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Cosmic rays ~ origin ~

4

Bhattacharjee & Sigl, Phys. Rep. 327 (2000) 109, Originally from S. Swordy

(c) National Geographic

(c) NASA et al.

SNR

Galactic Cosmic Rays

Extra
galactic Cosmic Rays

6 x 1019 eV

http://adslabs.org/adsabs/abs/2000PhR...327..109B/
http://www.nationalgeographic.co.jp/science/photos/photo_science.php?GALLERY_VignVCMId=bacc9f48ddfe4110VgnVCM100000ee02a8c0RCRD
http://www.nasa.gov/mission_pages/GLAST/news/supernova-cosmic-rays.html
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Difficulty in Identifying Cosmic-ray Origin

5

Charge and cosmic magnetic fields

Hajime Takami | KEK Cosmophysics seminar, KEK, Japan, Sep. 4, 2014

Cosmic Magnetic Fields

9
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Das et al. (2008)�
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Faraday rotation : Bλ1/2 < (1 nG)(1 Mpc)1/2 

 Kronberg (1994), Ryu et al. (1998), Blasi et al. (1999) 

•  Faraday rotation :  
 ~ 1 - 10 µG 

•  Synchrotron :  
 ~ 0.1 - 1 µG 

No constraint 
Simulations : ~ 10 nG 

 e.g., Ryu et al. (2008) 

•  γ-ray cascades :  
> 10-18 – 10-17 G 
 e.g., Dolag et al. (2011), 
 Dermer et al. (2011),  
 Takahashi et al. (2011) 

•  CMB / LSS :  
    < 2.5 nG for λ = 1 Mpc 

 Jedamzik et al. (2000),  
 Yamazaki et al. (2010) 
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UHECRs with ~1020 eV can be a good indicator of their sources.

(c) GALEX, JPL-Caltech, NASA, APS/Alan Stonebraker

http://physics.aps.org/articles/v6/40
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Highest Energy Cosmic Rays as a Good 
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1. Deflection can be minimized. 
!
!
!
!
!
!
2. Greisen-Zatsepin-Kuz’min horizon 
!
	 — low-background observations
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Propagation of UHECRs

Photopion production

E > 6 x 1019 eV for CMB Bethe-Heitler Pair Creation

E > 6 x 1016 eV for CMB

CMB / IRB

CMB / IRB

PhotodisintegrationIGMF

GMF
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Mean Free Path

8
Hajime Takami | Informal Seminar in the TA group @ the University of Tokyo, Japan, May 27, 2014
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Mean free path drastically decreases at the highest energies.

Proton Iron

http://adslabs.org/adsabs/abs/2012APh....35..767T/
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Galaxies in the Local Universe

9

Saunders et al., MNRAS 317 (2000) 55

D < 100 Mpc

http://adslabs.org/adsabs/abs/2000MNRAS.317...55S/
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UHECR Source Candidates

10

Hillas Criterion 
     Larmor radius < Source size

Active Galactic Nuclei Gamma-ray Bursts

Newly Born Magnetars Clusters of galaxies

e.g., Biermann & Strittmatter, ApJ 322 (1987) 643,  
Takahara, PTP 83 (1990) 1071,  
Rachen & Biermann, A&A 272 (1993) 161,  
Norman et al., ApJ 454 (1995) 60,  
Farrar & Gruzinov, ApJ 693 (2009) 329,  
Dermer et al., New J. Phys. 11 (2009) 065016  
Pe’er et al., PRD 80 (2009) 123018,  
HT & Horiuchi, Aph 34 (2011) 749,   
Murase, Dermer, HT, Migliori, ApJ 749 (2012) 63

e.g., Waxman, PRL 75 (1995) 386,  
Vietri, ApJ 453 (1995) 883,  
Murase et al., PRD 78 (2008) 023005,  
Wang et al., ApJ 677 (2008) 432

e.g., Blasi et al., ApJ 533 (2000) L123,  
Arons, ApJ 589 (2003) 871,  
Kotera, PRD 84 (2011) 023002,  
Fang et al., ApJ 750 (2012) 118

e.g., Norman et al., ApJ 454 (1995) 60,  
Kang et al., ApJ 456 (1996) 422,  
Inoue et al., astro-ph/0701167

JEM-EUSO purple book 2010 
edited by HT

http://adslabs.org/adsabs/abs/1987ApJ...322..643B/
http://www.apple.com/jp
http://adslabs.org/adsabs/abs/1993A%26A...272..161R/
http://www.apple.com/jp
http://www.apple.com/jp
http://adslabs.org/adsabs/abs/2009NJPh...11f5016D/
http://adslabs.org/adsabs/abs/2009PhRvD..80l3018P/
http://adslabs.org/adsabs/abs/2011APh....34..749T/
http://adslabs.org/adsabs/abs/2012ApJ...749...63M/
http://adslabs.org/adsabs/abs/1995PhRvL..75..386W/
http://adslabs.org/adsabs/abs/1995ApJ...453..883V/
http://adslabs.org/adsabs/abs/2008PhRvD..78b3005M/
http://adslabs.org/adsabs/abs/2008ApJ...677..432W/
mailto:http://adslabs.org/adsabs/abs/2000ApJ...533L.123B/?subject=
http://adslabs.org/adsabs/abs/2003ApJ...589..871A/
http://adslabs.org/adsabs/abs/2011PhRvD..84b3002K/
http://adslabs.org/adsabs/abs/2012ApJ...750..118F/
http://www.apple.com/jp
http://adslabs.org/adsabs/abs/1996ApJ...456..422K/
http://adslabs.org/adsabs/abs/2007astro.ph..1167I/
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Why do we focus on the highest energies?

11

• Small deflections in cosmic magnetic fields

!

• GZK limitation to source candidates in local Universe

!

• Few theoretical source candidates
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Energy Spectrum

13

Energy Spectrum E > 1017.5 eV

2013 prelim.

5 years

 TA 4-year spectrum 
published ---> updated to 
5 years

 Auger energy scale 
updated by 16~10%, 
energy dependent, within 
prev. uncertainties.

