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Fast Radio Bursts 
Thornton+ 13 

F=0.6-8.0 Jy ms !!!	

Most luminous	

radio transients	

if cosmological	


64m Parkes radio telescope (New South Wales)	

High Time Resolution Universe (HTRU) Survey	

High latitude survey (-70 deg < b < -30 deg)	

ν=1.382 GHz, Δν=400 MHz/1024, Δθ~14 arcmin	
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GRB Cosmology	

Massive star origin ⇒ High redshift GRBs	


Larson & Bromm 02	
 GRB	

QSO, galaxy	


GRBs are useful	

for probing high-z	


Like QSO	

Like Supernova	

Star formation	

Reionization	

Metal, Dust	

Dark energy	

…	
 z~10-30	


?	

z~8	
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~10年前 



Radio Dispersion	

High energy photon	


Ionized region	

Low energy photon	
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In a plasma, a light signal	

is delayed	

ω 2 = k2c2 +ω p

2

ω p =
4πne2

m
= 5.63×104n1 2  s−1

plasma frequency 
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Luminosity	


Time	
t~Δt	


Distortion in light curve	

⇒ DM	

⇒ Reionization History	




Dispersion Measure	

is the column density of free electrons along light path	


Dispersion Measure	

↓	


Reionization	

History	


Recombined electrons	

provide no DM	


Dispersion Measure	


Redshift	


Reionization	

redshift	


KI 03, Inoue 04	
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Intergalactic DM	
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DMIGP	

including missing baryon	


KI 03	

DMGalaxy~30-103 pc cm-3	
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DM from Afterglow	

Distortion	

at t~Δt	

⇒ DM	


Δt∝ν-2	


KI 03 

Unfortunately 	

radio afterglows	

are not so bright 

2015/01/20	 GRB, FRB & Cosmology	 8	



Dispersion Measure 
Thornton+ 13 

Galactic latitude 

2015/01/20	 GRB, FRB & Cosmology	 9	

δt∝DM・ν-2	


DM=500-1000 cm-3 pc 

Lorimer Burst 



Brightness Temperature 

Pietka+ 14 

P~|E|2	


~|E1+…+EN|2	


~N|E1|2	

(incoherent)	

~N2|E1|2	

(coherent)	


d: comoving distance 
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Summary of FRB Obs. 
l  DM=500-1000 cm-3 pc (z=0.5-1, dL~2-6Gpc)	

l  Sν~Jy ⇒ Eiso~1039-41 erg (~10x if Δν~ν)	

l  δt=5.6ms,<4.3,1.4,1.1ms	
���
⇒ cδt(1+z)-1 < 1500(1+z)-1 km	


l  Rate~(1±0.5)×104/sky/day~10-3/yr/galaxy���
        ⇔ Supernova rate 10-2/yr/galaxy	


l  High brightness temperature > 1035K	

l  No repeats & No counterparts so far	
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Expected Rate Hassall+ 13	

Lorimer+ 13 
Trott+ 13 

Low frequency component SKA1 could 	

find an extragalactic burst every hour 

1 event/hour 
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Contents for FRB 
•  Possible origins	

•  Real cosmic signal?	

•  Galactic?	

•  FRB cosmology	
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Possible Origins 
•   Perytons Burke-Spolaor+ 11; Kulkarni+ 14	


•   Galactic	

–   Nearby flaring star Loeb+ 13	


–   RRAT (Rotating Radio Transient; intermittent pulsar)	


•   Extragalactic	

–   Magnetar giant flare Popov & Postnov 07; Thornton+ 13; Lyubarsky 14; Penn 

& Conner 15	


–   NS-NS merger Hansen & Lyutikov 01; Totani 13	


–   WD-WD merger Kashiyama+ 13	


–   Collapse of hypermassive NS Falcke & Rezzolla 13; Zhang 13	


–   Supernova into a nearby star Colgate+ 71,75; Egorov & Postnov 09	


–   Supergiant pulse Cordes & Wasserman 15	


–   Pulsar-orbiting bodies Mottez & Zarka 14 
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Possible Exotics 
•   Evaporation of BH Rees 77; Blandford 77; Kavic+ 08; Keane+ 12	


