks caused by highly variable wind ejection
  (observational evidence + theoretical support)
- “interaction” shocks with external or internal clouds/stars

pγ interactions with nuclear radiation
- neutrinos ~<10 PeV
- cascade ~<MeV-GeV

MBH=108 M⦿
Ldisk=1044 erg/s
Lcor=0.1 Ldisk�

R=1014 cm z=1015 cm
B=500 G
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Radio galaxy (L.Merten) 30

This probability is a measure for the dominance of acceleration:

ܲ ≔
∑ఛೌ షభ

∑ఛೌ షభ
ା∑ఛೞೞ

ೕ షభ
ା∑ఛೞೖ షభ, defining the maximum energy ܲ 𝐸௫

 ൌ 0.5

page 5

Acceleration Probability

Lukas.Merten@uibk.ac.at I December 09, 2020

Merten et al. subm. (2020)
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Maximum Energies
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Turb. Accel. 𝐥𝐨𝐠ሺ Τ𝑬 𝒆𝑽ሻ ⟨𝒍𝒐𝒈 Τ𝑹 𝑽 ⟩
P He N Si Fe

Bohm Fermi-I 17.4 17.8 18.3 18.6 18.8 17.44±0.04

Bohm Hybrid 18.8 19.1 19.6 19.9 20.2 18.78±0.02

Kolm. Fermi-I 14.1 14.4 14.9 15.2 15.5 14.08±0.02

Kolm. Hybrid 18.8 19.1 19.6 19.9 20.2 18.78±0.02

Maximum energies for target photon model E



New physics (A.Kheirandish) 31

Current constraints:

7

We should consider TeV WIMP seriously.

canonical 
∼ 3 × 10−26cm3/s

Hoof et al., 2020

Fermi-LAT, 11y, 27 dwarf spheroidal galaxies (dSphs)

Gamma-ray from Dark Matter  (N.Hiroshima)

Our accessibility (1):  

17

J = 1019.15
J = 1019.15
J = 1018.69
J = 1018.56

Hiroshima et al., 2019
95% C.L
sys. only

Neutrinos from Dar Matters

BSM induced time delay
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High-energy neutrinos explore WIMP scenarios 
where no other cosmic messenger can.

27
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Identification of the origin of cosmic neutrinos offer new avenues to probe 
for new physics.

Transients offer exploring the delay induced by neutrino secret interactions.
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The time difference can be estimated by evaluating the extra distance 
neutrino has to travel.

���transient C⌫B
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• “Mini AGN” in our own galaxy 
with extended X-ray jets

Black Hole Jets as Cosmic Accelerators 
Microquasar SS 433 

ROSAT 0.2 keV
HAWC ~20 TeV

• TeV gamma-rays in both lobes 
detected by HAWC

HAWC Collaboration, Nature (2018)
KF as a main author

• GeV counterparts identified in 
Fermi-LAT data

KF, Charles, Blandford, ApJL (2020)

Galaxy clusters (K.Fang) 32
SS 433, Cygnus cocoon 

21

Injection Composition = Galactic CR abundance

IceCube (>100 TeV)
UHECRs


Non-blazar 
Extragalactic 
Gamma-ray 
Background


Cosmic Particles from Black Hole Jets in Galaxy Clusters
KF & Murase Nature Physics (2018)

15

Confinement of Cosmic Rays in Local Environment 
Cygnus Cocoon

GeV to100 TeV gamma-rays trace infrared emission

HAWC Collaboration, under review
KF as a main author

Fermi-LAT Coll., Science (2011)
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Fang, KK, Olinto 2012 
Fang, KK, Olinto, 2013

after interaction on supernova ejecta + propagation in the intergalactic medium

spectrum

uniform source emissivity evolution 
accelerated: 50%P, 30%CNO, 20%Fe

P

Fe

    

composition

9

100% Fe @ injection
then interaction on neutron star thermal radiation 
can lead to right composition KK, Amato, Blasi 2015

Figure 1. Composition of UHECR nuclei after photo-disintegration in the thermal radiation field of
the star (solid lines). Extraction of pure iron at t = 0 is assumed. Eqs. 3.6 and 3.8 are solved for γ(t)
determined by Eq. 2.4 (with ξ = 1) up to the value γmax set by Eq. 2.6. The fractions of different
species are represented by solid lines, with colours as specified in the legenda of each panel, while
dashed lines refer to the opacities τA = t/tA. From left to right, top to bottom, temperatures are
T = [1, 2, 5, 10]× 106 K. The vertical line indicates the time at which particles reach the light cylinder
RLc−1 and the dotted horizontal line indicates NA = 1.

is transformed into lighter nuclei. When the star temperature is of order 107K, no iron is
left at the light cylinder, nor elements with Z > 10. In this case the composition is mostly
protons and ∼ 10% CNO. The trend shown by the opacity of the different nuclei is readily
understood: initially it simply increases with time, but then it saturates and starts dropping
due to the decreasing photon field density. The maximum opacity is reached at a time which
is independent of nuclear species and stellar temperature, as can be readily understood from
Eqs. 3.4−3.5.

One thing to notice is that, as we already anticipated at the end of the previous section, the
photo-pion process is always irrelevant, as shown by the dashed black line representing the
corresponding opacity in the different panels.

These photo-hadronic interaction calculations are done under rough approximations. We

– 7 –

Fe Heavy

Proton

distance from surface/c

Light cylinder

KK, Amato, Blasi 2015
Properties of escaping UHECRs

Aartsen et al. 2016
model dependent 90% C.L. limits 

10

Fang, KK, Murase & Olinto 2013

IceCube constraints on pulsars as sources of HECRs

7

ν Model Event rate p-value MRF
per livetime

Kotera et al. [37]
SFR 3.6+0.5

−0.8 22.3+10.8
−3.9 % 1.44

Kotera et al. [37]
FRII 14.7+2.2

−2.7 <0.1% 0.33
Aloisio et al. [38]
SFR 4.8+0.7

−0.9 7.8+6.8
−1.8% 1.09

Aloisio et al. [38]
FRII 24.7+3.6

−4.6 <0.1% 0.20
Yoshida et al. [51]
m = 4.0, zmax = 4.0 7.0+1.0

−1.0 0.1+0.4
−0.1% 0.37

Ahlers et al. [22]
best fit, 1 EeV 2.8+0.4

−0.4 9.5+6.5
−1.6% 1.17

Ahlers et al. [22]
best fit, 3 EeV 4.4+0.6

−0.7 2.2+1.3
−0.9% 0.66

Ahlers et al. [22]
best fit, 10 EeV 5.3+0.8

−0.8 0.7+1.6
−0.2% 0.48

TABLE I. Cosmogenic neutrino model tests: Expected num-
ber of events in 2426 days of effective livetime, p-values from
model hypothesis test, and 90%-CL model-dependent limits
in terms of the model rejection factor (MRF) [52], defined as
the ratio between the flux upper limit and the predicted flux.

ν Model Event rate p-value MRF
per livetime

Murase et al. [45]
s = 2.3, ξCR=100 7.4+1.1

−1.8 2.2+9.9
−1.4% 0.96 (ξCR ≤96)

Murase et al. [45]
s = 2.0, ξCR=3 4.5+0.7

−0.9 19.9+20.2
−9.2 % 1.66 (ξCR ≤5.0)

Fang et al. [48]
SFR 5.5+0.8

−1.1 7.8+14.4
−3.7 % 1.34

Fang et al. [48]
uniform 1.2+0.2

−0.2 54.8+1.7
−2.7% 5.66

Padovani et al. [46]
Yνγ = 0.8 37.8+5.6

−8.3 <0.1% 0.19 (Yνγ ≤0.15)

TABLE II. Astrophysical neutrino model tests: Same as
Table I. The flux normalization scales linearly for AGN
models with the assumed baryonic loading factor ξCR for
Murase FSRQ (broad-line region) [45] or neutrino-to-γ ra-
tio Yνγ for Padovani BL Lac [46] models. A power-law pro-
ton UHECR spectrum with index s is assumed in the FSRQ
model. The corresponding parameters for these models to
explain the measured IceCube neutrino flux in TeV-PeV
range [26] are excluded by more than 99.9% CL.
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FIG. 2. (Color online) Model-dependent 90% confidence-level limits (solid lines) for (upper panel) proton cosmogenic-neutrino
predictions (dashed lines) from Ahlers [1] and Kotera [64] and (lower panel) astrophysical neutrino fluxes from AGN (BLR)
models of Murase [81] and Padovani (long dashes: Yνγ = 0.8, short dashes: Yνγ = 0.3) [82], and Fang pulsar model [84]. The
range of limits indicates the central 90% energy region. Two lines of the Ahlers model represent different threshold energy of
the extragalactic UHECR component. The deviation of the Kotera and Ahlers models below 108 GeV is due to different models
of the extagalactic background light assumed for the calculation. The wide energy coverage of the current analysis (Fig. 1)
allows a stringent model-dependent limit to be placed for both cosmogenic and astrophysical models.

Fermi-LAT measurements of the diffuse extragalactic γ-ray background [62, 63]. Our constraints on these models
imply that the majority of the observed γ-ray background is unlikely to be of cosmogenic origin.

Limits on cosmogenic neutrino models [64, 65] using two classes of source-evolution functions are presented in
Table I. One evolution function is the star formation rate (SFR) [66], which is a generic measure of structure formation
history in the universe, and the other is that of FRII radio-loud AGN [67, 68]. The cosmogenic models assuming
FRII-type evolution have already been constrained by the previous study [27]. In addition, these strong evolution
models may conflict with the observed γ-ray background [1, 69, 70]. The current analysis not only strongly constrains
the FRII-type but also is beginning to constrain the parameter space where SFR drives UHECR source evolution.
The predicted neutrino spectra and the corresponding model-dependent limits are presented in Fig. 1. When the
primaries are heavy nuclei, photodisintegration is more likely than pion production, hence the flux of cosmogenic
muon neutrinos is suppressed [64, 71–74].

Thus the limit on the proton composition cosmogenic models could also be considered as the limit on the proton
fraction of a mixed-composition UHECR model for the given evolution model.

A more generic scanning of parameter space for the source evolution function, Ψs(z) ∝ (1+z)m, up to the maximum
source extension in redshift z ≤ zmax, was also performed using an analytical parameterization [75]. Because only the
CMB is assumed as the target photon field in the parameterization, the limits are systematically weaker than that on
the models that include extragalactic background light, such as infrared and optical photons, with the given evolution
parameters. The resultant exclusion contour is shown in the upper panel of Fig. 3. Each point represents a given
cosmogenic-neutrino model — normalized by fitting the UHECR spectrum to data [75] — and the contour represents
the exclusion confidence limit calculated using the LLR method. The UHECR spectrum dependence of cosmogenic
neutrino model is also studied in [76]. Our results disfavor a large portion of the parameter space where m ≥ 3.5 for
sources distributed up to zmax = 2. These constraints imply that the sources of UHECRs seem to evolve more slowly
than the SFR. Otherwise, a proton-dominant composition at the highest energies, in particular the dip model [77], is
excluded [78], as studied also in [70, 79, 80].

Astrophysical neutrinos — We tested astrophysical neutrino models for the UHECR sources. One of the ad-
vantages of studying astrophysical neutrino models is that not only proton-dominant, but also mixed- or heavy-
composition UHECR models can be tested with IceCube. The results of the model tests are listed in Table II, and
the limits are shown in the lower panel of Fig. 1.

The AGN models relate the neutrino emission rates in each source with the observed photon fluxes using phenomeno-
logical parameters, such as the baryon loading factor ξcr [81] and the neutrino-to-γ-ray intensity ratio Yνγ [82]. As
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FIG. 2. (Color online) Model-dependent 90% confidence-level limits (solid lines) for (upper panel) proton cosmogenic-neutrino
predictions (dashed lines) from Ahlers [1] and Kotera [64] and (lower panel) astrophysical neutrino fluxes from AGN (BLR)
models of Murase [81] and Padovani (long dashes: Yνγ = 0.8, short dashes: Yνγ = 0.3) [82], and Fang pulsar model [84]. The
range of limits indicates the central 90% energy region. Two lines of the Ahlers model represent different threshold energy of
the extragalactic UHECR component. The deviation of the Kotera and Ahlers models below 108 GeV is due to different models
of the extagalactic background light assumed for the calculation. The wide energy coverage of the current analysis (Fig. 1)
allows a stringent model-dependent limit to be placed for both cosmogenic and astrophysical models.