 Auger energy 
uncertainty improved from 
22% to 14%. ICRC2

013

1277 Letessier-Selvon
0928 Verzi, 0769 Schulz
0693 Ravignani
0128 Sagawa, 0221 Bergman

Antoine Letessier Selvon (CNRS/UPMC) Auger highlights ICRC 2013 Rio de Janeiro

HIGHLIGHTS FROM THE 
PIERRE AUGER OBSERVATORY

1

Antoine Letessier Selvon for the Pierre Auger Collaboration 
(CNRS & University of Paris UPMC)

Surface Detector (SD)
507 plastic scintillator SDs 

1.2 km spacing
700 km2

Fluorescence Detector(FD)
3 stations

38 telescopes 

TA detector in Utah

3

3 com. towers

14 telescopes

12 telescopes
12 telescopes

Refurbished HiRes

39.3°N, 112.9°W
~1400 m a.s.l.

Middle Drum
(MD)

Black Rock Mesa (BR)

Long
Ridge
(LR)

15Tsunesada, Rapporteur talk, ICRC 2013

!
ΔEsys, PAO = 14 %

ΔEsys, TA = 22 %


The spectra of Auger and Telescope Array are consistent 
within systematic errors.

https://143.107.180.38/indico/contributionDisplay.py?sessionId=8&contribId=1308&confId=0
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Spectral Modeling
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E [eV]

Auger 2013 preliminary

30

Schulz et al., Proc. 33rd ICRC

Greisen, PRL 16 (1966) 748 
Zatsepin & Kuz’min, JETP Lett. 4 (1966) 78

Two interpretations are possible.

Consistent with  
the GZK steepening

Pair-creation dip

Ankle

http://adslabs.org/adsabs/abs/2013arXiv1307.5059T/
http://adslabs.org/adsabs/abs/1966PhRvL..16..748G/
http://adslabs.org/adsabs/abs/1966JETPL...4...78Z/
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Shower Maximum Measurements
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Figure 28: The final Middle Drum hybrid composition
result using geometry and pattern recognition cuts for
QGSJET-01c, QGSJETII-03, and SIBYLL 2.1 hadronic
models. Data are the black points with error bars. The
solid black line is a fit to the data. Colored lines are fits
to MC. Blue is proton and red is iron. The green hashed
box indicates the total systematic error on <X

max

>.

that di↵erences in aperture, reconstruction and modeling

by Monte Carlo simulations do not lead to any significant

systematic di↵erences in the final physics result in the case

of identical fluorescence detectors.

The measured average X

max

at 1019 eV is

751±16.3 sys.±9.4 stat. g/cm2 and the elongation rate is

24.3±3.8 sys.±6.5 stat. g/cm2. Assuming a purely pro-

tonic composition, the QGSJETII-03 model, and taking

into account all reconstruction and acceptance biases, we

would expect the averageX
max

at 1019 eV to be 753 g/cm2

and the elongation rate to be 30.2 g/cm2 per energy decade.

Considering the fact that TA hybrid and PAO hybrid

data have di↵erent acceptances and analysis techniques a

direct comparison of the results can be misleading. De-

tailed comparisons using a set of simulated events from a

mix of elements that are in good agreement with the PAO

data are in progress [32]. Such a mix can be input into the

TA hybrid simulation and reconstruction programs and

the result will be a prediction of what TA should observe

given a composition inferred from PAO data. A direct

comparison with the TA data can then be made. Since

this work is in progress, we simply remark that a light,

nearly protonic, composition is in good agreement with

the data for both simple geometric cuts and pattern recog-

nition cuts that result in improved X

max

resolution.

10. Acknowledgements

The Telescope Array experiment is supported by the

Japan Society for the Promotion of Science through Grants-

in-Aids for Scientific Research on Specially Promoted Re-

search (21000002) “Extreme Phenomena in the Universe

Explored by Highest Energy Cosmic Rays” and for Sci-

entific Research (19104006), and the Inter-University Re-

search Program of the Institute for Cosmic Ray Research;

by the U.S. National Science Foundation awards PHY-

0307098, PHY-0601915, PHY-0649681, PHY-0703893, PHY-

0758342, PHY-0848320, PHY-1069280, and PHY-1069286;

by the National Research Foundation of Korea (2007-0093860,

R32-10130, 2012R1A1A2008381, 2013004883); by the Rus-

sian Academy of Sciences, RFBR grants 11-02-01528a and

13-02-01311a (INR), IISN project No. 4.4509.10 and Bel-

gian Science Policy under IUAP VII/37 (ULB). This work

was supported by the World Premier International Re-

search Center Initiative (WPI Initiative), MEXT, Japan.

The foundations of Dr. Ezekiel R. and EdnaWattis Dumke,

Willard L. Eccles and the George S. and Dolores Dore

Eccles all helped with generous donations. The State of

Utah supported the project through its Economic Devel-

opment Board, and the University of Utah through the

O�ce of the Vice President for Research. The experimen-

tal site became available through the cooperation of the

Utah School and Institutional Trust Lands Administra-

20

Abassi et al., arXiv:1408.1726

Auger
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• Gradually changing to heavy nuclei

• Consistent with protons
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Comparison between Experiments

16

Barcikowski et al., EPJ Web of Conf. 53 (2013) 01006

UHECR 2012

(a) using QGSJet-II model. (b) using SIBYLL model.

Figure 11. Comparing the average composition (⟨lnA⟩) estimated using Auger, HiRes, TA and Yakutsk data. The
shaded regions correspond to the systematic uncertainty ranges. To infer the average composition from ⟨Xmax⟩,
QGSJet-II and SIBYLL models have been used.

the two HiRes uncertainties into a single number by adding in quadrature the uncertainty in the mean
and the shift due to a 1 ! variation in slope over 1.6 decades of energy.

All the systematic uncertainties (on the measured ⟨Xmax⟩) used in this work correspond to each
experiment’s quoted value. This working group has not attempted to validate those values.

At ultra-high energies, the Auger data suggest a larger ⟨lnA⟩ than all other experiments. The Auger
results are consistent within systematic uncertainties with TA and Yakutsk, but not fully consistent with
HiRes. HiRes is compatible with the Auger data only at energies below 1018.5 eV when using QGSJet-
II (Fig. 11(a)), and when using SIBYLL model, Auger and HiRes become compatible within a larger
energy range (Fig. 11(b)).

Comparing Figs. 11(a) and 11(b) we find that the level of incompatibility between Auger and HiRes
data depends on the model used to interpret the ⟨Xmax⟩ observations. Different models predict different
ranges of Xmax values for proton and iron cosmic rays, and depending on how these predictions compare
with the range of Xmax values that could be inside the FOV of the detector, the ⟨Xmeas

max ⟩ (observed by
HiRes) could be more or less different to the intrinsic ⟨Xmax⟩, changing the interpretation of ⟨Xmeas

max ⟩.
The HiRes results are compatible in every way with the interpretation that the composition is light, i.e.
lighter than the CNO group of elements. The Auger ⟨Xmax⟩ and RMS(Xmax) results do not allow this
interpretation.

