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Amazing Predictions	

Black Hole	
 Expanding Universe	


Astrophysics	

Final fate of stellar evolution	
 Big Bang	


Cosmology	


€ 

R ~ 2GM
c 2
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Physics	





Infrared	


Microwave	


Radio	


Optical	


X-ray	


GeV	
  γ	


TeV γ	


20th century	


observations:	


In particular,	


X-γ-VHE γ	



TeV=	


1012eV	


GeV=	


109eV	


Multi-Wavelength 
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Cosmic Accelerators	

High Energy Phenomena pervade the Universe	


Active Galactic	


Nuclei (AGN)	


~106-9M☉Black Hole	



Micro-	


quasar	



~10M☉Black Hole	



Pulsar	


PWN	



Supernova	


Remnant	


Gamma-Ray	


Burst (GRB)	


Neutron Star	


w/ 108-14G	


Dark	


Matter

?	


Gravity, EM, Weak, Strong + New?	
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Fermi, AGILE ~3000	



>100	


keV	

GeV	


TeV	


Explosive Development 

7	


# of sources���
are increasing���
exponentially	
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CTA	


ν	



GW	





Multi-Messenger Era 
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Photon	
 Cosmic 
Ray	


ν	
 Gravitational	



Wave	

21th Century: Multi-Messenger Era	
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Mysteries in 21th Century	


Origin of	


Cosmic Rays	


Black Hole Jet	

 Dark Matter	


?	
 … 
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E-2.7	


×E2	


Knee 	


(~1/m2/yr)	

 Ankle	



(~1/km2/yr)	

E-3	



×E2	


E-3.2	



×E2	


E-2.7×E2	


	


UHECR	


GZK cutoff?	



(~1/km2/century)	



Gaisser 06	


Cosmic Ray	


E<1015-16eV (Knee)	


  F∝E-2.7	


  Supernova remnant(?)	

  LCR~1041erg/s���
       ~0.1ESN/tSN	



1015-16<E	


  <1018eV (Ankle)	


  F∝E-3-3.2	



  Galactic origin?	


  <1014-15eV by SNR	


1018eV<E	


  F∝E-2.7	



  Extra-Gal. AGN? GRB?	
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E-3	



×E2	


E-3.2	
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E-2.7×E2	
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(~1/km2/century)	



Gaisser 06	


Cosmic Ray	


E<1015-16eV (Knee)	
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  Extra-Gal. AGN? GRB?	
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100 yr	


Problem	




Supernova Remnant	


~3000km/s	
 Interstellar Medium	


cs~10km/s	



Supernova	


explosion	


(gravity, nuclear)	


⇒ Shock	


⇒ Heating	


~ keV ~ X-ray	
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Particle Acceleration	


N
um

be
r 	


Energy	


Diffusive process	

→ Power-law	


f(p)~p-3r/(r-1)	


Diffusive Shock (Fermi) Acceleration	


Collisionless Shock	


Shock surface	


Up	
 Down	


Particle	


Magnetic	


Field	
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Galactic Magnetic Fields	


Cosmic Rays below ~1018eV are deflected	


by Galactic Magnetic Fields ~µG	
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Cosmic-Ray Origin? 

Funk+ 11	


Supernova Remnant ⇒ CR?	


pp→π0→γγ Detection?	
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Hadronic or Leptonic?	

17	


π0 cutoff?	


Abdo+ 11	


Ackermann+ 11	


pp→π0→γγ	


eγ→eγ 	


inverse Compton	


Evidence of CR Origin	


Still under discussions	
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Where is PeVatron? 

Funk+ 11	


E < PeV	


=1015 eV ���
(Knee)	
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Funk+ 11	


E < PeV	


=1015 eV ���
(Knee)	


Less γ-ray	


for older SNR?	
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Where is PeVatron? 
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Astro-H	