Fermi-LAT measurements of the diffuse extragalactic γ-ray background [62, 63]. Our constraints on these models
imply that the majority of the observed γ-ray background is unlikely to be of cosmogenic origin.

Limits on cosmogenic neutrino models [64, 65] using two classes of source-evolution functions are presented in
Table I. One evolution function is the star formation rate (SFR) [66], which is a generic measure of structure formation
history in the universe, and the other is that of FRII radio-loud AGN [67, 68]. The cosmogenic models assuming
FRII-type evolution have already been constrained by the previous study [27]. In addition, these strong evolution
models may conflict with the observed γ-ray background [1, 69, 70]. The current analysis not only strongly constrains
the FRII-type but also is beginning to constrain the parameter space where SFR drives UHECR source evolution.
The predicted neutrino spectra and the corresponding model-dependent limits are presented in Fig. 1. When the
primaries are heavy nuclei, photodisintegration is more likely than pion production, hence the flux of cosmogenic
muon neutrinos is suppressed [64, 71–74].

Thus the limit on the proton composition cosmogenic models could also be considered as the limit on the proton
fraction of a mixed-composition UHECR model for the given evolution model.

A more generic scanning of parameter space for the source evolution function, Ψs(z) ∝ (1+z)m, up to the maximum
source extension in redshift z ≤ zmax, was also performed using an analytical parameterization [75]. Because only the
CMB is assumed as the target photon field in the parameterization, the limits are systematically weaker than that on
the models that include extragalactic background light, such as infrared and optical photons, with the given evolution
parameters. The resultant exclusion contour is shown in the upper panel of Fig. 3. Each point represents a given
cosmogenic-neutrino model — normalized by fitting the UHECR spectrum to data [75] — and the contour represents
the exclusion confidence limit calculated using the LLR method. The UHECR spectrum dependence of cosmogenic
neutrino model is also studied in [76]. Our results disfavor a large portion of the parameter space where m ≥ 3.5 for
sources distributed up to zmax = 2. These constraints imply that the sources of UHECRs seem to evolve more slowly
than the SFR. Otherwise, a proton-dominant composition at the highest energies, in particular the dip model [77], is
excluded [78], as studied also in [70, 79, 80].

Astrophysical neutrinos — We tested astrophysical neutrino models for the UHECR sources. One of the ad-
vantages of studying astrophysical neutrino models is that not only proton-dominant, but also mixed- or heavy-
composition UHECR models can be tested with IceCube. The results of the model tests are listed in Table II, and
the limits are shown in the lower panel of Fig. 1.

The AGN models relate the neutrino emission rates in each source with the observed photon fluxes using phenomeno-
logical parameters, such as the baryon loading factor ξcr [81] and the neutrino-to-γ-ray intensity ratio Yνγ [82]. As
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Table 2. Results

weighting TS ns γ p-value Φ90%, E−2.0

νµ+ν̄µ
Φ90%, E−2.19

νµ+ν̄µ
Φ90%, E−2.5

νµ+ν̄µ

Equal 0.81 40.43 3.84 23% 3.91 11.6 44.5

Frequency 0.26 18.00 3.81 38% 2.64 7.79 28.2

Flux 0.21 8.73 4.00 36% 1.74 4.57 14.9

Inverse age 0 0 - - 1.07 2.82 10.7

Note—Best fits for TS, ns and γ. The last three columns are upper limit constraints on the stacking flux with a 90% CL.
The first one has a power-law spectrum E−2.0; the second has E−2.19, which is the measured astrophysical muon neutrino
spectrum by IceCube (Haack & Wiebusch 2018) and the last column follows E−2.5, which is the IceCube all-flavor combined
neutrino spectrum (Aartsen et al. 2015). They are all normalized at 1 TeV with units 10−12 TeV−1cm−2s−1.
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pulsar frequency
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Figure 2. Light gray lines are observed gamma-ray spec-
tra of the sources in this search, and the dark gray line is
the sum of those fluxes. The total uncertainty is estimated
by simply summing up the uncertainty of the flux of each
source. Red, orange, purple, and blue steps show the differ-
ential upper limit on the hadronic gamma-ray emission. The
upper limits are obtained by converting 90% CL differential
upper limit on the neutrino flux, and each color corresponds
to a given weighting method. To avoid uncertainties from
extrapolation, the energy is limited to 100 TeV here.

counterparts. For protongamma interactions, one can
easily adjust protonproton flux by a factor of 2, taking
account the different ratio of charged to neutral pions in
each process.
High-energy gamma-ray flux measurements extend to

tens of TeV, while IceCube neutrinos reach energies of
a few PeV. To avoid the large uncertainties in extrapo-
lation of the high-energy gamma-ray flux, we calculate
differential upper limits assuming an unbroken power-

law spectrum and convert the neutrino limits into upper
limits on a hadronic gamma-ray flux at energies below
100 TeV. Figure 2 shows the differential upper limits
for an E−2 spectrum for different hypotheses tests of
this study compared to the observed cumulative flux
of VHE gamma rays. As expected, the constraints are
stronger at higher energies. At energies between 10 and
100 TeV, the hadronic component of the high-energy
emission from these sources are constrained, if the neu-
trino emission is either correlated with the observed
gamma-ray emission or if younger PWNe are more ef-
ficient neutrino emitters. However, if the emission is
proportional to the pulsar’s frequency, upper limits are
marginally at the same level of the total gamma-ray
emission.

5. CONCLUSION & OUTLOOK

Galactic CRs reach energies of at least several PeV,
and their interactions should generate gamma rays and
neutrinos from the decay of secondary pions. Therefore,
Galactic sources are expected to contribute at some level
to the total high-energy cosmic neutrino flux observed
by IceCube. In the initial survey of the VHE sky by
Milagro (Abdo et al. 2007), where the observed gamma-
ray flux in TeV was found higher than the expected lep-
tonic emission, promising sources had been identified
based on their spectra, assuming that the highest en-
ergy gamma rays are pionic. Early estimates showed
that the observation of these sources were likely in the
lifetime of IceCube (Halzen et al. 2008; Gonzalez-Garcia
et al. 2009). Further observation of the Galactic plane
by IACTs provided more insight, and updated estimates
showed that IceCube would identify those sources pro-
vided that the gamma-ray fluxes did not cut off at
low energies (Gonzalez-Garcia et al. 2014; Halzen et al.
2017). Meanwhile, the majority of the sources in the
plane were identified to be PWNe. Leptonic scenarios
are generally more favored for describing the high-energy

Population of newborn pulsars as sources of 
UHECRs following star formation rate 

excluded at 90% C.L.

No significant correlation between 
IceCube neutrinos and PWN locations

Aartsen et al. 2020

90% C.L. upper limits  
on hadronic gamma-ray emission  
from 35 stacked Pulsar Wind Nebulae

population of pulsars with realistic 
(P,B) distribution



FRB (K.Kashiyama) 34FRB = The Most Powerful Coherent Emission in the Universe

Bochenek et al. 20
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How to produce FRB with X-ray burst? 

ü Trapped fireball + coherent curvature? ü shock + synchrotron maser?

Falcke & Rezzolla 13; KK et al, 13; Pen & Connor 15;
Cordes & Wasserman 16; Lyutikov et al. 16;
Kumar et al. 17; Zhang 17; Lu et al. 20; Ioka 20; …

Hoshino & Arons 91; Gallant, Hoshino, et al. 92
Lyubarsky 14; Murae, KK, Meszaros 16;Waxman 17; 
Beloborodov 17, 19; Metzger et al. 19; Margalit et al. 20; …

The source of the electrons

Electron/position pair dominated Ion + electron dominated?

spindown luminosity            and/or            magnetic flare 

KK & Murase 17 Margalit+17 Beloborodov 17

The NS is born with a millisecond rotation
and a sufficiently high magnetic field

ü A superluminous supernova at its birth?

The magnetar is less than ~100 years old,
significantly more active than those in our galaxy.

ü compatible with the synchrotron maser model

also Kotera-san’s talk
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FRB afterglow (L.Haoxiang) SN1986J → PWN? (S.Tanaka)

CRPHYS2020@YITP

‣ Most FRBs have only 1—10% detectable afterglows at their follow-up sensitivities. 

‣ Considering the sample # < 10, we conclude no strong constraint on merger model.

Detection probability vs FRB radio limits

12

CRPHYS2020@YITP

Jet Ejecta

We approach the question by quantifying the “detection 
probability” of afterglow in the following pattern:


1. Start from the prior knowledge from short GRB 
observations: distributions of isotropic energies, 
ambient densities, microphysical parameters, and jet 
half opening angle.


2. Calculate afterglows of relativistic jet and isotropic 
ejecta rising from the population of mergers, with 
intrinsic variability prescribed by these distributions.


3. Quantify the detection probability (Pdet) of radio 
afterglow as the observable fraction in the population, 
as a function of observed time T, source redshift z and 
detector sensitivity.

Detection probability of afterglow

4

M31? (T.Sudoh)
Comparison to LOFAR data

Tauris & van den Heuvel (2006) • Adding one parameter 
significantly improve the fit. 

• The best-fit efficiency is : 
 

• It degenerates with a 
number of uncertainties 
and assumptions. 

• MSPs may inject significant 
fraction of the power as 
cosmic-ray e+-.

ηe ≃ 1

Ackermann et al. (2017)

Implications

• The center of Andromeda galaxy 
show bright radio and gamma-
ray emission despite its low SFR 

• Our best-fit model naturally 
explains the required cosmic-ray 
electron power 

• Nearby galaxies will be good 
way to differentiate AGN 
contribution

12

Results
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1986J (<30 yr) and Crab 
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One-zone approx. for PWN

• Expanding PWN inside expanding SN 
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• Supplying accelerated e± & B from central 
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• Seeding low-energy electrons from SN 

ejecta and stochastically accelerating them 

to radio-emitting particles by turbulence 
��������"�� ��

• B-field evolution of

#�D,1,*:(

#�D,1,*:(
9=,7:�;7D
)?D!&�

���
!68:/�
)

<latexit sha1_base64="AMmhDYXKAx4mKWRmhnJg3GGmYbQ="></latexit>

4⇡

3
R3

PWN(t)
B2(t)

8⇡
= ⌘B

Z t

0
Lspin(t

0)dt0

<latexit sha1_base64="++bbLVUfsH0FWdrNE7hb6UR8J+4="></latexit>

Lspin = (⌘e + ⌘B + ⌘turb)Lspin

$(5(2(�$(2(/(8(
	



Compact object mergers (I.Bartos) 36

Possibility to detect Past NS by radio?Difficulty to observe EM counterpart

Importance to connect GW lovers...

Can we uncover past neutron star 
mergers in archival radio surveys?

• No radio flare has been detected from neutron star mergers.

q Radio flares are not detectable unless the merger is nearby.

q The merger also needs to be in a dense interstellar medium, 

which is typically not expected (Metzger & Merger 2012).

(e.g. GW170817 is close but is in a very sparse medium)

• But: atypical ≠ never!

ü A long-term radio signal (FIRST J1419+3940) 87 Mpcs away is 

better explained with a merge origin than alternative 

explanations (afterglow).

ü Would be first such discovery.

Lee, Bartos+ ApJ Lett 2020

Electromagnetic follow-up can be difficult

Hosseinzadeh+ 2019

• We were spoiled by GW170817.

• No GRB / high-energy neutrino counterpart.

• Dozens of observatories, 100s of observations 
(>230 GCN circulars).

• Extensive observation campaign only covered 
~50% of volume.

• Many false positives.

• Galaxy targeted searches --- < 1% covered.

GW190425
Poor localization is not a problem 
for neutrino follow-up.
IceCube ApJ Lett. 898:L10 2020

IceCube follow-up of gravitational-wave candidate S191216ap

• IceCube followed up all of LIGO/Virgo’s publicly 
announced candidates.

• Low latency (mostly it was the first detector to report the 
results of the follow-up).

• One particularly interesting overlap: S191216ap
Ø Classified as “mass gap” by LIGO/Virgo

Ø Bayesian coincidence analysis (Bartos+ PRD 2019) 

identified overlap significance of 2.5$.

Ø Coincidence substantially shrunk the error region for 

follow-up observations.