Figure 2 shows that the ⟨Xmax⟩ observed by Auger and the ⟨Xmeas
max ⟩ observed by HiRes and TA are

similar. Is there any physical reason that the ⟨Xmax⟩ for Auger and the ⟨Xmeas
max ⟩ for HiRes and TA are

all similar, or is it just coincidence?. A direct way of checking the Auger and HiRes/TA compatibility
would be to simulate a hypothetical composition which had the same Xmax distributions as observed by
Auger. Then this composition would be propagated through the HiRes and TA detector simulations and
the expected ⟨Xmeas

max ⟩ computed. So, we could compare directly the expected and observed ⟨Xmeas
max ⟩ to

evaluate the compatibility of the Auger and HiRes/TA observations (this is work in progress).
We have also evaluated how the average logarithmic mass estimated by the experiments evolves

as a function of energy. Currently there are two different models suggested by the Auger and HiRes
collaborations. The ⟨Xmax⟩ and RMS(Xmax) observed by the Auger experiment suggest that the
composition might be becoming lighter with energy up to 1018.3 eV, and heavier above this energy.
On the contrary, the ⟨Xmax⟩ and RMS(Xmax) observed by the HiRes experiment is consistent with a
constant composition (light composition) all along the observed energy range. We have evaluated both,
the Auger and HiRes composition models using Auger, HiRes, TA and Yakutsk data (only statistical
uncertainties were considered for this evaluation). The results are summarized in Tables 2 and 3.

01006-p.11

Auger and TA are compatible within systematic uncertainties.

http://www.epj-conferences.org/articles/epjconf/abs/2013/14/epjconf_uhecr2012_01006/epjconf_uhecr2012_01006.html
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Anisotropy Signals by Auger

17
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Abreu et al., Aph 34 (2010) 314

E > 5.5 x 1019 eV 
69 events

The anisotropy signals are marginal.

AGN correlation Cen A cluster

http://adslabs.org/adsabs/abs/2010APh....34..314A/
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Anisotropy Signals by TA
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Abu-Zayyad et al., ApJ 757 (2012) 26

http://adslabs.org/adsabs/abs/2012ApJ...757...26A/
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Telescope Array Hot Spot
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The Astrophysical Journal Letters, 790:L21 (5pp), 2014 August 1 Abbasi et al.

(a) (b)

(c) (d)

Figure 1. Aitoff projection of the UHECR maps in equatorial coordinates. The solid curves indicate the galactic plane (GP) and supergalactic plane (SGP). Our FoV
is defined as the region above the dashed curve at decl. = −10◦. (a) The points show the directions of the UHECRs E > 57 EeV observed by the TA SD array,
and the closed and open stars indicate the Galactic center (GC) and the anti-Galactic center (Anti-GC), respectively; (b) color contours show the number of observed
cosmic-ray events summed over a 20◦ radius circle; (c) number of background events from the geometrical exposure summed over a 20◦ radius circle (the same color
scale as (b) is used for comparison); (d) significance map calculated from (b) and (c) using Equation (1).

The event selection criteria above are somewhat looser
than those of our previous analyses of cosmic-ray anisotropy
(Fukushima et al. 2013) to increase the observed cosmic-ray
statistics. In our previous analyses, the largest signal counter
is surrounded by four working counters that are its nearest
neighbors to maintain the quality of the energy resolution and
angular resolution. Only 52 events survived those tighter cuts.
When the edge cut is abolished from the analysis (presented
here) to keep more cosmic-ray events, 20 events with E >
57 EeV are recovered compared with the tighter cut analysis.
A full Monte Carlo (MC) simulation, which includes detailed
detector responses (Abu-Zayyad et al. 2013a), predicted a 13.2
event increase in the number of events. The chance probability of
the data increment being 20 as compared to the MC prediction
of 13.2 is estimated to be 5%, which is within the range of
statistical fluctuations. The angular resolution of array boundary
events deteriorates to 1.◦7, compared to 1.◦0 for the well contained
events. The energy resolution of array boundary events also
deteriorates to ∼20%, where that of the inner array events is
∼15%. These resolutions are still good enough to search for
intermediate-scale cosmic-ray anisotropy. One final check is that
when we calculate the cosmic-ray spectrum using the loose cuts
analysis, the result is consistent with our published spectrum.

4. RESULTS

Figure 1(a) shows a sky map in equatorial coordinates of
the 72 cosmic-ray events with energy E > 57 EeV observed
by the TA SD array. A cluster of events appears in this
map centered near right ascension ∼150◦, and declination
∼40◦, with a diameter of ∼30◦–40◦. In order to determine the
characteristics of the cluster, and estimate the significance of
this effect, we choose to apply elements of an analysis that
was developed by the AGASA collaboration to search for large-

size anisotropy (Hayashida et al. 1999a, 1999b), namely to use
oversampling with a 20◦ radius. Being mindful that scanning
the parameter space of the analysis causes a large increase in
chance corrections, we have not varied this radius. The TA
and HiRes collaborations used this method previously (Kawata
et al. 2013; Ivanov et al. 2007) to test the AGASA intermediate-
scale anisotropy results with their data in the 1018 eV range.
The present letter reports on an extension of this method with
application to the E > 57 EeV energy region.

In our analysis, at each point in the sky map, cosmic-
ray events are summed over a 20◦ radius circle as shown in
Figure 1(b). The centers of tested directions are on a 0.◦1 × 0.◦1
grid from 0◦ to 360◦ in right ascension (R.A.) and −10◦–90◦ in
declination (decl.). We found that the maximum of Non, the
number of observed events in a circle of 20◦ radius is 19
within the TA FoV. To estimate the number of background
events under the signal in Non, we generated 100,000 events
assuming an isotropic flux. We used a geometrical exposure
g(θ ) = sin θcos θ as a function of zenith angle (θ ) because
the detection efficiency above 57 EeV is ∼100%. The zenith
angle distribution deduced from the geometrical exposure is
consistent with that found in a full MC simulation. The MC
generated events are summed over each 20◦ radius circle in the
same manner as the data analysis, and the number of events in
each circle is defined as Noff . Figure 1(c) shows the number of
background events Nbg = ηNoff , where η = 72/100,000 is the
normalization factor.