CTA	
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Astro-H	


CTA	


+ NANTEN	


Submm radio	


Nakamori’s Talk	




TeV Gamma-Ray Sky	

unID	


Pulsar	


Wind Nebula	



dominates 	


TeV γ-ray sky	


1307.4690	
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Pulsar Wind Nebula 

e± & B wind ���
⇒ Shock	


⇒ Acceleration	


⇒ Synchrotron	


X-ray	
 l  Neutron star	


 Rotation + B	


l  Crab nebula	


l  rshock~0.1pc	


l  rknot~0.01pc	


l  ~4days flares 	


⇒ PeV electron	
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Pulsar Wind Nebula 

e± & B wind ���
⇒ Shock	


⇒ Acceleration	


⇒ Synchrotron	


X-ray	
 l  Neutron star	


 Rotation + B	


l  Crab nebula	


l  rshock~0.1pc	


l  rknot~0.01pc	


l  ~4days flares 	


⇒ PeV electron	


 Linear ���
 accelerator?	
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E	




Mysteries in 21th Century	


Origin of	


Cosmic Rays	


Black Hole Jet	

 Dark Matter	


?	
 … 
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Gamma-Ray Burst 

=	

 = 
Sun	

~1033g	



GRB	


~1052erg	

Atomic bomb	


In ~sec, GRB release energy Sun emit over lifetime	



GRB is the most luminous object	


E=mc2 (by Einstein)	



~1kg	
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GRB ≈ Black Hole Formation?	


GRB jet breaks out of massive stellar envelope	


msec x c ~ 300km ~ BH radius 

Why BH launches relativistic jet? 

?	


v>0.9999×c	


Collapsar	
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Magnetized���
Jet	



Accretion Disk	


(Baryon)	


ν,  ν ν,  ν
e±

γ

B > me
2e3

e
≈ 4×1013G

Black���
Hole	



Radiative	


Jet	


? 
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Penrose Process	


Black	


Hole	


E0	


E1	


E2	


E1<0 is possible	


since gtt<0���
in Ergosphere	


E0=E1+E2	


⇒E2>E0	



Ergosphere	


We can extract energy from BH!!	


Max~29%Mc2 (if a=M)	


Penrose 69; Blandford & Znajek 77	
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>GeV γ-ray from GRBs 
GRB 090510	


Abdo+ 09	



GeV	
MeV	
keV	


νFν	


ν	


2008-	
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l  Γ>1000 to avoid γγ→e+e- 	

l  >1017eV p+γ→π→γ,e?	



C
T

A
	




Active Galactic Nuclei 
Blazar	


Radio���
galaxy	



(BLR,NLR)	


(FR I, II)	



Γ~10	


Supermassive Black Hole~106-9M¤	
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Off-Axis AGN	


Optical image	


Radio contour	


Cross: VHE best fit position	


Circle: 95%CL VHE extension	


Aharonian+ 09	


Abdo+ 10	


Kachelrieβ+ 09	

Sahu+ 12	


UHECR+(γ, p)→π→HE γ	


2nd Component	


Hadronic origin?	
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Cen A	




Fast Variability	
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Δt ~ 4.8 min ~ 20% rg (Sub-horizon)/c?	


Radio galaxy IC 310	


MAGIC 14	


E	




γ-ray Bubble Sky Image 

Data subtraction reveals the gamma-ray bubbles	


~1.66yr	
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35	


Tidal Disruption Jet 

Rees 88	


~t-5/3	


Burrows+ 11	


Supermassive BH	


disrupts a star ⇒ Jet	
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ν	


γTeV	


Cosmic Infrared Background	
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Ackerman+ 12	


Star	


e+	


e-	


€ 

eV × TeV ~ mec
2( )2

lγγ ~ 1 σT nIR ~ 10nIR
−1Mpc

γeV	


©Tsumura	
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Multi-Messenger 
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Photon	
 Cosmic 
Ray	


ν	
 Gravitational	



Wave	

21th Century: Multi-Messenger Era	
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γ	

ν	


p	


proton 
n	


γ	

π+	
 µ+	
 e+	


νµ	
 νe µν

CR origin 
ν interaction@>TeV 
τ appearance 
Limiting ν speed 
Equivalence principle 

Strong penetration	


Not delayed 

Cosmic ν	
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First 2 PeV νs	


Aartsen+(IceCube), arXiv:1304.5356	


8 Aug 2011	



1.04±0.16 PeV	


3 Jan 2012	



1.14±0.17 PeV	


PeV=1015eV	
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Breakthrough of 	



the year 2013	


Reported in Kyoto ν 2012	


Dawn of High-Energy ν Astronomy!!!	