Ø The HAWC high-energy gamma detector identified an 

interesting coincident sub-threshold event.

Ø The Swift satellite carried out X-ray follow-ups in the jointly 

found direction, but did not find any signal.

Keivani,…,Bartos+ 2020
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X-ray future instruments 38

FORCE mission
Focusing On Relativistic universe and Cosmic Evolution 

PI: Koji Mori (Miyazaki U)
Target launch year ~2030

X-ray Super-mirror
ü Light-weight Si 

mirror provided 
by NASA/GSFC

ü Multi-layer coating directly 
on the Si mirror surface

ü Unprecedented angular resolution of <15” in hard X-ray

Wideband Hybrid X-ray Imager (WHXI)
ü New Si sensor (SOI-CMOS) + CdTe hybrid 
ü Low BG with active shield, the same 

concept as the A-H’s hard X-ray         
detector

ü Wideband sensitivity                                   
of 1-80 keV

C: K.. Mori

XRISM, FORCE (Y.Ueda) 
and then ATHENA...

cipher: a CubeSat-Based  Hard X-ray Imaging Polarimetry  
(T.Kasuga)

Connecting	high-energy	astroparticle	physics	for	origins	
of	cosmic	rays	and	future	perspectives 11

Demonstration of cipher

Dec.	09,	2020

We did a new beam experiment last month
with this equipment.

polarimeter
(CMOS) imager

(Coded Aperture)

collimator
DAQ
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Towards deeper understanding…

・Confirmation of 9 sec hard X-ray pulsation 
NuSTAR proposal for additional observation, or to analyze other X-ray data 
・Brush up the magnetar binary model 
・Need for a new MeV gamma-ray observation 
Several Compton telescope missions are being prepared! Hope to get new 
results of gamma-ray binaries 

53

AMEGO,
60 DSSD layers! 

planed to be 
launched in > 2029

GRAMS,
Liquid argon TPC 

Compton telescope

SMILE,
Gas TPC Compton 

telescope

COSI,
Germanium Compton 

telescope, SMEX 
proposal is selected
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Future neutrino observatory (I.Taboada, S.Wissel) 40

RNO-G EXPECTED SENSITIVITY 

18

95% CL Upper limit 
5 years

Estimate of  
Trigger level sensitivity 
after 10 years  
(including 70% lifetime)

LOCATION, LOCATION, LOCATION

➤ South Pole (ARA, ARIANNA-200, Gen2): Identical view of UHE neutrino sky as IceCube,  
deep glacial ice yields the longest attenuation lengths → largest effective volume/station 

➤ Moore’s Bay (ARIANNA): Lower polar latitude + reflections off bottom surface of ice shelf yield broadest 
sky coverage  

➤ Summit Station (RNO-G): Lower polar latitude in the North → broader sky coverage that overlaps with 
IceCube’s hotspots at lower energies 

11

360 0180270 90

Radio Detector Instantaneous Sky Coverage RNO-G Sky Coverage

RA

Dec

Step 6: Where?

IceCube Gen-2
8 times the instrumented (optical) volume + radio component.
5x better time-integrated point source sensitivity than IceCube (E-2) 
Threshold is ~30 TeV (‘Standard’ IceCube’s is ~1 TeV)
Better angular resolution, specially above ~100 TeV

I. Taboada | Georgia Inst. of Tech. 14
Gen2 Whitepaper: arXiv:2008.04323

HYBRID DESIGN: RNO-G
➤ Largest footprint 

➤ Deep phased array trigger  

➤ Surface antennas for improved 
pointing,  
CR veto, independent trigger 

➤ 24/7 comms: LTE + satellite 

➤ Low power design for 
scalability – targeting 10% 
demonstrator for Gen2-radio 

➤ Testing out deployment 
strategies & new drilling 
options

16

35 stations ~ 40 km2

Current (COVID-friendly) deployment plan:  
up to 10 stations 2021, 25 stations 2022-2023



GRAND at the highest energy neutrinos (R.Liu) 41

GRANDProto300 long-term monitoring: started this summer!

• overall excellent electromagnetic 
conditions

• noise rate dominated by self-induced 
noise

• in 24 hours: only 15 events triggered 
by all 3 stations

• new tests within next months with low-
noise equipment

C. Timmermans, Monthly GRAND Meeting Sept. 2019

20

Q
W >30 km

few
kms

radio detection: a mature and autonomous technique
AERA, LOFAR, CODALEMA/EXTASIS, Tunka-Rex, TREND

radio antennas cheap and robust: ideal for giant arr

geomagnetic effect:
radio signal
few 100 MHz

1017.5 eV shower
50-200 MHz radio emission
side view

E > 50 ߤV/m

The GRAND Concept

Inclined showers with mountain targets

©c ~1°

~400 m~400 m

~10 km

Xmax

vertical shower

dense array 
needed



Trinity (N.Otte) 42

Nepomuk Otte 14

Trinity: Single-Telescope Sensitivity

$500k

5 years

A single telescope will detect 
astrophysical neutrinos provided 
the spectrum does not cut off.

differential

integral

Nepomuk Otte 12

Trinity: An Optimized PeV Threshold UHE-
Neutrino Detector

2
 k

m

top view

side view

 2 km above ground

 360° azimuthal acceptance (six 60° FoV telescopes)

 Three sites (18 telescopes)

 10 m2 effective mirror area

 3° FoV above horizon, 2° FoV below horizon

 0.3° angular resolution

 Silicon photomultipliers instead of bialkali photomultipliers

 $15 M (telescopes + infrastructure)

Suitable sites for Trinity with existing infrastructure: 
   Frisco Peak, UT; Hawaii; Canary Islands La Palma and Tenerife
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Stars

EUSO-SPB2 (M. Bagheri) K-EUSO and POEMMA (Y.Takizawa)

POEMMA mission
Stereo observation

POEMMA team is working on a conceptual design for selection 
of the 2020 Astronomy and Astrophysics Decadal Survey .

K-EUSO lens manufacturing

28

Production	of	slumping	molds

Convex moldConcave mold

27th November

UV transparent PMMA 
 3rd December 

A CAD image of lens manufacturing 
Lens manufacturing will start from January 2021. 

2.4 m
1.4 m

1.2 m

0.7 m
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Connecting high-energy astroparticle physics 
for origins of cosmic rays and future perspectives 

December 7 - 10, 2020, Yukawa Institute for Theoretical Physics, Kyoto University, Kyoto, Japan 
 

Invited talk (25 min + 5 min), Oral contribution (10 min + 5 min), Poster talk (5 min + on-site display) 
Time-zone: Japan Standard Time 

 
12/7 (Mon.)  
13:00-14:30 Registration 

14:30-15:20 Welcome coffee, Opening, Self-introduction (1 min/person) (optional) 

 
15:30-19:00 Session1 Chairperson: Kohta Murase 

15:30-16:00 Kazumasa Kawata 100 TeV Gamma-Ray Observation with Extensive Air Shower Arrays 

16:00-16:15 Sei Kato VHE gamma-ray astronomy using the prototype array of a new extensive air-shower-array 

  experiment ALPACA in the southern hemisphere 

16:15-16:30 Kimura Shigeo Gamma-ray and neutrino emission from radiatively inefficient accretion flows  

16:30-17:00 Foteini Oikonomou High-energy neutrino emission from blazars 
[30 minutes break] 

17:30-18:00 Yana Zhezher Overview of the Telescope Array experiment 
18:00-18:30 Olivier Deligny The UHECR science after 15 years of operation of the Pierre Auger Observatory 

18:30-19:00 Anatoli Fedynitch Hadronic interactions in cosmic ray physics 
 

12/8 (Tue.) 
09:00-12:30 Session2 Chairperson: Aya Ishihara 

09:00-09:30 Takatomi Yano Neutrino astrophysics prospect at Super-Kamiokande and Hyper-Kamiokande 
09:30-10:00 Ignacio Taboada Recent Astrophysical results of IceCube 

10:00-10:30 Stephanie Wissel Radio detection of ultrahigh-energy neutrinos: present and future 
[30 minutes break] 

11:00-11:30 Nepomuk Otte Trinity: An Air-Shower Imaging Instrument to detect Ultrahigh-Energy Neutrinos 
11:30-12:00 Ruoyu Liu The Giant Radio Array for Neutrino Detection 
12:00-12:15 Mahdi Bagheri The UHE-Neutrino Cherenkov telescope onboard EUSO-SPB2 

12:15-12:30 Susumu Inoue High-energy neutrino and gamma-ray emission from AGN-driven winds 

 

14:30 - 15:00 Poster session (5 min / person) and coffee,  Chairperson: Wataru Ishizaki 
Satoshi Takashima GRAMS project: A MeV gamma-ray large area telescope using liquid argon and its concept study 

Susumu Inoue The Blazar Hadronic Code Comparison Project 

Ken Matsuno Particle acceleration by ion-acoustic solitons in plasma in a magnetic field 

Ken Ohashi Effects of diffractive collisions on predictions of the number of muons in the air shower 

Tomohiko Oka The time-evolution measurement of a diffusive shock acceleration using supernova remnants and local 

molecular clouds 

 

15:30-19:15 Session3 Chairperson: Hiroaki Menjo 
15:30-16:00 Teruaki Enoto High-Energy Atmospheric Physics of Lightning and Thunderstorms Observed along the 
  Sea of Japan 
16:00-16:30 Markus Alhers Cosmic-Ray Anisotropy 
16:30-17:00 Roberta Colalillo The Pierre Auger Observatory and the study of atmospheric electricity phenomena 

[30 minutes break] 

17:30-18:00 Ioana Maris Future Detectors for Measuring Ultra High Energy Cosmic Rays from the Ground 
18:00-18:30 Maria Petropoulou Blazar neutrinos: implications of recent IceCube observations 
18:30-19:00 Walter Winter Gamma-ray bursts and tidal disruption events as the sources of UHECRs and neutrinos 
19:00-19:15 Norita Kawanaka Origin of Spectral Hardening of Secondary Cosmic-Ray Nuclei  
 

12/9 (Wed.) 
09:00-12:10 Session4 Chairperson: Kunihito Ioka 

09:00-09:30 Yoshihiro Ueda The origin of the cosmic X-ray background 
09:30-10:00 Yoshiyuki Inoue Future Prospects of MeV Gamma-ray Astronomy 
10:00-10:30 Keith Bechtol Using optical surveys to explore the origin of cosmic rays 

[25 minutes break] 
10:55-11:25 Andreas Zoglauer Future missions in the MeV domain: COSI & AMEGO 
11:25-11:55 Atsushi Takada MeV gamma-ray observations utilizing electron-tracking Compton cameras loaded  
  on balloons 
11:55-12:10 Nagisa Hiroshima Dark matter search in extended dwarf spheroidal galaxies with CTA 

 

14:30 - 15:00 Poster session (5 min /person) and coffee,  Chairperson: Wataru Ishizaki 
Yutaka Fujita Intrusion of Cosmic-Rays into Molecular Clouds Studied by Ionization, the Neutral Iron Line, and Gamma-Rays  
Yugo Omura NICHE detector and analysis results 
Ryo Sawada A Consistent Modeling of Neutrino-driven Wind with Accretion Flow onto a Protoneutron Star and its  

 Implications for 56Ni Production 
Kenta Terauchi The Fluorescence detector Array of Single-pixel Telescopes: The next-generation cosmic ray observatory 

 

15:30 - 19:00 Session5 Chairperson: Yudai Suwa  
15:30-16:00 Yutaka Ohira Cosmic-ray acceleration in supernova remnants 
16:00-16:15 Naomi Tsuji Systematic study of acceleration efficiency in young supernova remnants 
16:15-16:30 Hiromasa Suzuki Observational gamma-ray and X-ray study on cosmic-ray escape from supernova remnants 
16:30-16:45 Tomoaki Kasuga cipher: a CubeSat-Based Hard X-ray Imaging Polarimetry Mission 

[30 minutes break] 
17:15-17:45 Kumiko Kotera Pulsars and magnetars as high-energy cosmic particle sources 
17:45-18:15 Andrew Taylor Particles Acceleration in the Jets of Centaurus A 
18:15-18:30 Merten Lukas Ultra-high Energy Cosmic Rays Acceleration in FR 0 Radio Galaxies 
18:30-19:00 Yoshiyuki Takizawa Observation of ultra high energy cosmic rays from space (K-EUSO and POEMMA) 

 
12/10 (Thu.) 
09:00-12:45 Session6 Chairperson: Tsuyoshi Nakaya 

09:00-09:30 Kazumi Kashiyama Fast Radio Bursts: A Mystery Being Solved? 
09:30-09:45 Lin Haoxiang Afterglows of neutron star mergers and fast radio bursts 
09:45-10:15 Imre Bartos Compact object mergers as high-energy multi-messenger sources 
10:15-10:30 Shuta Tanaka Stochastic acceleration model of very young pulsar wind nebula associated with SN 1986J 

[30 minutes break] 
11:00-11:30 Ke Fang High-energy Cosmic Particles by Black-hole Jets in Galaxy Clusters 
11:30-12:00 Ali Kheirandish High-Energy Neutrinos as Probes of New Physics 
12:00-12:15 Ryo Higuchi Effects of Galactic magnetic field on the UHECR anisotropy studies 
12:15-12:30 On Alvina Yee Lian Diagnosing the invisible: cosmic magnetism and the radio sky 
12:30-12:45 Takahiro Sudoh Millisecond Pulsars Modify the Radio-SFR Correlation 

 
14:30 - 16:00 Summary Chairperson: Toshihiro Fujii 
   14:30-15:30 Overview Discussion and Summary 
   15:30-16:00 Workshop Photo and Closing 

Productive discussions in Slack channels...