We calculated the statistical significance of the excess of
events compared to the background events at each grid point of
sky using the following equation (Li & Ma 1983):

SLM =
√

2
[
Nonln

(
(1 + η)Non

η(Non + Noff)

)
+ Noff ln

(
(1 + η)Noff

Non + Noff

)]1/2

.

(1)

3

E > 5.5 x 1019 eV

72 events

loose-cut

3.4 σ excess using 20o circles

No clear source candidate in this direction
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Abreu et al., JCAP 06 (2011) 022

JCAP06(2011)022
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Figure 1. Cumulative number of events with E ≥ 55 EeV (subtracting the average isotropic expec-
tations) as a function of angular distance from the direction of Cen A. The bands correspond to the
68%, 95% and 99.7% dispersion expected for an isotropic flux.

Z Emin [EeV] Ntot Nobs Nbkg

6 9.2 4455 219 207 ± 14

13 4.2 16640 797 774 ± 28

26 2.1 63600 2887 2920 ± 54

Table 1. Total number of events, Ntot, and those observed in an angular window of 18◦ around Cen A,
Nobs, as well as the expected background Nbkg. Results are given for different energy thresholds,
corresponding to Emin = Eth/Z for the indicated values of Z and Eth = 55 EeV.

total number of events2 is Ntot = 60, with Nobs = 10 of these being in an 18◦ angular window
around Cen A. If we adopt the expression for the ideal exposure of the detector, the fraction
of isotropic sky in this 18◦ region is x ≃ 0.0466. Normalizing to the counts outside the ‘source’
region, the expected background in this region is Nbkg = (Ntot−Nobs)x/(1−x) = 2.44 counts.

In table 1 we report the observed number of events with E > 55 EeV/Z (total and in
an angular window of 18◦ around Cen A), as well as the expected isotropic background. No
significant excess is found for any of the lower energy thresholds considered.

3.2 The VCV AGN

We now search for possible overdensities of cosmic rays with arrival directions within 3.1◦

of objects with redshift z ≤ 0.018 (∼ 75 Mpc) in the VCV catalog. We use for this study
only data collected after May 2006, subsequent to data used to specify the parameters that
optimized the VCV correlation in that period.

In this case, one has that for E > Eth = 55 EeV there are Ntot = 49 events, of
which Nobs = 20 are within 3.1◦ of the nearby AGN. On the other hand, the probability

2Different from ref. [9], where 13 out of 69 events were reported to correlate within 18◦ of Cen A, the stricter
event selection applied in this work in order to get an accurate estimate of the exposure at low energies yields
10 correlations out of 60 events, well within the statistical uncertainties of the previous result.
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Figure 2. Similar to figure 1, events with E ≥ 55 EeV/Z for Z = 6 (top), 13 (bottom left) and 26
(bottom right).

Z Emin [EeV] Ntot Nobs Nbkg

6 9.2 3626 763 770 ± 28

13 4.2 13482 2852 2860 ± 54

26 2.1 51641 10881 10966 ± 105

Table 2. Total number of events, Ntot, and those observed within 3.1◦ from objects with z ≤ 0.018
in the VCV catalog, Nobs, as well as the expected isotropic background Nbkg. Results are given
for different energy thresholds, corresponding to Emin = Eth/Z for the indicated values of Z and
Eth = 55 EeV.

that isotropic cosmic rays correlate by chance with those objects is x ≃ 0.212 and hence
Nbkg = (Ntot − Nobs)x/(1 − x) = 7.88.

In table 2 we show the observed number of events with E > 55 EeV/Z (total and
those within 3.1◦ of an object with z ≤ 0.018 in the VCV catalog), as well as the expected
background. It is apparent that no significant excess is found for any of the lower energy
thresholds considered.
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Figure 2. Similar to figure 1, events with E ≥ 55 EeV/Z for Z = 6 (top), 13 (bottom left) and 26
(bottom right).

Z Emin [EeV] Ntot Nobs Nbkg

6 9.2 3626 763 770 ± 28

13 4.2 13482 2852 2860 ± 54

26 2.1 51641 10881 10966 ± 105

Table 2. Total number of events, Ntot, and those observed within 3.1◦ from objects with z ≤ 0.018
in the VCV catalog, Nobs, as well as the expected isotropic background Nbkg. Results are given
for different energy thresholds, corresponding to Emin = Eth/Z for the indicated values of Z and
Eth = 55 EeV.

that isotropic cosmic rays correlate by chance with those objects is x ≃ 0.212 and hence
Nbkg = (Ntot − Nobs)x/(1 − x) = 7.88.

In table 2 we show the observed number of events with E > 55 EeV/Z (total and
those within 3.1◦ of an object with z ≤ 0.018 in the VCV catalog), as well as the expected
background. It is apparent that no significant excess is found for any of the lower energy
thresholds considered.
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(Z = 26)(Z = 13)

(Z = 6)

Lemoine & Waxman, JCAP 11 (2009) 009

Even stronger anisotropy by protons appears at > E / Z,  
if anisotropy produced by nuclei with Z appears at > E.

http://adslabs.org/adsabs/abs/2011JCAP...06..022P/
http://adslabs.org/adsabs/abs/2009JCAP...11..009L/
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• Proton-dominated composition at the highest energies 

!

• Heavy-nucleus-dominated in a wide energy range 

!

• The anisotropy is a statistical fluctuation.

e.g., Horiuchi et al., ApJ 753 (2013) 69 (GRBs), Fang et al., 03 (2013) 010 (pulsars)

http://adslabs.org/adsabs/abs/2012ApJ...753...69H/
http://adslabs.org/adsabs/abs/2013JCAP...03..010F/
http://adslabs.org/adsabs/abs/2013JCAP...03..010F/
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Source Number Density @ the Highest Energies
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HT & Sato, Aph 30 (2009) 306

Objects ns [Mpc
Bright galaxy 1.3 x 10
Seyfert galaxy 1.25 x 10
Dead Quasar 5 x 10
Fanaroff-Riley I 8 x 10
Bright quasar 1.4 x 10
Colliding galaxies 7 x 10
BL Lac objects 3 x 10
Fanaroff-Riley II 3 x 10

• Proton-dominated composition 
	 	 (weak deflection cases) 
!

• Steady sources 
!

• The first Auger public data set

ns ~ 10-5  - 1
0-4  Mpc-3

Strong candidates are ruled out as main contributors. 