•   PBH to white hole Barrau+ 14	

•   Superconducting cosmic strings Cai+ 12; Yu+ 14	

•   Axion stars Iwazaki+ 14; Tkachev+ 14	


•   … 
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Binary White Dwarf Mergers? 
2015/01/20	 GRB,	  FRB	  &	  Cosmology	 16	

Kashiyama, KI & Meszaros 13 

l Energetics	

 EB~1040erg	

l Timescale	

 rcap/c~ms	

l Event rate	

 ~SN Ia	

l SN Ia as a 	

counterpart?	




No Counterpart So Far 
Follow-up within hours 

Petroff+ 14 Rule out supernovae and long GRBs 
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Circular Polarization 
21±7% (3σ) circular polarization!!! 

Total intensity FRB 140514 

V 42±9% (5σ) 

Q U Linear <10% (1σ) 

Petroff+ 14 

Intrinsic? (Cyclotron maser in flare stars 90-100%, AGN ~0.3%, Pulsar pulses)	


Faraday conversion from linear to circular? (not likely)	

Scintillation-induced CP? 
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Contents for FRB 
•  Possible origins	

•  Real cosmic signal?	

•  Galactic?	

•  FRB cosmology	
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Lorimer Burst 010724 

S=30±10Jy, δt<5ms	

DM=375 cm-3 pc ⇒ z~0.1-0.3	

W∝f-4.8±0.4, S∝f-4	


b=-41.8deg 

LMC(Hα, HI) 

Lorimer+ 07 
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Similar Events? 

J1852-08 (Keane FRB 010621)	

DM=746 cm-3 pc	

400mJy, 7.8ms 

GRB100704A	

GRB101011A Keane+ 12	


Bannister+ 12	

Rubio-Herrera+ 13 

2015/01/20	 GRB, FRB & Cosmology	 21	



Terrestrial? 

16 “Perytons” in all 	

13 telescope receivers 

Burke-Spolaor+ 11; Kocz+ 12; Saint-Hilaire+ 12 
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Dispersion Measure Lightening, Aircraft, Electronics, …? 



Not Terrestrial? 
•   Perytons have symmetric W>20 msec���

which is larger than 4 FRBs by >3	

•   FRB 110220 has an exponential tail	

•   Perytons have DM~375 cm-3 pc���

< DM~500-1000 cm-3 pc for 4 FRBs	


•   4 FRBs are only detected in a single beam	

•   Perytons prefer daytime, and recur	
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Arecibo FRB (not Parkes) 

FRB 121102	

Galactic anti-center	

b=-0.2±0.2°	

DM=557.4±3 pc/cm3	


delay β=-2.01±0.03	

Width 3±0.5 ms	

No scattering signal	

Spectral α~10	

(sidelobe effect?)	

Rate is consistent 

A different telescope also detected FRB 
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Still in Chaos 
•   No FRB at intermediate Galactic latitude 

(-15°<b<15°) by Parkes HTRU Petroff+ 14	


–   Non-uniform sky distribution (99%CL)	


–   Disfavor a Galactic origin	


•   FRB 011025 in Parkes archives (5°<|b|<30°)	

–   Rate ~2×103/sky/day ~ (1/5)×(Thornton+ 13)	


•   FRB 131104 toward Carina dwarf Sph Ravi+ 14	


•   Keane FRB 010621 is Galactic? Bannister & Madsen 14	


•   VLA & LOFAR detect no FRB Law+ 14; Coenen+ 14 

Burke-Spolaor & Bannister 14	


2015/01/20	 GRB, FRB & Cosmology	 25	



FRB 011025 
•   Parkes archival data (5°<|b|<30°)	

•   Rate ~ 2×103/sky/day ~ 5x (Thornton+ 13)	


Burke-Spolaor & Bannister 14	
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FRB 131104 

Ravi+ 14 

Carina dSph @101±5 kpc? 