What's your targeted physics in next decades?
Galactic origin cosmic rays  

Transition of Galactic/extra-Galactic 

Identifying UHECR sources 

Heavy Dark Matter search 

Physics Beyond Standard Model 

Reduce atmospheric neutrino flux uncertainty 

Understand current observables of UHECR 

Lunar exploration by neutrons 

Atmospheric electricity physics 

HL-GRB, LL-GRB, TDE 

More specific acceleration theory

45

Ion acceleration in neutrino star 
magnetospheres 

Prove our local magnetic environment  

Origin of SMBH coevolution 

Cosmic history, Cosmic Dawn (z~20) 

Small scale anisotropy of UHECRs 

Association with UHE neutrinos GW, 
FRB 

More binary mergers 

HE emission from SMBH 

High energy messengers 

Cosmic Ray Grand Unified Theory 



What we need to accomplish is...
Multi-wavelength and multi-particle 
observations 

Next generation experiments with 
more sensitive and precision 
measurements 

Fund, Money, Grant!! 

Next-generation detectors 

"New window" at MeV 

Understanding interaction models 

Connection to GW physics 

Detailed simulations  

Next paradigm shift, such as GW

46

Collaborating among different 
experiments and observatories 

Multi-messenger network 

Data analysis infrastructures 

UHE neutrinos 

TeV-PeV cosmic rays, 100 TeV gamma 
rays 

Precise measurement of SNR 

Non-GW signatures from BBH 

BH mergers contribute overall radiation in 
the universe? 

Small-size experiments for career of 
young scientist



A series of workshops... 
( just my personally)
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https://kicp-
workshops.uchicago.
edu/hem2014/

https://kicp-workshops.uchicago.edu/
uheap2016/

http://www2.yukawa.kyoto-u.ac.jp/~crphys2020/

2014

2016

2020

2023?

https://kicp-workshops.uchicago.edu/hem2014/
https://kicp-workshops.uchicago.edu/hem2014/
https://kicp-workshops.uchicago.edu/hem2014/
https://kicp-workshops.uchicago.edu/hem2014/
https://kicp-workshops.uchicago.edu/hem2014/
https://kicp-workshops.uchicago.edu/hem2014/
https://kicp-workshops.uchicago.edu/uheap2016/
https://kicp-workshops.uchicago.edu/uheap2016/
https://kicp-workshops.uchicago.edu/uheap2016/
https://kicp-workshops.uchicago.edu/uheap2016/
http://www2.yukawa.kyoto-u.ac.jp/~crphys2020/
http://www2.yukawa.kyoto-u.ac.jp/~crphys2020/


Hope productive physics results in next decades...  
Stay well and see you soon!

48



Backup 49



Hope a lot of new physics results in next decades. 
Stay well and  see you soon!

50



Join Slack
Login Slack from the invitation link 

LINK: https://join.slack.com/t/crphys2020/shared_invite/zt-
jk0gk9yt-38CSaPdUo40t4UnLFcZFhA 

Unlimited discussion during workshop 

English or Japanese（日本語） 

Please upload your slide via Slack (after removing your confidential slides) 

Please compress your PDF below 100 MB 

Alternatively, just send slide by an email to crphys2020@yukawa.kyoto-u.ac.jp 

The slides will be shared among participants
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mailto:crphys2020@yukawa.kyoto-u.ac.jp
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https://join.slack.com/t/crphys2020/shared_invite/zt-jk0gk9yt-38CSaPdUo40t4UnLFcZFhA
mailto:crphys2020@yukawa.kyoto-u.ac.jp


Cosmic Ray Grand Unified Theory (CR-GUT) 524

They are expected to be produced in high-energy hadronic
processes in our Universe either directly from decaying
hadrons or from decaying charged leptons produced in the
hadronic interactions [13]. Regions of charged-particle ac-
celeration are prime candidates for high-energy neutrino
sources. The observation of EeV cosmic rays indicates
that objects of large size or high magnetic field strength
are accelerating charged particles to high energies, nar-
rowing the search for neutrino sources to a subclass of
objects [14, 15]. The diffuse cosmic ray, gamma ray, and
neutrino fluxes show similar energy content despite their
disparate energy regimes, as recent data demonstrates
(Fig. I.1). Despite this information and a wealth of cosmic-
ray observations, the sources of ultra-high-energy cosmic
rays are an unresolved mystery [16]. Thus, much like
solar neutrinos, which can escape their birthplace, high
energy astrophysical neutrinos are an indispensable probe
for cosmic-ray sources, providing insight into the long-
standing problem of the origin of cosmic-rays, as they can
escape dense environments and reach us unperturbed. By
studying their flux and energy spectrum, constraints can
be placed on the acceleration environments that produce
these neutrinos.

High-energy astrophysical neutrinos are also power-
ful probes of new physics [17]. This is in large part
because neutrinos are charged under flavor [13, 18, 19],
unlike other cosmic messengers. New nontrivial flavor
interactions can arise from a breaking of space-time sym-
metries [20, 21], secret neutrino interactions with the
cosmic-neutrino background [22–25], flavored dark-matter
neutrino interactions [26–28], or other nonstandard inter-
actions [29]. Beyond flavor, the very long distances tra-
versed by high-energy astrophysical neutrinos can be used
for accurate time-of-flight [30] and neutrino-flux spectral
distortion [31] measurements. High-energy astrophysical
neutrinos can probe very heavy decaying and annihilating
dark matter, whose other Standard Model products will
not reach Earth [32]. Finally, these neutrinos can also
probe the high-energy neutrino-nucleon cross section [33–
38]. Such a measurement is of interest due to the possibil-
ity of observing gluon screening [39], which could reduce
the cross section at the highest energies [40–42], or of un-
covering new physics phenomena, e.g., low-scale quantum
gravity [43], leptoquarks [44–50], sphalerons [51, 52], and
micro black hole production [53, 54]; see [55] for a recent
review.

The IceCube Neutrino Observatory has firmly estab-
lished the existence of high-energy astrophysical neu-
trinos. Northern sky measurements of through-going
muon tracks [56, 57], all-sky measurements using events
with interaction vertices contained in the detector fidu-
cial volume [58–61] such as high-energy starting events
(HESE), and additional studies extending to lower ener-
gies with contained cascades [62, 63] have all contributed
to the characterization of the astrophysical neutrino flux.
Archival and real-time directional searches have found
an excess with respect to background from a starburst
galaxy [64] and evidence of neutrino emission associated

10�1 101 103 105 107 109 1011

Energy [GeV]

10�10

10�9

10�8

10�7

10�6

E
2
·�

[G
eV

cm
�

2
s�

1
sr

�
1 ]

Gamma rays (Fermi 2017)

Neutrinos (HESE 7.5yr, this work)
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FIG. I.1. High-energy fluxes of gamma rays, neutrinos,
and cosmic rays. The segmented power-law neutrino flux,
described in Section VI A 5, obtained in the analysis described
in this paper, is shown with red circles. The single power-law
assumption, described in Section VIA1, is shown with the
light red region. The high-energy gamma-ray measurements
by Fermi [73] are shown in orange, while the extremely-high-
energy cosmic-ray measurements by the Pierre Auger Obser-
vatory [74] are shown as purple data points. The comparable
energy content of these three fluxes is of particular interest in
the investigation of cosmic-ray origin.

with a blazar [65, 66]. However, the energy spectrum,
directional distribution, and composition of this neutrino
flux are still too poorly constrained to differentiate be-
tween many astrophysical scenarios. This work focuses
on measuring the astrophysical neutrino spectrum us-
ing events with their interaction vertex contained inside
a fiducial volume; see [67] for additional details. The
astrophysical flux measurement assumes that the flux
is isotropic and equal in composition between all neu-
trino species, whose end result is shown in Fig. I.1. We
also present a directional search for neutrino sources in
Appendix H. Other work with this sample includes the
measurement of the neutrino flavor composition [68], the
search for additional neutrino interactions [69, 70] and
dark matter in the galactic core [71], and the measurement
of the neutrino cross section [72].

This paper is organized as follows. In the first sec-
tions, II, III, IV, and V the detector is described, the event
selection is defined, and relevant backgrounds, system-
atics, and statistical methodology are discussed. In Sec-
tion VI, the results of this work concerning the isotropic
astrophysical flux are presented. Each of the results sub-
sections begins with a brief summary in italics, followed
by detailed discussions. Finally, Section VII summarizes
the main conclusions of this work.

IceCube Collaboration, arXiv:2011.03545
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Figure 1: The function Pp(rL, Ei;Ef ), which represents the probability that a UHECR
emitted by a source at luminosity distance rL, with initial energy Ei, will be observed with
final energy above Ef , here shown as a function of propagation distance for Ei = 200 EeV
and Ef � 40, 60, 80, 100 EeV.

2 Methodology

We study the correlation between the arrival directions of the 69 PAO observed events (sec-
tion 2.1) and the distribution of matter in the local LSS which we model using the 6dF
(section 2.2) and the PSCz (section 2.3) catalogues. In section 2.4 we present our models of
UHECR source distribution. Throughout this analysis we take into account the non-uniform
PAO exposure (section 2.1). In section 2.5 we explain our treatment of the expected UHECR
random magnetic deflections. In section 2.6 we present our statistical approach.

2.1 The Pierre Auger observatory

The PAO, in Malargue Argentina is a cosmic ray observatory dedicated to the detection of
cosmic rays of energy greater than of 1 EeV. Data taking started in January 2004 and since
then the arrival direction and reconstructed energy of 69 UHECRs exceeding 55 EeV have
been published. At the PAO, which has a detection area of 3000 km2, UHECR particle show-
ers are detected by 1600 ground based Cherenkov detectors surrounded by 24 fluorescence
telescopes, which measure the amount of energy dissipated in the atmosphere in the form
of ultra-violet radiation [33]. The combination of these two techniques provides the most
accurate reconstruction of UHECR shower geometry to date. Full time operation ensures
an exposure which is uniform in right ascension and fully e�cient for zenith distance up to
✓m = 60�. The PAO exposure is a function of declination and is given by [34]:

!(�) / cos(a0) cos(�) sin(↵m) + ↵m sin(a0) sin(�), (2.1)

– 3 –

JCAP05(2013)015

The high-energy neutrino sky (2017) 

25 

P(astro)>50% HESE+HEMU 



Chemical composition 54

E [eV]
1510 1610 1710 1810 1910 2010

]2
 [g

/c
m

〉
m

ax
X〈 

450

500

550

600

650

700

750

800

850

QGSJetII
Sibyll2.1
EPOSv1.99

proton

iron

2=17 g/cm〉∆〈TA, preliminary, 
2=26 g/cm〉∆〈HiRes, 

HiRes/MIA
CASA-BLANCA
Yakutsk
Tunka
Auger

E [eV]
1810 1910 2010

]2
 [g

/c
m

〉
m

ax
X〈 

700

720

740

760

780

800

820

840

Figure 8: Measurements of hXmaxi with non-imaging Cherenkov detectors (Tunka [118, 126], Yakutsk [127, 128], CASA-BLANCA [123]) and fluorescence
detectors (HiRes/MIA [129], HiRes [130], Auger [131] and TA [132]) compared to air shower simulations [133] using hadronic interaction models [36–38]. HiRes
and TA data have been corrected for detector e↵ects as indicated by the h�i values (see text). The right panel shows a zoom to the ultra-high energy region.