See also Cuoco et al., ApJ 702 (2009) 825

http://adslabs.org/adsabs/abs/2009APh....30..306T/
http://adslabs.org/adsabs/abs/2009ApJ...702..825C/
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Estimating the probability that positive correlation between
UHECRs and their sources appears is also useful. We can calculate
this probability by a similar method to calculate Fig. 5. Following
that figure, we plot the possibility that the values of the cross-cor-
relation function are not positive for visibility in Fig. 9 similarly to
Fig. 5. We consider 69 UHECRs above 5.5 ! 1019 eV on the assump-
tion of the PAO aperture. The sources used for calculating the
cross-correlation function are within 75 Mpc from the Galaxy.
The basic tendency of the probability curves is similar to Fig. 5.

In the case of no magnetic field, strong correlation is predicted at
the smallest angular bin because of the absence of the deflections
of UHECRs. Taking the GMF and/or EGMF into account, the proba-
bility curves have a minimum at intermediate angular scale. For
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Fig. 5. Probability that the positive values of the cumulative auto-correlation functions are not realized for 69 events above 5.5 ! 1019 eV simulated on the assumption of the
PAO aperture. The upper two panels and the lower two panels assume BEGMF = 0.0 nG and 1.0 nG, respectively. Only the right two panels take the GMF into account. The
probability that the positive excess of events appears is indicated in the panels.
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Fig. 6. Same as the lower right panel of Fig. 5, but for 1000 events above
5.5 ! 1019 eV simulated on the assumption of a uniform aperture.
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Fig. 7. Cumulative cross-correlation functions between the arrival directions of
simulated UHECR events and the celestial positions of their sources with ns = 10"3,
10"4, and 10"5 Mpc"3 within 75 Mpc. The simulated event sets imitate the
published events of the PAO, i.e., 69 events with energies above 5.5 ! 1019 eV
simulated on the assumption of the PAO aperture. Both EGMF (BEGMF = 1 nG) and
the GMF are taken into account. The points are the averaged values of the
cumulative cross-correlation functions over 1000 source realizations for each ns.
The error bars correspond to 68% errors.

774 H. Takami et al. / Astroparticle Physics 35 (2012) 767–780

HT, Inoue, Yamamoto, Aph 35 (2012) 767

• Pure-iron case 
	 (maximal deflection case) 
!

• Steady sources 
!

• The second Auger public data set mocked

http://adslabs.org/adsabs/abs/2012APh....35..767T/
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JCAP05(2013)009
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Figure 4. Results for uniformly distributed sources derived for Ethr = 70 EeV (43 highest energy
events). Left: the mean number of pairs at an angular scale of 10◦. The blue line and the shaded
band represent the mean and 90% CL limits on the expected number of pairs from Monte Carlo
simulations. The mean number of pairs for the data is indicated by the solid horizontal line. Right:
95% CL allowed region (shaded area) for the density of sources as a function of the angular scale. The
vertical arrows indicate how much the bounds change for a 22% shift of the absolute energy scale.
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Figure 5. 95% CL lower bounds on the density of uniformly distributed sources as a function of the
angular scale. Bounds derived with Ethr = 60, 70 and 80 EeV are shown.

If the intrinsic intensity of the sources were not uniform, a larger clustering of events is
typically expected and thus tighter bounds on the density of sources would result. We have
checked that for a distribution of intensities with dispersion equal to the mean the bound is
shifted up by ∼ 50%.

Stronger bounds on the density of sources are expected to result when the sources are
not uniformly distributed in space, due to the additional clustering of the sources themselves.
We explored the possibility that UHECR sources follow the distribution of matter in the local
universe by using the galaxies in the 2MRS catalog as tracers of the matter distribution. Since

– 9 –

The Pierre Auger Observatory, JCAP, 05 (2013) 009

• Uniform source distribution 
!

• ΔE, Δα fluctuations included 
!

• Available as long as the deflection angle 
	 is smaller than α

http://adslabs.org/adsabs/abs/2013JCAP...05..009P/
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L
tot

> 2⇥ 1045
✓2
F

�3�2

Z2

✓
E

1020 eV

◆
2

erg s�1

uB =
LB

4⇡R2�2�c

E <
ZeBR

✓F�

Steady objects with Lbol > 1045 erg are rare within the GZK radius,  
namely << 10-4 Mpc-3.

Norman et al., ApJ 454 (1995) 60 
Blandford, Physica Scripta, T85 (2000) 191 
Waxman, Pramana 62 (2004) 483

e.g., Zaw et al., ApJ 696 (2009) 1218

Hillas Condition Magnetic Luminosity

http://adslabs.org/adsabs/abs/1995ApJ...454...60N/
http://adslabs.org/adsabs/abs/2000PhST...85..191B/
http://adslabs.org/adsabs/abs/2004Prama..62..483W/
http://adslabs.org/adsabs/abs/2009ApJ...696.1218Z/
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UHECR Source Candidates
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Hillas Criterion 
     Larmor radius < Source size

Active Galactic Nuclei Gamma-ray Bursts

Newly Born Magnetars Clusters of galaxies

e.g., Biermann & Strittmatter, ApJ 322 (1987) 643,  
Takahara, PTP 83 (1990) 1071,  
Rachen & Biermann, A&A 272 (1993) 161,  
Norman et al., ApJ 454 (1995) 60,  
Farrar & Gruzinov, ApJ 693 (2009) 329,  
Dermer et al., New J. Phys. 11 (2009) 065016  
Pe’er et al., PRD 80 (2009) 123018,  
HT & Horiuchi, Aph 34 (2011) 749,   
Murase, Dermer, HT, Migliori, ApJ 749 (2012) 63

e.g., Waxman, PRL 75 (1995) 386,  
Vietri, ApJ 453 (1995) 883,  
Murase et al., PRD 78 (2008) 023005,  
Wang et al., ApJ 677 (2008) 432

e.g., Blasi et al., ApJ 533 (2000) L123,  
Arons, ApJ 589 (2003) 871,  
Kotera, PRD 84 (2011) 023002,  
Fang et al., ApJ 750 (2012) 118

e.g., Norman et al., ApJ 454 (1995) 60,  
Kang et al., ApJ 456 (1996) 422,  
Inoue et al., astro-ph/0701167