Wintrinsic<0.64 ms 2nd FRB with exponential tail (after FRB110220) 

Parkes 
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LOFAR 

~142MHz	

R<150/day/sky ���
 for S>107 Jy 

Coenen+ 14 
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VLA Interferometer 

R<7e4/sky/day	

(95%CL)	

above 1.2Jy-ms 

Law+ 14 
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Contents for FRB 
•  Possible origins	

•  Real cosmic signal?	

•  Galactic?	

•  FRB cosmology	
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Distance to DM Nebula 
DM ⇒	

Ionized gas	

	

If localized,	

Recombination	

⇒ Hα emission	

Ionizing source	

⇒ UV conti.	

	

No emission	

⇒ Outside of	

our Galaxy 

Free-Free absorption 

Si
ze
 

Nearby pulsars 

Surface
 brightness lim

it 

Halo mass 
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Pulse Scattering 

Lorimer 08 
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Less Scattering 
2015/01/20	 GRB, FRB & Cosmology	 33	

Less turbulent	

than in Galaxy	

⇒ Extragalactic	


FRB110220 Lorimer 
Keane 

Lorimer+ 13	

Luan & Goldreich 14 



Host galaxy 
•   Most likely, scattering occurs in host galaxies	

•   Also in the turbulent region	

•   Center of host galaxy? DM>700 cm-3 pc	


–   W ∝ DbsDos/(Dbs+Dos)2	


–   Dbs<<Dos ⇒ the pulse width is small as observed	


•   Elliptical host: low DM	

•   Spiral host: DM>700 cm-3 pc if i>87deg (5%)	

•   Intervening galaxies: P<5%	
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Kulkarni+ 14; Luan & Goldreich 14 



Contents for FRB 
•  Possible origins	

•  Real cosmic signal?	

•  Galactic?	

•  FRB cosmology	
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FRB Cosmology 
l  Reionization	

l  Missing baryon	

l  Dark energy, ���

cosmological ���
parameters 

DMIGP =
3cH0Ωb

8πGmp

1+ z( )dz

Ωm 1+ z( )3 +ΩΛ
#
$

%
&
1 20

z
∫

dL =
c 1+ z( )
H0

dz

Ωm 1+ z( )3 +ΩΛ
#
$

%
&
1 20

z
∫

Fast radio bursts 	

as cosmological tools	

New frontier? 

KI 03	
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Dark Energy 

~1000 FRBs	
FRB 

BAO 

SNIa 

Zhou+ 14	

Gao+ 14	

Kashiyama+ 13 
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Locating Missing Baryon 

McQuinn 13 
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Half of baryon is missing	

DM is sensitive its distribution 

1σ error	

w/ stacking 



Cosmological Simulation 

DMhalo~30pc/cc~DMGal	

Distribution of DMcosmo 

Dolag+14 
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DM Distribution 

Distribution is consistent with extragalactic origin	

Depend on FRB location Dolag+14 

(mass) 
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He Reionization 
H I: 	
13.6 eV	

He I:	
24.6 eV	

He II:	
54.4 eV	

Hell reionized @z<3	

	

Probing AGN (X-ray)	


Zheng+ 14	

Deng & Zhang 14	

Zhou+ 14 
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Extended He Reionization 
2015/01/20	 GRB, FRB & Cosmology	 42	

He II reionization is still unclear 

17 quasars, HST	

A strong sightline-to-sightline variance	

Average xHeII~0.003 @z~0.34 ⇒ ionized at early times? 

Worseck+ 14 



Magnetic Field 

Faraday rotation ⇒ 	

Still unknown IGM B 

Zheng+ 14 
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Turbulence 
2015/01/20	 GRB, FRB & Cosmology	 44	

Less turbulent	

than in Galaxy	

⇒ Extragalactic	


FRB110220 Lorimer 
Keane 

Lorimer+ 13	

Luan & Goldreich 14 



Femto-Lensing 

Interference fringe in spectrum 
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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 in a Nutshell 

Photosphere	

τ~1 

Internal	

Shock 

External	

Shock 

Time 

Flux 

~2-100s	

~0.01-2s 

Relativistic Jet	

Γ>100	


ISM 

Ekin/B⇒Eγ 

Afterglow Prompt 

~2-3/day@Cosmological	

Long: Massive Stellar	

	
Collapse to BH/NS	


Short: NS-NS/BH merger?	