A characteristic feature of the lateral light distribution at
ground is a prominent shoulder at around 120 m from the
shower core (cf. Fig. 7) which is due to the strongly forward
beamed emission of the Cherenkov light (✓ air

Ch ⇡ 1.4�) from near
the shower maximum in the atmosphere. The slope of the lat-
eral distribution measured within this 120 m is found to depend
on the height of the shower maximum and hence on the mass
of the primary cosmic ray nucleus. The overall Cherenkov in-
tensity at distances beyond the shoulder, on the other hand, is
closely related to the calorimetric energy.

The hXmaxi measurements from BLANCA [123],
Tunka [118, 126] and Yakutsk [125] are shown in Fig. 8.
At low energies (E < 1016 eV) the three measurements disagree
by up to 40 g/cm2, but all three detectors observed small elon-
gation rates above 5 ⇥ 1015 eV, indicating a change towards a
heavier composition. At around 1017 eV the absolute values of
hXmaxi from Tunka and Yakutsk are approaching the simulation
results for heavy primaries and beyond that energy the average
shower maximum increases again towards the air shower
predictions for light primaries. At even higher energies, only
the Yakutsk array measured hXmaxi with Cherenkov detectors
and we will discuss this range in the next section together with
the data from fluorescence telescopes.

3.3. Fluorescence Telescopes
After the first prototyping and detection of fluorescence light

from air showers [138–140], the Fly’s Eye detector [141] and its
successor HiRes [142] established the measurement of the lon-
gitudinal development of air showers using fluorescence tele-
scopes and studied the evolution of the shower maximum with
energy [143, 144]. Currently, two observatories are in operation
that use the fluorescence technique for the determination of the
energy scale and for composition studies: The Pierre Auger Ob-
servatory in the Southern hemisphere [145] and the Telescope
Array (TA) in the Northern hemisphere [84].

The measurement of the longitudinal air shower development
with fluorescence telescopes relies on the fact that the charged
secondaries of an air shower excite the nitrogen molecules in
the atmosphere that in turn emit fluorescence light. Since the
light yields [146] are proportional to the energy deposited in
the atmosphere, this observation allows to reconstruct the lon-
gitudinal development of the air shower as a function of slant
depth.

A typical example of a reconstructed energy deposit profile
of an ultra-high energy air shower is shown in Fig. 9. For this
particular shower, the full profile was observed and the total
calorimetric energy could be obtained by simply adding up the
data points. In general, however, only part of the profile can be
detected, because the shower either reaches ground or its ris-
ing edge is obscured by the upper field of view boundary of
telescope. Therefore, the profile is usually fitted with an appro-
priate trial function [147] that allows the extrapolation of the
shower outside of the field of view and to below ground level.
Popular choices for fitting longitudinal profiles are the Gaisser-
Hillas function [111] (used e.g. by Auger [148]) or a Gaussian
in shower age [149] as it was used for the final HiRes analy-
ses. The calorimetric energy of the shower is then given by the
integral of the fitted energy deposit profile.

In addition to the calorimetric energy, the measurement of
the longitudinal energy deposit profile provides a direct ob-
servation of the shower maximum. As can be seen in Fig. 9,
where simulated longitudinal shower profiles are superimposed
on the measured profile, even on a shower-by-shower basis a
rough distinction between heavy and light primaries is possi-
ble by comparing the position of Xmax. In principle, the full
distribution of shower maxima for showers with similar energy
contains the maximum information about composition that can
be obtained from fluorescence detectors. Given enough statis-
tics and an exact knowledge of the expected distributions for
di↵erent primaries, it should be possible to extract composition
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Figure 3: Air shower simulation of the number of muons vs. electrons at ground level for a vertical shower observed at 800 g/cm2. Contour lines illustrate the
regions which include 90 % of the showers and the inset shows a detailed view at 1020 eV.

for A 2 [1, 56]. To illustrate the discriminative power of the
�(Xmax)-hXmaxi combination, three models for energy evolu-
tion of the extragalactic cosmic ray composition [8, 11, 23] are
shown as well.

2.2. Particles at Ground
Another way of detecting cosmic rays and to estimate their

mass is given by the measurement of particle densities of air
showers at ground. In the calorimeter analogy of the previ-
ous section, this would correspond to a calorimeter with only
one active readout plane and correspondingly this measurement
technique is more susceptible to shower-to-shower fluctuations.
Nevertheless, ground measurements are still frequently used in
cosmic ray detectors because of their geometric acceptance and
high duty cycle.

An estimate of the qualitative dependencies of the number
of muons and electrons on primary mass and characteristics of
hadronic interactions can again be obtained within the Heitler
model. Given the average multiplicity N of each interaction,
the energy of charged and neutral pions in a shower initiated by
a primary proton of energy E is E⇡ = E/Nn after the nth in-
teraction if one (somewhat unrealistically) assumes an energy
independent multiplicity. This energy splitting continues un-
til the charged pion energy reaches the decay energy at which
the hadronic interaction length �int becomes equal to the decay
length �dec = ⇢ � c⌧, where ⇢ is the height-dependent density of
air, � denotes the Lorentz-boost and ⌧ is the pion lifetime. For a
shower with incident angle ✓ in an isothermal atmosphere with
scale height h0, the density at slant depth X is

⇢(h) =
X
h0

cos ✓ =
n�int

h0
cos ✓. (15)

Therefore, the condition �int = �dec leads to a decay energy that
is independent of the interaction length. It is reached after nd

interactions for which

nd N�nd =
h0

c⌧
m⇡ c2

E
1

cos ✓
(16)

and therefore

nd = �
W�1

⇣
� h0

c⌧
m⇡ c2

E
ln N
cos ✓

⌘

ln N
, (17)

where W�1 denotes the lower branch of the Lambert-W function
(see e.g. [53]). The decay energy is then given by

"⇡d =
E

Nnd
(18)

for which we find numerical values of a few tens of GeV and a
slow decrease with primary energy in agreement with the esti-
mates of [43]. The total number of muons produced in a shower
is equal to the number of pions with E⇡ = "⇡d and therefore

N p
µ ⇡

 
E
"⇡d

!�
(19)

with

� =
ln 2

3 N
ln N

, (20)

where the factor 2
3 gives the approximate fraction of charged

pion secondaries. Air shower simulations predict � to be in the
range of 0.88 to 0.92 [42], corresponding to e↵ective multiplic-
ities from 30 to 200 in Eq. (20). It is interesting to note, that
because the interaction length drops out in the calculation of nd
(cf. Eq. (16)), the number of muons at ground are expected to
be independent of �int.

The number of electrons at shower maximum, i.e. at the point
at which the electron energies become too low to produce new
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Figure 1: Air shower simulation of the shower maximum vs. calorimetric energy. Contour lines illustrate the regions which include 90 % of the showers and the
inset shows a detailed view at 1020 eV.

where X0 ⇡ 36.62 g/cm2 is the radiation length in air and
"em

c ⇡ 84 MeV is the critical energy in air at which ionization
and bremsstrahlung energy losses are equal. If the total multi-
plicity of hadrons produced in the main interaction is N and the
average hadron energy is E/N, then the shower maximum of a
primary proton is

hXp
maxi ⇡ �p + X0 ln

 
E

2N"em
c

!
(3)

where both the hadronic interaction length and particle pro-
duction multiplicity are energy dependent. The factor 2 takes
into account that neutral pions decay into two photons. Fur-
thermore, the shower maximum is expected to be influenced
by the elasticity of the first interaction, ela = Elead/E, where
Elead is the energy of the highest energy secondary produced
in the interaction. For interactions with ela > 0.5 most of the
primary energy will be transferred deeper into the atmosphere
and correspondingly the shower maximum will be deeper. We
are not aware of a consistent treatment of the elasticity within
a Heitler model for the longitudinal development, however us-
ing air shower simulations, the dependence on the elasticity fits
well to

hXp
maxi ⇡ �p + X0 ln

 
elaE

2N"em
c

!
. (4)

The elongation rate [46–48] is a measure of the change of
the shower maximum per logarithm of energy,

D =
dhXmaxi
d ln E

. (5)

For protons and constant elasticity Eq. (4) gives

Dp =
dhXp

maxi
d ln E

⇡ X0 (1 � BN � B�) (6)

where the changes in multiplicity and interaction length are
given by

BN =
d ln N
d ln E

and B� = �
�p

X0

d ln �p

d ln E
. (7)

Since hadronic interaction models predict an approximately
logarithmic decrease of �p with energy and N _ E�, Dp is
approximately constant and therefore

hXp
maxi ⇡ c + Dp ln E, (8)

with parameters c and Dp being dependent on the charac-
teristics of hadronic interactions. Using the aforementioned
(semi-)superposition assumption, one obtains

hXA
maxi = hXp

max(E0 = E/A)i = c + Dp ln(E/A) (9)

and at a given energy the average shower maximum for a mixed
composition with fractions fi of nuclei of mass Ai is

hXmaxi ⇡
X

i

fi hXAi
maxi = hXp

maxi � Dp hln Ai. (10)

This equation explicitly demonstrates the relation of hXmaxi to
the average logarithmic mass of the cosmic ray composition,
hln Ai = P

i fi ln A.
The numerical value of Dp from air shower simulations is

about 25 g/cm2 (or about 60 g/cm2 for the change in hXmaxi per
decade, Dp

10 = ln(10) Dp) and therefore proton and iron induced
air showers are expected to di↵er by around Dp(ln 56 � ln 1) ⇡
100 g/cm2. Moreover, if the hadronic cross sections and mul-
tiplicities rise with energy (and if there are no sudden changes
in the elasticity as for instance suggested in [49]), then Eq. (7)
leads to Linsley’s elongation rate theorem which states that the
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Figure 13: Average logarithmic mass of cosmic ray as a function of energy derived from Xmax measurements with optical detectors for di↵erent hadronic interaction
models. Lines are estimates on the experimental systematics, i.e. upper and lower boundaries of the data presented.

that used this superseded model. Obviously, the systematic dif-
ferences in hXmaxi discussed in the last section propagate di-
rectly to hln Ai. To guide the eye and to be able to compare
the results from optical detectors with those of particle detec-
tors (see below), the upper and lower hln Ai ranges are sketched
in Fig. 13 by solid lines. As can be seen, the experimen-
tal systematics in hXmaxi translates to an uncertainty of about
�(hln Ai) ⇡ ±0.5. The composition trends that were already
visible in Fig. 8 can again be observed in hln Ai: All model
interpretations suggest a gradual increase of the average loga-
rithmic mass of cosmic rays between 1015 eV and 1017 eV fol-
lowed by a transition towards a lighter composition during the
next decade. The heaviest composition with hln Ai ⇡ 3.5 fol-
lows from the Tunka data interpreted with QGSJetII at around
1017 eV. The hln Ai values of HiRes and TA are compatible with
a pure proton composition when using one of the two QGSJet-
flavors. A trend towards a heavier composition would follow
from Auger data for all models and also for HiRes and TA if
interpreted using Sibyll or Epos. It is interesting to note that
the next version of QGSJetII [158] for which some model pa-
rameters were re-tuned to new data from the LHC will have a
similar hXmaxi as Sibyll and thus the combination of any of the

hXmaxi data with one of the contemporary versions of the three
available interaction models will result in a hln Ai significantly
di↵erent from zero at ultra-high energies.