Strong γ-Ray Limits	
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γ-ray extra-	


galactic BG	


	


pp	


no z-evolution	


Γ=2.0 (thick)	


Γ=2.14 (thin)	


Murase+ 13	




Multi-Messenger 
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Photon	
 Cosmic 
Ray	


ν	
 Gravitational	



Wave	

21th Century: Multi-Messenger Era	
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?	
 ?	
 ?	

Gravitational wave	
 X-ray	
 IR-Opt	
 Radio	


!!!	


?	
 ?	

Neutrino	
 Gamma-ray	
Gravitational Wave Sources	


Counterparts to GW	




Full General Relativity	
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Kyutoku, KI, Okawa, Shibata & Taniguchi 15	


Hotokezaka+ 13	


Ejecta energy	


~ Supernova	


	



Ejecta velocity	


~0.1-0.3 c	


>> Supernova	


	



⇒ TeV γ-ray?	


Takami, Kyutoku & KI 14	




Max Mass of Neutron Star	
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Demorest+ 10	


msec NS + 	


 0.5M¤WD	


Shapiro delay	


~(1.97±0.04)M¤ 

Stiff EOS	


(No hyperon?	


 3-body?	


 vector force?)	



2M¤	
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Evidence of Dark Matter	

Gravitational Lensing	


CMB	


Structure Formation	



Galactic Rotation Curve	


Bullet Cluster	
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Content of the Universe	


Know particles can NOT be Cold Dark Matter	
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Searches for Dark Matter	


χ	


χ	


N	


N	


Accelerator	


Missing pT	


Direct Detection	


DM scatters Nuclei	
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Indirect Detection	


High-energy cosmic ray	




Indirect Detection	


Our Galaxy	


DM+DM or DM →γ, e±, p, ν, …	


γ,	
  ν	


e±	
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γ-ray Limits on DM	
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Lafranc+ 14	


GeV	
 TeV	


Complimentary to LHC & Direct detections	


Weak scale, Higgs	




Galactic Center GeV Excess	
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Circular, Extended ∝ θ-2.4	



Bump-like spectrum	



GeV dark matter?	


  (so-called Hooperon)	



msec Pulsars?	



⇒ TeV by CTA	



Fermi LAT	


Yuan & KI 15	




Cosmic-Ray Electron	

An Excess also in (e++e-) Spectrum	


Abdo+ 09	


Ackermann+ 10	


Chang+ 08, Torii+ 08	


Aharonian+ 08, 09	


Adriani+ 11	



ATIC/PPB-BETS	


Peak + Cutoff	


~600GeV DM?	


HESS	


~TeV cutoff	


conventional diffusive model	


Fermi	


Smooth E-3	



No peak	
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CALET ���
(CALorimetric Electron Telescope)	


© Torii	


Cosmic Ray Electrons	


up to ~10TeV	


w/ ΔE~a few % (>100GeV)	
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Lorentz Invariance Violation	

l  Some Quantum Gravity Theories violate LI	


⇒ Energy dependent dispersion & speed of light	


€ 

pγ
2c 2

Eγ
2 −1= sn

Eγ

ξMPlanckc
2

% 

& 
' 

( 

) 
* 

n

€ 

vγ =
∂Eγ

∂pγ
≈ c 1− sn

n +1
2

Eγ

ξMPlanckc
2

' 

( 
) 

* 

+ 
, 

n- 

. 
/ 
/ 

0 

1 
2 
2 

  

€ 

MPlanck =
c
G

" 

# 
$ 

% 

& 
' 
1 2

≈1.22 ×1019 GeV c2

sn=±1	



€ 

ξ ~ O 1( )
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LIV with γ-ray	

GRB090510 (z=0.9, Eh=28GeV)	


ξ=MQG,1/MPlanck>1.2	
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Axion-Like Particle	


•   aγγ	

γ	
 a	


✖	
 B	


Axion-γ	


Mixing	


Hooper+ 07	


Sánchez-Conde+ 09	


γ(TeV γ)+γ(Background)	


→ e+e- is avoided	
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Serendipity	


?????????????	





Thank 
You	