	
Magnetar? WD/NS AIC? 

2015/01/20	 GRB,	  FRB	  &	  Cosmology	 47	



Unresolved Problems 
•   Early X-ray afterglow (First 3hr)	


–   Steep decay, Flare, Plateau, Optical flash	


•   Prompt GRB emission mechanism	

–   Photosphere or Poynting (γ jet or B jet)	


–   Band spectrum (Epeak relation, Spectral index)	

–   GeV γ-ray	


•   Central engine	

–   Black hole or Magnetar (High-B neutron star)	


–   Blandford-Znajek or νν annihilation 
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Steep	

Decay 

Plateau 

Flare 

Jet Break 
Zhang+ 06 

ΔF/F>Δt/t ⇒	

Engine-Driven 

How? 

Curvature?	

Decaying? 

KI+ 05 

What?	


When? 

Early Afterglow Puzzles 

Swift X-ray Observation 
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>GeV γ-ray from GRBs 
GRB 090510 

Abdo+ 09	


GeV MeV keV 

νFν 

ν 

2008- 

2015/01/20	 GRB,	  FRB	  &	  Cosmology	
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l  Γ>1000 to avoid γγ→e+e-  
l  >1017eV p+γ→π→γ,e?	
Asano+ 



CTA 
l  ~20GeV-100TeV	

l  x10 Sensitivity	

l  Δθ~1-2 min	

l  FOV~5-10 deg	

l  ~20 s slew (LST)	

l  ~2015-	

l  ~150€	

Background limited Signal limited 

LSTs 

MSTs 
SSTs 

~1 mCrab	

Deep Survey 

~10km2	


Cosmic Ray	

Knee 

AGN	

Pulsar	

GRB 
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Detectability: Kakuwa+ 12; Inoue+ 13 



GRB Polarization 
GAP on IKAROS	
 GRB100826A	


27±11% (2.9σ)	

Rotation (3.5σ) 

Yonetoku+ 11,12	


Patchy B? γ-shere? 
Compton-type, 17cm 
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Contents for GRB 
•  GRB Cosmology	

•  Pop III GRB	

•  Ultralong GRB	

•  Short GRB	

•  Other topics 
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GRB Cosmology	

Massive star origin ⇒ High redshift GRBs	


Larson & Bromm 02	
 GRB	

QSO, galaxy	


GRBs are useful	

for probing high-z	


Like QSO	

Like Supernova	

Star formation	

Reionization	

Metal, Dust	

Dark energy	

…	
 z~10-30	


?	

z~8	
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Anticipated from ~2000	

Lamb & Reichart 01, Ciardi & Loeb 00	


t dilation + K-corr.⇒	

AG is detectable @high-z	


Lyα trough ⇒ redshift	

GRB is detectable 	


up to z~100 
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Amati/Yonetoku Relation 

Amati 02	

Yonetoku+KI 03	


Ep~600keV L53
1/2 

Distance Indicator	

Ep-L ⇒ L ⇒ z 
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z>10 GRBs have been already detected!?	
Yonetoku+KI 03	


Ep-L imply z>10 GRB	


We can assign	

redshift to 	

GRB w/o 	

measured 	

redshift	
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z=5.913: GRB130606A	

z=6.3: GRB050904	

z=6.33: GRB140515A	

z=6.41: Quasar	

z=6.73: GRB080913	

z=7.085: Quasar	

z=8.23: GRB090423	

z=8.6: Galaxy	

z=9.4: GRB090429B 

1st Star	

 Era!! 