Particle detectors usually do not publish air shower observ-
ables but directly the interpretation in terms of elementary frac-
tions, and in that case only the di↵erences between models with
which the data were analyzed can be used for a limited estimate
of the theoretical uncertainties. Results that were obtained with
out-dated interaction models like e.g. the AGASA measure-
ments [159] will be ignored in the following. Since usually only
fractions of elemental groups are quoted it is not obvious which
value of ln Ai to assign in Eq. (29). To translate the data from
Tibet AS� [89] into hln Ai, we assume equal fluxes of protons
and helium and assign to ‘heavy’ fragments A = 32. However,
we note that the chosen procedure of comparing fluxes from
di↵erent measurement campaigns with di↵erent event selection
and energy calibration may introduce additional systematic un-
certainties particularly in view of the steep power-law spectra
involved, which we can not account for here. For KASCADE-
Grande [92], where the intermediate mass group is composed
of He, C, and Si, we again assume equal fluxes and take the
logarithmic mean of A ' 12. For data that were analyzed in
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1 Introduction
The ground-level muonic component of ultra-high energy
(UHE) air showers is sensitive to hadronic particle interac-
tions at all stages in the air shower cascade, and to many
properties of hadronic interactions such as the multiplicity,
elasticity, fraction of secondary pions which are neutral, and
the baryon-to-pion ratio [1]. Air shower simulations rely
upon hadronic event generators (HEGs), such as QGSJET-
II [2], EPOS [3], and SIBYLL [4]. The HEGs are tuned on
accelerator experiments, but when applied to air showers
they must be extrapolated to energies inaccessible to accel-
erators and to phase-space regions not well-covered by ex-
isting accelerator experiments. These extrapolations result
in a large spread in the predictions of the various HEGs for
the muon production in air showers [5].

The hybrid nature of the Pierre Auger Observatory, com-
bining both fluorescence telescopes (FD) [6] and surface de-
tector array (SD) [7], provides an ideal experimental setup
for testing and constraining models of high-energy hadronic
interactions. Thousands of air showers have been collected
which have a reconstructed energy estimator in both the
SD and FD. The measurement of the longitudinal profile
(LP) constrains the shower development and thus the signal
predicted for the SD, at the individual event level.

2 Production of Simulated Events
In the present study, we compare the observed ground signal
of individual hybrid events to the ground signal of simulated
showers with matching LPs.

The data we use for this study are the 411 hybrid events
with 1018.8 < E < 1019.2 eV recorded between 1 January
2004 and 31 December 2012 and satisfying the event quality
selection cuts in [8, 9]. This energy range is sufficient
to have adequate statistics while being small enough that
the primary cosmic ray mass composition does not evolve
significantly. For each event in this data set we generate
Monte Carlo (MC) simulated events with a matching LP, as
follows:
• Generate a set of showers with the same geometry and
energy, until 12 of them have an Xmax value within one
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Figure 1: Top: The measured longitudinal profile of a
typical air shower with two of its matching simulated
air showers, for a proton and an iron primary, simulated
using QGSJET-II-04. Bottom: The observed and simulated
ground signals for the same event.

sigma of the real event.
• Among those 12 generated showers select, based on the
c2-fit, the 3 which best reproduce the observed longitudinal
profile (LP).
• For each of those 3 showers do a full detector simulation
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The ground-level muonic component of ultra-high energy
(UHE) air showers is sensitive to hadronic particle interac-
tions at all stages in the air shower cascade, and to many
properties of hadronic interactions such as the multiplicity,
elasticity, fraction of secondary pions which are neutral, and
the baryon-to-pion ratio [1]. Air shower simulations rely
upon hadronic event generators (HEGs), such as QGSJET-
II [2], EPOS [3], and SIBYLL [4]. The HEGs are tuned on
accelerator experiments, but when applied to air showers
they must be extrapolated to energies inaccessible to accel-
erators and to phase-space regions not well-covered by ex-
isting accelerator experiments. These extrapolations result
in a large spread in the predictions of the various HEGs for
the muon production in air showers [5].

The hybrid nature of the Pierre Auger Observatory, com-
bining both fluorescence telescopes (FD) [6] and surface de-
tector array (SD) [7], provides an ideal experimental setup
for testing and constraining models of high-energy hadronic
interactions. Thousands of air showers have been collected
which have a reconstructed energy estimator in both the
SD and FD. The measurement of the longitudinal profile
(LP) constrains the shower development and thus the signal
predicted for the SD, at the individual event level.

2 Production of Simulated Events
In the present study, we compare the observed ground signal
of individual hybrid events to the ground signal of simulated
showers with matching LPs.

The data we use for this study are the 411 hybrid events
with 1018.8 < E < 1019.2 eV recorded between 1 January
2004 and 31 December 2012 and satisfying the event quality
selection cuts in [8, 9]. This energy range is sufficient
to have adequate statistics while being small enough that
the primary cosmic ray mass composition does not evolve
significantly. For each event in this data set we generate
Monte Carlo (MC) simulated events with a matching LP, as
follows:
• Generate a set of showers with the same geometry and
energy, until 12 of them have an Xmax value within one
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Figure 1: Top: The measured longitudinal profile of a
typical air shower with two of its matching simulated
air showers, for a proton and an iron primary, simulated
using QGSJET-II-04. Bottom: The observed and simulated
ground signals for the same event.

sigma of the real event.
• Among those 12 generated showers select, based on the
c2-fit, the 3 which best reproduce the observed longitudinal
profile (LP).
• For each of those 3 showers do a full detector simulation
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Local source (maybe Vela) and other population? 56
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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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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., PoS 
ICRC2019 (2020) 842
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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.) Fermi-LAT collaboration, Astrophys.J. 799 (2015) 86 
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The best-fit parameters of the elliptical Gaussian are given in Table 1. 
The position angle of the semi-major axis is compatible with that of the 
radio and X-ray jets18,30.

This is further illustrated in Fig.  1. The Gaussian width of the 
semi-major axis σmaj, together with the obtained ellipticity ε = 1 − σmin/σmaj 
(where σmin is the semi-minor axis) denotes the 39% containment of 
measured γ-rays from Centaurus A. The position of the best-fit model 
using J2000 coordinates is right ascension (RA) 13 h 25 min 30.3 s ± 
(1.4 s)stat ± (1.8 s)sys, declination (dec.) −43° 00′ 15″ ± (15″)stat ± (20″)sys  
(systematic pointing errors taken from ref. 31). This corresponds to a 
slight, insignificant offset (<2 s.d.) of approximately 60″ northeast 
from the position of the galaxy core32.

The physical extension of the semi-major axis of the best-fit elliptical 
Gaussian exceeds 2.2 kpc, implying that a major part of the VHE emis-
sion arises on large scales, far away from the black hole. The derived 
alignment with the jet direction and the known spectral characteristics 
are in line with models where the VHE emission originates from inverse 
Compton (IC) up-scattering of low-energy photons by very energetic 
electrons accelerated along the jet33–35. Figure 2 shows a reproduction 
of the spectral energy distribution (SED) from radio to γ-ray energies 

for jet scales close to 2.2 kpc (see Methods section ‘Theoretical mod-
elling’ for details). The IC emission on these scales is dominated by 
up-scattering of infrared photons emitted by dust, with the scattering 
occurring predominantly in the Thomson regime. Note that the consid-
ered large-scale model is not intended to reproduce the high-energy 
emission below a few GeV, as this part of the SED is usually attributed 
to emission from the core.

Regardless of specific details, the observed VHE extension pro-
vides the first direct evidence for the presence of ultrarelativistic 
electrons with Lorentz factors γ of about 107−108 within an extraga-
lactic large-scale jet (see Methods and Extended Data Fig. 3 for details). 
Assuming a synchrotron origin, the inferred X-ray spectral slope trans-
lates into a photon index of about 2.4, which is close to that derived 
from Chandra observations (2.29 ± 0.05 and 2.44 ± 0.07 for the inner 
and middle region, respectively)36. The results thus substantiate the 
synchrotron interpretation of the X-ray emission seen in the large-scale 
jet of Centaurus A, which was originally motivated largely by similarities 
between the radio and X-ray morphologies2,18. Given that the synchro-
tron lifetimes of these extremely energetic electrons can be as low as 
a few hundred years—that is, considerably less than the travel time 
down the jet which is of the order of thousands of years—the detec-
tion of extended X-ray emission on kiloparsec scales related to syn-
chrotron emission requires the operation of an efficient, extended or 
distributed (re)acceleration mechanism far away from the black hole, 

Table 1 | Best-fit parameters of the elliptical Gaussian model

Parameter Value Statistical error

σmaj (°) 0.041 0.006

σmin (°) <0.013 NA

Ellipticity, ε 0.92 +0.08, −0.23

Position angle, φ (°) 43.4 +7.7, −7.2

The width of the semi-major axis σmaj has a position angle φ, measured anticlockwise from 
north. NA, not applicable.
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Fig. 1 | Multiwavelength image of Centaurus A. The colour map represents 
the radio surface brightness (21 cm wavelength) VLA map of Centaurus A39, 
after convolution with the H.E.S.S. PSF and an additional oversampling with a 
radius of 0.05°. Contours of the unconvolved VLA map, with levels adjusted to 
highlight the core (corresponding to 4 Jy per beam) as well as the 
kiloparsec-scale jet (0.5 Jy per beam), are drawn in black. The VHE γ-ray 
morphology of Centaurus A is represented by a white dashed contour which is 
derived from the 5σ excess significance level of the H.E.S.S. sky map, also after 
oversampling with a radius of 0.05°. The result of the best fit of an elliptical 
Gaussian to the H.E.S.S. measurement is shown in blue by its 1σ contour, which 
corresponds to a model containment fraction of 39%. The 1σ statistical 
uncertainties of the fitted position are drawn as black arrows, and the 
estimated pointing uncertainties with a red circle. The dashed green line 
denotes the 68% containment contour of the H.E.S.S. PSF.
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Fig. 2 | Spectral energy distribution of Centaurus A. Shown are the observed 
and modelled spectral energy distribution (SED) from radio to γ-ray energies 
for the inner, kiloparsec-scale jet of Centaurus A. The VHE emission is 
dominated by relativistic electrons with Lorentz factor γ ≥ 107 inverse Compton 
(IC) up-scattering dust photons to high energies (solid blue curve, ‘IC total’). 
This emission from the kiloparsec-scale jet makes a major contribution to the 
unexpected spectral hardening above a few GeV as seen by Fermi-LAT (red 
points)16. The lower-energy part of the γ-ray spectrum (red points) is attributed 
to emission from the core (grey dashed line referring to a core model fit16). The 
green curve (‘Sync.’) designates the synchrotron emission of the inferred 
broken power-law electron distribution in a magnetic field of characteristic 
strength B = 23 µG. The blue ‘butterfly’ corresponds to the H.E.S.S. spectra, 
while green data points mark radio, infrared and X-ray measurements and 
reported uncertainties (error bars) from the inner region of the Centaurus A jet 
(see Methods section ‘Theoretical modelling’). A breakdown is provided of the 
full IC contribution, from the scattering of: the cosmic microwave background 
(CMB), the starlight emission of the host galaxy, infrared emission from dust, 
and the low-energy synchrotron jet emission (synchrotron self Compton, SSC). 
Data are from refs. 16,36; see Methods section ‘Theoretical modelling’ for further 
details.
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Fig. 1 | Multiwavelength image of Centaurus A. The colour map represents 
the radio surface brightness (21 cm wavelength) VLA map of Centaurus A39, 
after convolution with the H.E.S.S. PSF and an additional oversampling with a 
radius of 0.05°. Contours of the unconvolved VLA map, with levels adjusted to 
highlight the core (corresponding to 4 Jy per beam) as well as the 
kiloparsec-scale jet (0.5 Jy per beam), are drawn in black. The VHE γ-ray 
morphology of Centaurus A is represented by a white dashed contour which is 
derived from the 5σ excess significance level of the H.E.S.S. sky map, also after 
oversampling with a radius of 0.05°. The result of the best fit of an elliptical 
Gaussian to the H.E.S.S. measurement is shown in blue by its 1σ contour, which 
corresponds to a model containment fraction of 39%. The 1σ statistical 
uncertainties of the fitted position are drawn as black arrows, and the 
estimated pointing uncertainties with a red circle. The dashed green line 
denotes the 68% containment contour of the H.E.S.S. PSF.
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Fig. 2 | Spectral energy distribution of Centaurus A. Shown are the observed 
and modelled spectral energy distribution (SED) from radio to γ-ray energies 
for the inner, kiloparsec-scale jet of Centaurus A. The VHE emission is 
dominated by relativistic electrons with Lorentz factor γ ≥ 107 inverse Compton 
(IC) up-scattering dust photons to high energies (solid blue curve, ‘IC total’). 
This emission from the kiloparsec-scale jet makes a major contribution to the 
unexpected spectral hardening above a few GeV as seen by Fermi-LAT (red 
points)16. The lower-energy part of the γ-ray spectrum (red points) is attributed 
to emission from the core (grey dashed line referring to a core model fit16). The 
green curve (‘Sync.’) designates the synchrotron emission of the inferred 
broken power-law electron distribution in a magnetic field of characteristic 
strength B = 23 µG. The blue ‘butterfly’ corresponds to the H.E.S.S. spectra, 
while green data points mark radio, infrared and X-ray measurements and 
reported uncertainties (error bars) from the inner region of the Centaurus A jet 
(see Methods section ‘Theoretical modelling’). A breakdown is provided of the 
full IC contribution, from the scattering of: the cosmic microwave background 
(CMB), the starlight emission of the host galaxy, infrared emission from dust, 
and the low-energy synchrotron jet emission (synchrotron self Compton, SSC). 
Data are from refs. 16,36; see Methods section ‘Theoretical modelling’ for further 
details.H.E.S.S. collaboration, Nature 582, 356 (2020)
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the Galactic plane. The ROI also removes significant spatially extended 
emission from the nearby γ-ray source MGRO J1908+06. The spatial 
distribution and spectrum of γ-rays from MGRO J1908+06 are fitted 
using an electron diffusion model23, and point-like sources centred 
on e1 and w1 are fitted on top of this extended emission. As a sys-
tematic check, the regions are also fitted using X-ray spatial templates 
and extended Gaussian functions. Neither improves the statistical  
significance of the fits. Upper limits on the angular size of the emission 
regions are 0.25° for the east hotspot and 0.35° for the west hotspot 
at 90% confidence. Given the distance to the source of 5.5 kpc, this 
corresponds to a physical size of 24 pc and 34 pc, respectively. The 
constraint is tighter on the eastern hotspot owing to its higher statistical 
significance.