JEM-EUSO purple book 2010 
edited by HT

http://adslabs.org/adsabs/abs/1987ApJ...322..643B/
http://www.apple.com/jp
http://adslabs.org/adsabs/abs/1993A%26A...272..161R/
http://www.apple.com/jp
http://www.apple.com/jp
http://adslabs.org/adsabs/abs/2009NJPh...11f5016D/
http://adslabs.org/adsabs/abs/2009PhRvD..80l3018P/
http://adslabs.org/adsabs/abs/2011APh....34..749T/
http://adslabs.org/adsabs/abs/2012ApJ...749...63M/
http://adslabs.org/adsabs/abs/1995PhRvL..75..386W/
http://adslabs.org/adsabs/abs/1995ApJ...453..883V/
http://adslabs.org/adsabs/abs/2008PhRvD..78b3005M/
http://adslabs.org/adsabs/abs/2008ApJ...677..432W/
mailto:http://adslabs.org/adsabs/abs/2000ApJ...533L.123B/?subject=
http://adslabs.org/adsabs/abs/2003ApJ...589..871A/
http://adslabs.org/adsabs/abs/2011PhRvD..84b3002K/
http://adslabs.org/adsabs/abs/2012ApJ...750..118F/
http://www.apple.com/jp
http://adslabs.org/adsabs/abs/1996ApJ...456..422K/
http://adslabs.org/adsabs/abs/2007astro.ph..1167I/
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Anisotropy Interaction model

Composition 
at the highest E Proton-dominated Heavy nuclei

Anisotropy Protons Statistical error

Galactic-to-Xgal 
transition

Proton-dip 
(p-) ankle transition Ankle transition

etc. Interaction models 
may be modified.

※ Compromised scenario: heavy in a wide range + very weak magnetic fields

Spectrum
GZK steepening + dip/ankle are established.

Composition
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Summary on Current Status
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Source properties

• Steady sources 
• proton-dominated              >~ 10-4 Mpc-3 
• heavy-nucleus-dominated  >~ 10-6 Mpc-3 
!

• If proton-dominated composition,  
• the luminosity requirement → transient for jet-sources 
• Strong evolution is ruled out by neutrinos.
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1. Introduction 

2. Review 

3. Future Prospects 

4. Summary
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What is the Next Step?

30

How / why are particles accelerated up to such extreme high energies?

Where are particles accelerated up to such extreme high energies?

What is the nature of UHECR sources?

to establish strategies to unveil the sources
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Source Classification
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Proton / Steady

Heavy / Transient

Proton / Transient

Heavy / Steady
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Transient Sources
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Time-delay and time-profile dispersion

td(E,D) ' 1.5⇥ 105Z2

✓
E

1020 eV

◆�2 ✓ D

100 Mpc

◆2 ✓ B

1 nG

◆2 ✓ �

1 Mpc

◆
yr

photons / neutrinos

higher-E CRs

lower-E CRs
～

More sources are observed at lower energy that at higher energy.
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Evidence for Transient Sources
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Strong energy dependence of apparent source number density
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Bursting case <1 source
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HT & Murase, ApJ 748 (2012) 9

http://adslabs.org/adsabs/abs/2012ApJ...748....9T/
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Constraints on ρs and Energy Budget
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• τmin : GMF, EGMF surrounding sources

• τmax : GMF, EGMF surrounding sources, IGMF

HT & Murase, ApJ 748 (2012) 9

http://adslabs.org/adsabs/abs/2012ApJ...748....9T/
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Evidence for Transient Sources?
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Anisotropy constraints on distant powerful sources of ultrahigh-energy cosmic rays 5
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Figure 1. Upper limits of UHE-proton luminosity above 1018 eV as a function of the exposure of a UHECR experiment with a uniform aperture. The cases
of sources located at five representative redshifts and of two spectral indices (s = 2.0 [solid lines] and s = 2.6 [dotted lines]), are demonstrated. The assumed
strengths of the local magnetic fields are 0 nG (upper left), 1 nG (upper right), 10 nG (lower left), and 100 nG (lower right). The value of Ecut is set to be 1020

eV.

significant anisotropy, we can apply the discussion above to
the upper limits.

These upper limits depends on the spectral index of UHE-
CRs at a focused powerful source; a steeper-spectrum case
provides a higher value of the upper limit. This is related to
the definition of the cosmic-ray luminosity. Now that it is
defined as the luminosity of cosmic rays within the energy
range from 1018 eV to 1021 eV, the luminosity of cosmic rays
contributing to the observed cosmic-ray flux above 1019 eV is
smaller for a steeper spectrum under the same cosmic-ray lu-
minosity, and therefore a higher luminosity is required to pro-
vide the same number of source events as for a hard source.

The local magnetic field with B = 1 nG does not affect the
results obtained in the cases of no magnetic field around the
Milky Way because the deflection angles of UHECRs with
∼ 1019 eV by the magnetic field are comparable with the un-
certainty of determining the arrival directions of UHECRs by
current UHECR detectors. Above this value, the local mag-
netic field smears out an event cluster produced by the power-
ful source. As a result, the upper limit of cosmic-ray luminos-
ity to achieve the observed isotropy becomes higher; about 3
times and 20 times higher than the upper limits in the case of
no local magnetic field for B = 10 nG and B = 100 nG, respec-
tively.

The cosmic-ray luminosity upper limit of a source in local
universe can be estimated from simple interpolation by using

the approximation that comoving/luminosity distance within
z = 0.05 can be well approximated by cz/H0 within a few per-
cent level. In other words, the cosmic-ray luminosity limit is
proportional to the redshift squared in local universe.

The upper limits of cosmic-ray luminosity in local universe
indicate that an energy conversion rate to UHECRs is less than
one percent even for a powerful source. If UHECRs are ac-
celerated up to the maximum energy of Emax in a relativistic
jet with the bulk Lorentz factor of Γ, the total luminosity of
the jet Lj should satify Lj > 1.7× 1045Z2Γ2(Emax/1020 eV)2

erg s−1, where Z is the nuclear number of cosmic rays (Nor-
man et al. 1995; Waxman 2004; Pe’er et al. 2009). An ordi-
nary UHECR source is expected to have the cosmic-ray lu-
minosity of ∼ 3× 1040(ns/10−4 Mpc−3)−1 erg s−1 at 1019 eV.
If the composition of UHECRs is protons at this energy, the
energy conversion rate to cosmic rays above this energy is
! 10−5Γ−2. For a powerful source focused in this study at
z = 0.01, its cosmic-ray luminosity is maximally ! 1043 erg
s−1, even considering a magnetic field surrounding the Milky
Way with B = 100 nG. This indicates that the energy conver-
sion rate ! 10−2Γ−2.

