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A clustering of TA events TA (2014)

2018-10-10 UHECR 2018 @ Paris 2

20° oversampling significance mapTA events with E > 5.7 × 1019 eV

- 72 events with E > 5.7 × 1019 eV (5-year TA SD data)
- Maximum local significance: 5.1σ

Observed: 19 events
Expected from isotropy: 4.5 events

- Post-trial probability: 𝑃𝑃 ppre > 5.1𝜎𝜎 = 3.4𝜎𝜎

~320% excess to the isotropy

Skymaps in the equatorial coordinates



Characteristic distribution of TA events
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TA hotspot

 the nature and origin of TA hotspot?
 no excess toward the Virgo cluster?

black dots: 57 TA events with 
E > 5.7 × 1019 eV

equatorial coord.
The Virgo cluster



Clues to source candidates of UHECRs
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Bauleo and Martino (2009) Watson (2014)

Hillas plot  plausible 
accelerators of UHECRs

GZK horizon  a substantial fraction 
comes from sources within 100 Mpc

Are TA hotspot evets coming from a single source?
Probably not!  No plausible nearby sources on the sky

toward the TA hotspot
2018-10-10



Search for the distribution of local galaxies
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black dots: TA 5-year data TA (2014)
red square: center of TA hotspot
gray dots: local galaxies

The Virgo cluster
equatorial coordinates

JK+(submitted 2018)



Search for the distribution of local galaxies
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black dots: TA 5-year data TA (2014)
color dots: filaments of galaxies S. Kim et al. (2016)
gray dots: local galaxies

The Virgo cluster

JK+(submitted 2018)



Summary of statistical analysis: 5-year data with 3 filaments
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5.6σ at 3.4°

JK+(submitted 2018)
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- 72 events with E > 5.7 × 1019 eV (5-year TA SD data) 

- Maximum local significance: 6.1σ
Observed: 18 events
Expected from isotropy: 3.1 events

- Post-trial probability: 𝑃𝑃 ppre > 6.1𝜎𝜎 = 5.6𝜎𝜎
- A close correlation with astronomical objects with such high significance

- The estimated mass composition of UHECRs and strength of galactic magnetic 
fields are consistent with observations.

~497% excess to the isotropy



A plausible model for the origin of TA hotspot

• UHECRs are postulated to be 
produced at a source or sources 
inside the Virgo cluster. They 
roam around for a while 
because they are confined by 
cluster magnetic fields, and 
then escape through connected 
filaments. 

• If they come to us after 
scattered at turbulent magnetic 
fields in filaments, the arrival 
direction of UHECRs would be 
correlated with the distribution 
of filaments on the sky. 
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our Galaxy

source

last 
scattering

point

𝛿𝛿 ~ 𝑓𝑓 ×
𝜋𝜋
2

5 × 1019 eV
𝐸𝐸/𝑍𝑍

𝐿𝐿
25 Mpc

1/2 𝑙𝑙𝑐𝑐
1 Mpc

1/2 𝐵𝐵random
20 nG



Confinement of UHECRs

• The capability of confining a particle can be described by comparing 
the size of an astrophysical site, R, and the gyro-radius of the particle, rg, 
which is given by

𝑟𝑟g =
𝐸𝐸
𝑍𝑍𝑍𝑍𝐵𝐵~

100 kpc
𝑍𝑍

𝐸𝐸
1020 eV

𝐵𝐵
1 μG

−1

,

where 𝑍𝑍 and 𝐸𝐸 are the charge number and energy of the particle, and 
𝐵𝐵 is the strength of magnetic field of a astrophysical site. 

• If 𝑅𝑅 > 𝑟𝑟g, the particle can be confined in the astrophysical site.

• For UHECRs with E ~50 EeV,

B ~ 1 μG  𝑟𝑟g ~ 50 kpc ≪ size of galaxy clusters (several Mpc)

B ~ 20 nG 𝑟𝑟g ~ 2.5 Mpc ~ diameter of galaxy filaments

• Our picture requires 

B > ~1 μG in clusters and B > ~20 nG in filaments
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Magnetic fields in the large-scale structure from simulation

Ryu et al. (2008)

- A simulated distribution of the 
intergalactic magnetic fields in a 
box of (100 h-1Mpc)3

- Based on a turbulence dynamo 
model, the average strength of 
magnetic field would be 

B in clusters: ~ a few 𝜇𝜇G

B in filaments: ~10 nG

magnetized cosmic web

10-10 G 10-8.5 G 10-5 G
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Magnetic fields in the LSS

 Consistent with the required 
strength of magnetic fields by 
our picture 
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Magnetic fields in the large-scale structure from simulation
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Magnetic fields in filaments of galaxies

An evolution of magnetic fields in filaments from 
a simulation shown with 9 Mpc×18 Mpc image

 Consistent with the required strength of 
magnetic fields by our picture 

100 nG

0.1 nG

F. Vazza et al. (2014)
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Influence by the galactic magnetic fields 

• The predicted deflection angles are highly model dependent, 
but it is expected that the influence of the GMF for this analysis 
is not too strong because the Virgo cluster and its filaments are 
located toward quite high galactic latitude, >~30°.
 TA hotspot events should be light nuclei such as protons in 
our picture.
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H. Takami and K. Sato (2008)
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Trajectories of UHE protons
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• UHE protons with 6 × 1019 eV 
• Cluster: 𝑇𝑇𝑋𝑋 = 3.5 keV

𝐵𝐵core ~ 1.5 𝜇𝜇𝜇𝜇
• 42×17.5×17.5 (h-1 Mpc)3

• UHE protons roam and escape 
through filaments.