The VHE γ-ray flux is consistent with a hard E−2 spectrum, though 
current data from HAWC are not of sufficient significance to constrain 
the spectral index. Therefore, we report the flux of both hotspots at  
20 TeV, at which systematic uncertainties due to the choice of spectral 
model are minimized and the sensitivity of HAWC is maximized.  
At e1, the VHE flux is . . . ×− .

+ .
− .
+ . − − − −2 4 (stat ) (syst ) 10 TeV cm s0 5

0 6
1 3
1 3 16 1 2 1, 

and at w1 the flux is . . . ×− .
+ .

− .
+ . − − − −2 1 (stat ) (syst ) 10 TeV cm s0 5

0 6
1 2
1 2 16 1 2 1. 

HAWC detects γ-rays from the interaction regions up to at least 25 TeV. 
The energies of these γ-rays are a factor of three to ten higher than 
previous measurements from microquasars24,25. Since most γ-ray  
telescopes are optimized for measurements below 10 TeV, this may 
explain why these photons were not observed in previous observational 
campaigns.

The γ-rays detected by HAWC are produced by radiative or decay 
processes from particles of much higher energy. The detection yields 
important information about the mechanisms and sites of particle 
acceleration, the types of particles accelerated (for example, protons 
or electrons), and the radiative processes that produce the spectrum of 
emission from radio to VHE γ-rays. Two scenarios for explaining the 

HAWC observations of the e1 and w1 regions can be tested. The first is 
that protons are primarily responsible for the observed γ-rays. Protons 
must have an energy of at least 250 TeV to produce 25-TeV γ-rays 
through hadronic collisions with ambient gas. Proton–proton collisions 
yield neutral pions (π0) that decay to VHE γ-rays, and charged pions 
(π±) that decay to the secondary electrons and positrons responsible 
for radio to X-ray emission via synchrotron radiation. This scenario is 
of particular interest because there is spectroscopic evidence for ionized 
nuclei in the inner jets of SS 4338,26. The alternative scenario requires 
electrons of at least 130 TeV to up-scatter the low-energy photons from 
the cosmic microwave background (CMB) to 25-TeV γ rays. In this 
case, the radio to X-ray emission is dominated by synchrotron radia-
tion from the same population of electrons in the magnetized plasma 
of the jets and lobes.

The fact that the VHE emission is detected along a line of sight 
nearly orthogonal to the jet axis means that charged particle trajecto-
ries become isotropic before they interact to produce the γ-rays. The 
embedded magnetic fields in the VHE regions can easily deflect the 
accelerated particles because their typical gyroradii are much smaller 
than the size of the emission regions, approximately 30 pc. The jets are 
only mildly relativistic, so the emission from the interaction regions will 
have a negligible Doppler beaming effect and remain nearly isotropic.

The flux of VHE γ-rays observed by HAWC makes the proton sce-
nario for SS 433 unlikely, because the total energy required to produce 
the highly relativistic protons is too high. The jets of SS 433 are known 
to be radiatively inefficient, with most of the jet energy transformed 
into the thermal energy of W5016,27 rather than into particle accelera-
tion. We model the primary proton spectrum as a power law with an 
exponential cutoff, / ∝ − /−N E E Ed d exp( 1 PeV)p p

2
p . If we assume that 

10% of the jet kinetic energy converts into accelerated protons, and that 
the ambient gas density16,27 is 0.05 cm−3, then the resulting flux of 
γ-rays from proton–proton collisions is much less than the observed 
γ-ray flux, as shown in the dash-dotted line of Fig. 2. In fact, for a target 
proton density as large as 0.1 cm−3 in the e1 region16,27, the total energy 
of the proton population needs to be around 3 × 1050 erg to explain the 
observed γ-rays, assuming an γ

−E 2 spectrum. This is comparable to the 
total jet energy available during the presumed 30,000-year lifetime2 of 
SS 433. Furthermore, because the synchrotron emission from second-
ary electrons from charged pion decay is always lower than the γ-ray 
flux from π0 decay, and the observed X-ray flux is higher than the γ-ray 
flux, the X-rays cannot originate solely from secondary electrons. 
Finally, the proton scenario requires that the protons remain trapped 
in the region observed by HAWC for the lifetime2 of SS 433. This means 
the protons must diffuse very slowly, with a diffusion coefficient of 
about 1/1,000 of the typical value28 of the interstellar medium (ISM), 
DISM ≈ 3 × 1028 (E/3 GeV)1/3 cm2 s−1. This value, comparable to the 
theoretical Bohm limit, is very small but not impossible. Given the 
uncertainties in the historical jet flux, the ambient particle density and 
the radiative efficiency, we cannot exclude the possibility that some 
fraction of the γ-ray flux is produced by protons. However, we do rule 
out the possibility that the VHE γ-rays are entirely produced by 
protons.

Highly relativistic electrons, on the other hand, can produce γ-rays 
much more efficiently, primarily via inverse Compton scattering of 
CMB photons to γ-rays. The inverse Compton losses due to upscatter-
ing of infrared and optical photons are suppressed owing to the Klein–
Nishina effect and are thus dominated by scattering of CMB photons29. 
In this scenario, the ratio of the VHE γ-ray to X-ray fluxes constrains 
the energy density in the magnetic field compared to the energy density 
in CMB photons. We have modelled the broadband spectral energy 
distribution of the eastern emission region 15′ to 33′ from the  
centre of SS 433. The solid and dashed lines in Fig. 2 show the spectral 
energy distribution of a leptonic model for e1 produced by an  
injected flux of relativistic electrons with an energy spectrum 

/ ∝ − /α−dN dE E E Eexp( )max  in a magnetic field of strength B. We use 
the parameters α = 1.9, Emax = 3.5 PeV, and B = 16 µG (see Methods). 
The estimate of the magnetic field strength is consistent with the 
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Fig. 1 | VHE γ-ray image of the SS 433/W50 region in Galactic 
coordinates. The colour scale indicates the statistical significance of 
the excess counts above the background of nearly isotropic cosmic rays 
before accounting for statistical trials. The figure shows the γ-ray excess 
measured after the fitting and subtraction of γ-rays from the spatially 
extended source MGRO J1908+06. The jet termination regions e1, e2, e3, 
w1 and w2 observed in the X-ray data are indicated, as well as the location 
of the central binary. The solid contours show the X-ray emission observed 
from this system.
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equipartition of energy between the relativistic electrons and magnetic 
fields, which is common in astrophysical systems16. The required total 
energy budget for relativistic electrons is three orders of magnitude 
lower than the total jet energy.

The maximum electron energy of about 1 PeV has important 
implications for electron acceleration sites and acceleration mech-
anisms in SS 433. SS 433 is distinguished from other binary systems 
with relativistic objects because it achieves a supercritical accretion 
of gas onto the central engine (the compact object)2. Powerful accre-
tion flows and the inner jets near the compact object have therefore 
been proposed as possible acceleration sites of relativistic particles26. 
However, the observation from HAWC suggests that ultrarelativistic 
electrons are not accelerated near the centre of the binary. If the 
electrons were accelerated in the central region, they would have 
cooled by the time they reached the sites of observed VHE emission. 
Owing to their small gyroradii, high-energy electrons may transport 
in a magnetized medium via diffusion or advection. The distance 
travelled via diffusion within the cooling time tcool of an electron  
of energy E  moving in a magnetic field of strength B is 

= ≈ / / µ− / −r Dt E B2 36 pc ( 1 PeV) ( 16 G)d cool
1 3 1 , using the diffusion 

coefficient D typical of the ISM28. This distance would be even smaller 
for diffusion coefficients lower than the ISM value. Similarly, the dis-
tance travelled by electrons being advected with the jet flow is 

= . × ≈ / / µ− −r c t E B0 26 4 pc ( 1 PeV) ( 16 G)adv cool
1 2  for a jet velocity of 

0.26c. Both distance scales are smaller than the 40-pc distance between 
the binary and e1, indicating that the electrons are not accelerated near 
the centre of the system.

Instead, the highly energetic electrons in SS 433 are probably accel-
erated in the jets and near the VHE γ-ray emission regions. This pre-
sents a challenge to current acceleration models. For example, particle 
acceleration may be driven by the dissipation of the magnetic fields 
in the jets, but above several hundred teraelectronvolts the electron 
acceleration time exceeds the electron cooling time, assuming a 16-µG 
magnetic field. Thus, the system does not appear to have sufficient 
acceleration power, unless there are very concentrated magnetic fields 
along the jets. If instead particle acceleration is driven by standing 
shocks produced by the bulk flow of the jets, it is possible to reach 

petaelectronvolt energies if the size of the acceleration region is larger 
than the gyroradii of the electrons. However, shocks in the interaction 
regions are not currently resolved by X-ray or γ-ray measurements.

Studies of microquasars such as SS 433 provide valuable probes of 
the particle acceleration mechanisms in jets, since these objects are 
believed to be scale models of the much larger and more powerful jets 
in active galactic nuclei30. Active galactic nuclei are the most prevalent 
VHE extragalactic sources and are believed to be the sources of the 
highest-energy cosmic rays. Although active galactic nuclei are not 
spatially resolved at VHE energies, with this observation we have iden-
tified a VHE source in which we can image the particle acceleration 
powered by jets. Future high-resolution observations of SS 433 are 
possible using atmospheric Cherenkov telescopes pointed to localize 
the emission sites better, and further high-energy measurements with 
HAWC will record the spectrum at high energies and better constrain 
the maximum energy of accelerated particles.
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Fig. 2 | Broadband spectral energy distribution of the eastern emission 
region e1. The data include radio14, soft X-ray15, hard X-ray16 and 
VHE γ-ray upper limits19,20, and HAWC observations of e1. Error bars 
indicate 1σ uncertainties, with the thick (thin) errors on the HAWC flux 
indicating statistical (systematic) uncertainties and arrows indicating 
flux upper limits. The multiwavelength spectrum produced by electrons 
assumes a single electron population following a power-law spectrum 

with an exponential cutoff. The electrons produce radio to X-ray photons 
through synchrotron emission in a magnetic field (thick solid line) and 
teraelectronvolt γ rays through inverse Compton scattering of the CMB 
(thin dashed line). The dash-dotted line represents the radiation produced 
by protons, assuming that 10% of the jet kinetic energy converts into 
protons.
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Fig. 17. The spectrum of the Crab Nebula mea-
sured by KM2A in red together with the spectra
measured by other experiments in various colors
as indicated in the legend. The dotted line in-
dicates the best fitting result using a power-law
function. References for other experiments are:
HEGRA [7], HESS [8], MAGIC [9], ARGO-YBJ
[3], HAWC [5], Tibet AS-γ [6].