The upper limits of the cosmic-ray luminosity become
higher in the cases of Ec = 1019 eV, as shown in Figure 2.
This is because the fraction of the luminosity of cosmic rays
to contribute to the observed cosmic rays above 1019 eV is

HT, Murase, Beacom, Dermer, to be submitted.
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ray luminosities from gamma-ray data. We stress that our
anisotropy constraints to the cosmic-ray luminosity are more
stringent as long as B ! 10 nG or sometimes even if B ∼ 100
nG. Despite the uncertainty of extragalactic magnetic fields,
the anisotropy of UHECRs provides strong bounds on the
power of UHECR emission.

The simple scaling of the cosmic-ray luminosity constraints
can rule out the existence of typical UHECR sources in local
universe. Since the constraints are conservative, the observed
isotropy is inconsistent with the existence of UHECR sources
with the averaged cosmic-ray luminosity Lave

CR within the dis-
tance where the cosmic-ray luminosity upper limits at 1019

eV, denoted by Lul,19
CR = E2dN/dE(1019 eV), is smaller than

Lave
CR, that is,

z < 6×10−3
(

ns

10−4 Mpc−3

)−1/2
(

Lul,19
CR (z = 0.01)
1041 erg s−1

)−1/2

,

(9)
or equivalently,

r < 24
(

ns

10−4 Mpc−3

)−1/2
(

Lul,19
CR (z = 0.01)
1041 erg s−1

)−1/2

Mpc,

(10)
where E(1019 eV) = 1044 erg Mpc−3 yr−1 is applied. The
cosmic-ray luminosity upper limits at z = 0.01 can be ob-
tained as the fraction η of the cosmic-ray luminosity con-
straints estimated in Figs. 1 and 2, and η is 0.22, 0.16,
0.20, and 0.09 for (Ecut,s) = (1020 eV,2.0), (1020 eV,2.6),
(1019 eV,2.0), and (1019 eV,2.6), respectively. Note that
Lul,19

CR (z = 0.01) ∼ 1041 erg s−1 is the cosmic-ray luminosity
constraints already achieved by PAO for B ! 1 nG and those
reachable in the near future if B ! 10 nG. Thus, if the strength
of the local magneic field is B ! 1 nG, UHECR emitters are
steady, and all the sources of UHECRs with ∼ 1019 eV are
those of the highest energy cosmic rays, i.e., ns ∼ 10−4 Mpc−3

also for the sources of UHECRs with ∼ 1019 eV, the nearest
UHECR source candidate, Centaurus A, is difficult to be a
UHECR source as pointed out in Takami & Sato (2009).

The derived upper limits of cosmic-ray luminosity allow
us to estimate the source number density of UHECRs with
the energy of 1019 eV. Since the expected number of UHECR
sources in a sphere with the radius given in Eq. 10 is less than
unity, we can blindly evaluate the source number density as

ns > 3×10−3

(
Lul,19

CR (z = 0.01)
1041 erg s−1

)−3

Mpc−3. (11)

This number density is much larger than that of radio galax-
ies (Fanaroff-Riley I + II), ∼ 8× 10−5 Mpc−3, is close to that
of Seyfert galaxies and bright galaxies. This is also consis-
tent with an early estimation of the source number density of
UHECRs with ∼ 1019 eV (Takami & Sato 2009). Hence, this
estimation implies that UHECRs with the energy of 1019 eV
are commonly produced in the universe.

Also, we have considered only the steady sources of UHE-
CRs. However, some of UHECR source candidates such as
GRBs, AGN flares, young neutron stars are transient phe-
nomena. Note that in the context of cosmic-ray astronomy
transient phenomena are defined as ones that their lifetime
is shorter than the arrival time-delay of cosmic rays. Thus,
neutron stars in a young phase are classified into the tran-

sient sources of UHECRs. The cosmic-ray flux of a transient
source is the cosmic-ray energy input divided by time disper-
sion due to cosmic magnetic fields, which is comparable with
the time delay of the cosmic rays. Since the time delay is
proportional to the cosmic-ray energy inversely squared, the
ratio of the source number densities of UHECRs with 1019 eV
and 6×1019 eV is ∼ 40, which can explain the difference be-
tween ns ∼ 10−4 Mpc−3 for E > 6×1019 eV and ns " 3×10−3

for E > 1019 eV, i.e., Eq.(11). Thus, this difference may in-
dicate the transient generation of UHECRs. Note that it was
proposed that the difference of the apparent number density
of UHECR sources estimated from anisotropy on cosmic-ray
energy is a hint of the transient generation of UHECR sources
(Takami & Murase 2012).

6. SUMMARY
We studied anisotropy in the arrival direction distribution

of UHECRs produced by steady powerful cosmic-ray sources
with numerical simulations. The non-detection of signifi-
cant anisotropy at ∼ 1019 eV imposes the upper bound of the
cosmic-ray luminosity of a steady powerful UHECR source,
depending on its redshift and magnetic fields surrounding the
Milky Way. We derived such constrains for current and fu-
ture observations. This anisotropy constraint is stronger than
the cosmic-ray luminosity bounds obtained from gamma-ray
observations in the framework of the UHECR-induced cas-
cade model. The isotropic UHECR sky also restricts the ex-
istence of typical sources in local universe and also provides
the lower limit of the local source number density of UHE-
CRs with ∼ 1019 eV. This lower limit may be much larger
than the source number density of UHECRs above ∼ 6×1019

eV, indicating the transient generation of UHECRs.
We also examined UHECR anisotropy produced by spe-

cific EHBLs, that is, 1ES 0229+200, 1ES 0347-121, and
1ES 1101-232, in the UHECR-induced cascade model with
the effect of GMF. If there is no cosmic magnetic fields,
these EHBLs produce strong anisotropy in the UHECR sky at
∼ 1019 eV which should be already detected by PAO, unless
the cosmic-ray spectra of the EHBLs are terminated much be-
low 1019 eV. One idea to compromise the observed isotropy at
∼ 1019 eV and the UHECR-induced cascade model is to intro-
duce the effect of local magnetic fields embedding the Milky
Way with the strength of B. The cosmic-ray isotropy indicates
the UHECR-induced cascade model works in the cases that 1)
the Milky Way is surrounded by a strongly magnetized struc-
ture (B " 100 nG) if the EHBLs accelerate protons up to the
highest energies, 2) the strength of the local magnetic field
is B " 10 nG and B " 1 nG for the hard-spectrum (s = 2.0)
and steep-spectrum (s = 2.6) cases if the cutoff energy of pro-
tons is ∼ 1019 eV, or 3) a lower maximum acceleration energy
of protons than ∼ 1019 eV is required although the energy
conversion from protons to electromagnetic particles is less
efficient.