JK+(submitted 2018)



Trajectories of UHE protons
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• UHE protons with 6 × 1019 eV 
• Cluster: 𝑇𝑇𝑋𝑋 = 3.5 keV

𝐵𝐵core ~ 1.5 𝜇𝜇𝜇𝜇
• 42×17.5×17.5 (h-1 Mpc)3

• UHE protons roam and escape 
through filaments.
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Summary

• A close correlation between the TA events and filaments of 
galaxies connected to the Virgo Cluster was found.

• We suggested a plausible model for the origin of TA 
hotspot UHECRs.

• A source (or sources) of the TA hotspot events is likely to 
be located in the Virgo cluster. The UHECRs would be 
captured by the magnetic fields in the cluster and escape 
toward filaments connected to the Virgo cluster, before 
travel to us.

• We plan to explore the dependence on the magnetic 
model by analyzing of various statistics in different 
magnetic field generation/amplification models.
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Thank you.
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backup
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Summary of statistical analysis: 5-year data with 6 filaments
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5.6σ at 3.4°

2018-10-10

- 72 events with E > 5.7 × 1019 eV (5-year TA SD data) 

- Maximum local significance: 5.6σ
Observed: 19 events
Expected from isotropy: 4.2 events

- Post-trial probability: 𝑃𝑃 ppre > 5.6𝜎𝜎 = 5.1𝜎𝜎

~350% excess to the isotropy
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Virgo-related filaments

Six filaments:
(clockwise)

Leo II minor
Leo II B
Leo II A
Crater
Virgo III
Canes Venatici

202018-10-10 UHECR 2018 @ Paris



Properties of structures
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6 filaments (clockwise order)

21

Name cz (km s-1)
Length 
(h-1 Mpc)

R_VC (Mpc)
Dist_MW
(Mpc)

N_tot N_faint N_bright
N_faint/N_t
ot

Density_Ntot
(N_tot/length)

Density_Nbright
(N_bright/length)

Leo Minor 505 772 5.4 7.27 17.41 14.07 54 48 6 0.89 10.00 1.11 
Leo II B 1257 2267 15.5 10.84 32.19 26.4 105 94 11 0.90 6.77 0.71 
Leo II A 1171 2267 16 11.71 46.68 26.3 180 165 15 0.92 11.25 0.94 
Crater 1436 1903 7.9 8.28 19.13 23.31 84 69 15 0.82 10.63 1.90 
Virgo III 1160 2196 11.4 7.26 32.07 26.7 181 162 19 0.90 15.88 1.67 
Canes Venatici 674 1446 4.8 7.15 27.05 20.96 51 48 3 0.94 10.63 0.63 

7 filaments & 1 sheet

UHECR 2018 @ Paris



Description for model universe

• The model universe was generated through a numerical 
simulation for the LSS formation using a particle-mesh/Eulerian 
cosmological hydrodynamics code (Ryu et al. 1993). 

• Assuming a ΛCDM cosmological model, the following 
parameters were employed: ΩBM = 0.044, ΩDM = 0.236, 
ΩΛ = 0.72, ℎ ≡ 𝐻𝐻0/(100 kms−1Mpc−1) = 0.7, 𝜎𝜎8 = 0.82, 
and 𝑛𝑛 = 0.96. 

• A cubic box of comoving size of 57 h-1 Mpc with periodic 
boundaries, divided into 16503 uniform grid zones, was 
employed; the grid resolution is 34.5 h-1 kpc, which is smaller 
than the gyroradius of UHE protons in most zones. 

• Three clusters with TX ≳ 3 keV formed within the simulation 
volume, and a cluster with TX = 3.5 keV was selected as the 
source cluster of UHE protons.
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Details of simulation

• Assuming that the intergalactic magnetic fields were seeded by 
the Biermann battery mechanism, their evolution and 
amplification were followed (Kulsrud et al. 1997). 

• However, with the numerical resolution employed, the cluster 
magnetic fields are not amplified to the level of observed 
strengths (Vazza et al. 2017). Therefore, the magnetic field 
strength in the core (within 1 h-1 Mpc from the X-ray center) of 
the source cluster was rescaled to ~1 𝜇𝜇G; then it became ~0.1 
𝜇𝜇G in the cluster outskirts, and a few tens of nG in filaments.

• At random positions within the cluster core, UHECRs with 6 ×
1019 eV were injected toward random directions, and their 
trajectories were followed with the relativistic equation of 
motions for charged particles under magnetic field.
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Intriguing observations in the Virgo cluster

• Brown circles and the brown line plot brightest elliptical galaxies and 
the extension of the cluster principal axis, respectively, in the Virgo 
Cluster. The extension of M87 jet is drawn with the indigo line.
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