4.6 Systematic Uncertainties

The systematic errors affecting the SED have been in-
vestigated by studying the variation of the Crab Nebula
spectrum under various assumptions. During the period
of interest, about a few percent of detector units was
under debugging. The number of operating units varied

with time. A typical layout is taken into account in the
detector simulation to mimic the status of the array. The
uncertainty is estimated by using different configurations
in the detector simulation. The variation of detector
number affects the gamma-ray/background separation,
while the impact on gamma-rays is weaker than on the
background. The maximum variation in flux introduced
by detector layout is less than 2%. The main system-
atic error comes from the atmospheric model used in the
Monte Carlo simulations. The atmospheric density pro-
file in reality always deviates from the model provided in
[15] due to the seasonal and daily changes. According to
the variation of event rate during the operational period,
the total systematic uncertainty is estimated to be 7%
on the flux and 0.02 on the spectral index.

5 Summary

Using the first five months of data from the KM2A
half-array, a standard candle at very high energy — Crab
Nebula — is observed to investigate the detector per-
formance and corresponding data analysis pipeline for
gamma-rays. The statistical significance of the gamma-
ray signal from Crab Nebula is 28.0 σ at 25-100 TeV
and 14.7 σ at >100 TeV. The gamma-ray angular dis-
tributions around the source are fairly consistent with
the point spread function obtained by simulations. Ac-
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VHE gamma-ray source, the Crab Nebula is often used
to check the detector performance, including sensitivity,
pointing accuracy, angular resolution, and so on.

The non-thermal radiation of the Crab Nebula is
characterized by SED consisting of two components. The
low-energy component extending from radio to gamma-
ray frequencies comes from synchrotron radiation by rel-
ativistic electrons. The high-energy component domi-
nates the emission above ∼1 GeV and is produced via
inverse Compton (IC) scattering of ambient seed photons
by relativistic electrons [7]. The absence of a high-energy
cutoff in the measured spectrum from the Crab Nebula
up to about 400 TeV indicates that the primary electrons
can reach at least sub-PeV energies [6].

LHAASO (100.01◦E, 29.35◦N) is a large hybrid ex-
tensive air shower (EAS) array being constructed at
Haizi Mountain, Daocheng, Sichuan province, China
[12]. It is composed of three sub-arrays, i.e., a 1.3 km2

array (KM2A) for gamma-ray astronomy above 10 TeV
and cosmic ray physics, a 78,000 m2 water Cherenkov
detector array (WCDA) for TeV gamma-ray astronomy,
and 18 wide field-of-view air Cherenkov/fluorescence
telescopes (WFCTA) for cosmic ray physics from 10 TeV
to 1 EeV. A considerable proportion of the LHAASO
detectors have been operating since 2019 and the whole
array will be completed in 2021. KM2A has a wide field-
of-view (FOV) of ∼2 sr and covers 60% of the sky within
a diurnal observation. KM2A is unique for its unprece-
dented sensitivity at energy above 20 TeV. Even though
only one half of KM2A has been operating for a few
months, the sensitivity for gamma-ray sources at ener-
gies above 50 TeV is already better than what has been
achieved by previous observations.

Here, we present the first observation of the “stan-
dard candle” Crab Nebula using the first 5 months half-
array LHAASO-KM2A data from December 2019 to May
2020. Through this, the detector performance is thor-
oughly tested, including pointing accuracy, angular reso-
lution, background rejection power, and flux determina-
tion.

2 KM2A as an array for EAS detection

2.1 KM2A detector

The whole KM2A array will consist of 5195 electro-
magnetic detectors (EDs, 1 m2 each) and 1188 muon
detectors (MDs, 36 m2 each), deployed over an area of
1.3 km2 as shown in Fig. 1. Within 575 m from the cen-
ter of the array, EDs are distributed with a spacing of
15 m and MDs are distributed with a spacing of 30 m.
Within the outskirt ring region of width 60 m, the spac-
ing of ED is enlarged to 30 m and these EDs are used
to veto showers with cores located outside the central 1
km2. KM2A operates around the clock since both EDs

and MDs can work during both day and night.
An ED consists of 4 plastic scintillation tiles

(100cm×25cm×1cm each). More details about the ED
can be found elsewhere [12]. The coated tile is cov-
ered by a 5-mm-thick lead plate to absorb low-energy
charged particles in showers and convert γ-rays into
electron-positron pairs, which can improve the angular
and core position resolution of the array. Once high en-
ergy charged particles enter the scintillator, they lose
energy and excite the scintillation medium to produce
a large amount of scintillation photons. The embedded
wavelength-shifting fibers collect scintillation light and
transmit it to a 1.5-inch photomultiplier tube (PMT).
The PMT records the arriving time and number of the
particles, based on which the shower parameters can be
reconstructed. The detection efficiency of a typical ED
is about 98%. The time resolution of an ED is about 2
ns. The resolution of the particle counter is <25% for a
single particle and the dynamic range is from 1 to 104

particles. The average single rate of an ED is about 1.7
kHz with a threshold of 1/3 particle at the LHAASO
site.
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578 MD

Fig. 1. Planned layout of all LHAASO-KM2A de-
tectors. The red squares and blue circles indicate
the EDs and MDs in operation, respectively. The
area enclosed by the cyan line outlines the fiducial
area of the current KM2A half-array used in this
analysis.

The MD is a pure water Cherenkov detector enclosed
within a cylindrical concrete tank with an inner diam-
eter of 6.8 m and height of 1.2 m. An 8-inch PMT is
installed at the center of the top of the tank to collect
the Cherenkov light produced by high energy particles
as they pass through the water. More details about the
MD can be found elsewhere [12]. The whole detector is
covered by a steel lid underneath soil. The thickness of
overburden soil is 2.5 m to absorb the secondary elec-
trons/positrons and gamma-rays in showers. Thus the
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angular radius of the KM2 point spread function (PSF)
are summed. The number of excess events centered on
Crab Nebula in each energy bin is used to estimate its
gamma-ray spectrum.

4.2 Data Selection and Significance

The LHAASO-KM2A data used in this analysis were
collected from 27th December 2019 to 28th May 2020. As
the beginning of operation, some detectors still needed
debugging during this period. To obtain a reliable data
sample, some quality selections have been applied ac-
cording to the data status. The main selection is to
require the number of live EDs > 2100 and number of
live MDs > 500. Fig. 12 shows the daily duty cycle after
these selections. The average duty cycle is 87.7% during
this period. The total effective observation time is 136.0
days. With a trigger rate of about 900 Hz, the num-
ber of events recorded by KM2A is 1.0×1010. After the
data quality cuts and the gamma-ray/background dis-
crimination cuts, the number of events used in this work
is 6×107.
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Fig. 12. The daily duty cycle of 1/2 KM2A oper-
ation during the period from December 2019 to
May 2020.

Using these data, the sky in celestial coordinates with
declination within −15◦ <Dec< 75◦ is surveyed. In or-
der to extract a smooth significance map, the likelihood
method (see equation 2.5 in [27]) is adopted to estimate
the significance of the γ-ray signal. A 2-dimensional
Gaussian is used to approximately describe the PSF of
the KM2A detector. The width of the Gaussian is set to
be σR=φ68/1.51, which is obtained using the simulation
sample. A likelihood ratio test is performed between
the background-only model and the one-source model.
The test statistic (TS) is used to estimate the signifi-
cance S=

√
TS. This method is realized by using the

MINUIT package. The pre-trial significance distribution
in the whole sky region at energies above 25 TeV is shown
in Fig. 13. The distribution closely follows a standard
Gaussian distribution except for a tail with large positive
values, due to excesses from gamma-ray emission from
the Galactic Plane including the Crab Nebula. After ex-
cluding the Galactic region with latitude |b| < 12◦, the

distribution, with a mean value of -0.05 and σ= 1.007,
closely follows a standard normal distribution.
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Fig. 13. Pre-trial significance distribution of events
with Erec >25 TeV for the whole KM2A sky re-
gion (blue) and the portion of the sky outside the
Galactic Plane region with |b|> 12◦ (red), which
represents the diffuse background events.

Focusing on the Crab Nebula region, a clear signal
is observed in different energy ranges, i.e., 19.2 σ at 10-
25 TeV, 28.0 σ at 25-100 TeV and 14.7 σ at >100 TeV
(see Fig. 14). A signal with such a level of significance
allows us to estimate the pointing error of the detector,
the angular resolution for gamma-ray showers, and the
gamma-ray spectrum from the Crab Nebula.

4.3 Pointing Accuracy

To estimate the position of the gamma-ray sig-
nal around the Crab Nebula direction at different en-
ergy bins, a 2-dimensional Gaussian is used to fit the
event excess map. The yielded positions in right as-
cension (R.A.) and declination (Dec) relative to the
known Crab position (R.A.=83.63◦,Dec=22.02◦, J2000.0
epoch) are shown in Fig. 15. The last energy point in
Fig. 15 is obtained using the bins with 100 TeV<Erec <1
PeV. When a constant value is used to fit the posi-
tions at all energies, we obtain ∆R.A.=-0.024◦±0.016◦,
∆Dec=0.035◦±0.014◦.
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Fig. 15. The centroid of the significance map
around the Crab Nebula in R.A. and Dec direc-
tions as a function of energy. The dashed lines
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Fig. 14. Significance maps centered on the Crab Nebula at three energy ranges. σS is the sigma of the 2-dimension
Gaussian taken according to the PSF of KM2A. The color represents the significance. S is the maximum value in
the map.

show constant values that fit the centroid for all
energies.

The Crab Nebula can be observed by KM2A for
about 7.4 hr per day with a zenith angle less than 50◦,
culminating at 7◦. The observation time for zenith an-
gle less than 30◦ is 4.3 hr per day. To check for a
possible systematic pointing error at large zenith an-
gles, the observation of the Crab Nebula at zenith an-
gles higher than 30◦ is analyzed separately. At energies
>25 TeV, the achieved significance is 12σ, and the ob-
tained position relative to the known Crab position is
∆R.A.=-0.073◦±0.042◦, ∆Dec=0.074◦±0.032◦. This re-
sult is roughly consistent with that obtained using all
data within statistical errors.

According to these observations of the Crab Nebula,
the pointing error of KM2A for gamma-ray events can
be demonstrated to be less than 0.1◦.

4.4 Angular resolution

According to a recent HESS measurement [28], the
intrinsic extension of TeV gamma-ray emission from the
Crab Nebula is about 0.014◦. Comparing with the PSF
of the KM2A detector, the intrinsic extension is neg-
ligible. Therefore, the angular distribution of gamma-
rays detected by KM2A from the Crab Nebula should be
mainly due to the detector angular resolution. Fig. 16
shows the measured angular distribution in KM2A data
in two energy ranges. The solid-angle density of recorded
events in the vicinity of the Crab Nebula is shown as a
function of θ2, where θ is the angle to Crab direction.
The distribution is generally consistent with the angu-

lar resolution obtained using MC simulations. For each
energy bin, a Gaussian function is used to fit the an-
gular distribution shown in the left and middle panels of
Fig. 16. The resulting σPSF from Crab data is consistent
with simulations, as shown in the right panel of Fig. 16.

4.5 Spectral energy distribution

The gamma-ray flux from the Crab Nebula is esti-
mated using the number of excess events (Ns) and the
corresponding statistical uncertainty (σNs) in each en-
ergy bin. The gamma-ray emission from the Crab Nebula
is assumed to follow a power-law spectrum f(E)=J·Eα.
The response of the KM2A detector was simulated by
tracing the trajectory of the Crab Nebula within the
FOV of KM2A. The best-fit values of J and α are ob-
tained by minimizing a χ2 function for 7 energy bins:

χ2 =
7

∑

i=1

(

Nsi
−NMCi

(J,α)

σNsi

)2

(8)

The resulting differential flux (TeV−1 cm−2 s−1) in
the energy range from 10 TeV to 250 TeV is:

f(E)= (1.13±0.05stat±0.08sys)×10−14

(

E
20TeV

)−3.09±0.06stat±0.02sys (9)

The χ2 of the fit is 1.8 for 5 degrees of freedom, which
favors a pure power-law description of the spectrum. The
SED is shown in Fig. 17 and is also listed in Table 1. The
SED obtained in this work is in agreement with previ-
ous observations by other detectors, such as HEGRA [7],
HAWC [5] and Tibet AS-γ [6].

Table 1. Energy and differential flux as shown in Fig. 17
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