We are grateful to S. Razzaque for useful discussion. The
work of H.T. is supported by Japan Society for the Promotion
of Science KAKENHI 24·9375. ...
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The lower energy (~1019 eV) anisotropy indicates transient sources. 
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Higher energy (~6 x 1019 eV)
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⇠
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See also HT & Sato (2009)



Hajime Takami | 高エネルギーガンマ線で見る極限宇宙2014, ICRR, Japan, Oct. 2, 2014 /48

What Can We Do for Composition?
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•                            collider required


• Anisotropy measurements


• Cosmogenic neutrinos

p
spp = 433 TeV
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Cosmogenic Neutrinos ~ Composition ~

37

JCAP10(2010)013

Figure 9. Cosmogenic neutrino fluxes for all flavors, for different parameters compared to various
instrument sensitivities. The pink dot-dashed line corresponds to the FRII strong source evolution
case with a pure proton composition, dip transition model and Ep,max = 1021.5 eV. Blue lines are our
extreme pessimistic cases: the blue dotted line represents the iron rich, low Ep,max composition, and
the blue dashed line the pure iron injection case, with Ep,max = 1020 eV; both lines assume a uniform
evolution of sources. The shaded area brackets a wide range a parameters: all transition models and
all source evolutions except uniform and FRII, for pure protons and a mixed ‘Galactic’ composition
are considered. Including the uniform source evolution would broaden the shaded area down to the
black long-dashed line. Instrument sensitivities: differential limits for super Auger North multiplied
by 3 (green dashed, see text), IceCube 80 lines averaged over the three flavors (blue dash-dotted,
acceptance from S. Yoshida, private communication, see also [43] and [5]), and JEM-EUSO multiplied
by 3 (purple solid, acceptance from [54], see text). In red solid line: differential limit and integral flux
limit on a pure E−2 spectrum (straight line), both multiplied by 3 (see text) for Auger South, using the
optimistic acceptance from [9]. In black solid line: ANITA-II differential limit at 90% CL, for 27.1 day
livetime, for all flavors, the straight line indicates the integral flux limit on a pure E−2 spectrum [35].

in figure 9. The numbers are only represented in the instrument sensitivity range. From
these figures, one can infer that at EeV energies, one should detect 0.06–0.2 neutrino per
year with IceCube-80 and 0.03–0.06 with Auger South. Let us note however that current and
planned experiments should be unable to detect cosmogenic neutrino fluxes predicted for the
dip model if there is no evolution of the cosmic ray luminosity with redshift. In point of fact,
the non observation of cosmogenic neutrinos in the next few years would certainly help us

– 14 –

Kotera, Allard, Olinto, JCAP 10 (2010) 013

Protons
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TeV PeV EeV

UHE (PeV-EeV)

Qe+P+W

IceCube Preliminary

IceCube
 

6 years data (2008-2014) all combined

Model Event Rate
[/(2008-20014)]

Yoshida
(FR-II compat.)

6.5

Ahlers
(Best fit to HiRes)

5.0

Ahlers
(Minimum)

1.1

Kotera
(GRB)

3.9

Kotera
(STF)

2.9

S. Yoshida, JPS meeting, 2014
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Hotspot
᭱㧗䜶䝛䝹䜼䞊Ᏹᐂ⥺䛾␗᪉ᛶ

• ᭱኱䛾significance
• ᪉ྥ䠖R.A. = 146.7°, Dec. = 43.2°
• ほ ᩘ䠖19    (19/72=26%)
• ➼᪉ⓗศᕸ䛾ᮇᚅ್䠖4.5  (4.5/72=6%)
• Li-Ma significance: 5.1ߪ

• ➼᪉ⓗ䛺ศᕸ䛾ሙྜ䛻5.1ߪ௨ୖ䛾᭷
ពᗘ䜢ᚓ䜛അ↛䛾☜⋡䠖3.7x10-4 (ߪ3.4)
• MC䠖15, 20, 25, 30, 35ᗘ䛾༙ᚄ䛾෇

2014/9/20 బᕝᏹ⾜@᪥ᮏ≀⌮Ꮫ఍ 16

䝕䞊䝍䜢20ᗘ䛾༙ᚄ䛾෇䛷oversampling

Significance map

5ᖺ䛾䝕䞊䝍

ApJ 790, L21 (2014)
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Hotspot  +1ᖺ㛫

• 2008ᖺ5᭶䞊2014ᖺ5᭶䠄6ᖺ㛫䠅

• E  > 5.7x1019eV: 72஦㇟՜87஦㇟䠄+15䠅
• Hotspotෆ䠖 19஦㇟՜23஦㇟䠄 +4䠅
•᭱኱䛾Li-Ma significance: 5.1ߪ ՜5.5ߪ അ↛䛾☜⋡ ߪ3.4 = ՜4.0ߪ
2014/9/20 బᕝᏹ⾜@᪥ᮏ≀⌮Ꮫ఍ 17

฿᮶᪉ྥศᕸ Significance map

㟷䠖5ᖺ㛫䛾䝕䞊䝍
㉥䠖᭱㏆䛾䠍ᖺ㛫䛾䝕䞊䝍

D.Bergman
COSPAR 2014

(19/72~26%, 4/15~26%)
5ᖺ +1ᖺ
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Preliminary
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HT et al., in prep.

0 < z < 0.018

0.018 < z < 0.036
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Preliminary

Event Distribution from Specific Positions

42
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Preliminary

Angular Auto-correlation Functions
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Preliminary

Effects of Galactic Magnetic Fields
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Preliminary

Isotropic Background + Source Contribution
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Indicated Magnetic Fields
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Summary

48

• Anisotropy versus chemical composition 

• Transient sources?

Current Status

Future prospects

The nature of UHECR sources should be understood  
to establish strategies for source identification.

• Generation: steady or transient 
• Composition: proton-dominated or heavy nuclei

Anisotropy!

The hotspots indicates ~ 100 nG magnetic fields around the Milky Way — Multi-messenger!