58	2015/01/20	 GRB, FRB & Cosmology	

©Tanaka 



z=6.295, GRB050904 at t=3.4d, Subaru FOCAS 4.0 hrs 

Lyα Damping Wing	

⇒ Neutral fraction xHI<0.60 (95%) 

Miralda-Escude 98  
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Kawai+ 06; Totani+ 06 



GRB 080913 @z~6.7 
2015/01/20	 GRB, FRB & Cosmology	 60	

Greiner+ 09; Patel+ 10 

Damping wing does not discriminate DLA or IGM 



GRB 090423 @z~8.2 
2015/01/20	 GRB, FRB & Cosmology	 61	

Tanvir+ 09 

Salvaterra+ 09 

Only upper bound on NHI	

 (Unclear damping wing) 

ALMA	

SFRIR<	

 5M¤/yr 
Berger+ 14 



GRB 130606A @z~5.9 
2015/01/20	 GRB, FRB & Cosmology	 62	

xHI<0.11 (2σ) Chornock+ 13	

    ~0.1-0.5 Totani+ 14 (Subaru)	


    <0.03 (3s) Hartoog+ 14���
 (VLT/X-shooter), Castro-Tirado+ 14 (GTC)	


First Gyr after 	

the big bang 

Gemini-N & MMT 

M
et

al
lic

ity
 



GRB 140515A @z~6.3 
2015/01/20	 GRB, FRB & Cosmology	 63	

Gemini-North	

High-z was serendipitous	

DLA+IGM: xHI~0.12±0.05	

No metal line: [Z/H]<-0.8 

Chornock+ 14	


DLA only:	

 NHI~18.62±0.08	

IGM only:	

 xHI~0.056���
   +0.011

-0.027 



Host Absorption 
2015/01/20	 GRB, FRB & Cosmology	 64	

Escape fraction of ionizing photons increases at z>6? 

Chornock+ 14 



GRB & Reionization  
2015/01/20	 GRB, FRB & Cosmology	 65	

Robertson & Ellis 12 

GRB ∝ SFR (1+z)1.5	


 to match GRB & UV	

	

GRB ∝ SFR (1+z)0.5	


⇒ Reionization implied	

 by CMB polarization	

	

But, overproduce 	

 stellar mass density?	

	

Z~0.2Z¤	

Clumpiness=3 (up), 2.5 (low)	

fesc=0.06 (up), 0.2 (low) (Spitzer) 



GRB & Star Formation 
2015/01/20	 GRB, FRB & Cosmology	 66	

Tanvir+ 12 

GRB @z>5 v.s. 	

Hubble UDF gal. @z~7	

	

If GRB ∝ SFR (Totani+97)	


⇒ Much star ���
 formation	

 (UV photons)	

 arises in faint ���
 galaxies? 



Low Metal for GRB? 
Blue compact	


galaxies 
Metal-poor	


galaxies 

LGRB host 

Modjaz+ 07 

Levesque+ 10; Prochaska+ 09; Savaglio+ 12 

Metal ⇒ Wind ⇒ 	

Ang. Mom. Loss ⇒ No GRB? 

GRB 020819 

Fundamental plane	

SFR-Metal-Mass	

Host is typical?	


Z>Z¤ 

Mannucci 11 
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LGRB in Early-Type Gal. 
2015/01/20	 GRB, FRB & Cosmology	 68	

T90~24 s	

	

z=0.211	

3Gy-old ETG	

Not *forming 

Rossi+ 14 



Small Gas-to-Dust Ratio 
2015/01/20	 GRB, FRB & Cosmology	 69	

CO(3-2) 

CO(4-3) 

1.2mm	

continuum 

1.2mm	

continuum 

Optical R 

Optical R 

CO line by ALMA	

⇒ Molecular gas	

mm continuum	

⇒ Dust	

	

Mgas/Mdust<9-14	

(GRB 020819)	

< Star-forming gal.	

Gas into stars?	

	

Dust extinction	

⇒ Dark afterglow	


Hatsukade+ 14	

Stanway+ 14 for GRB 080517 



Life Extinction 
2015/01/20	 GRB, FRB & Cosmology	 70	

Lethal GRBs are abundant in the inner Galaxy	

Low-density region in the outskirts of large galaxies is safe	


No life @z>0.5 

	

~100 kJ/m2	


⇒ Nitric oxide	

⇒ Ozone layer	

	

Λ ⇒ Large gal.	

 in low-density	

Fermi’s paradox	


Piran & Jimenez 14 



Contents for GRB 
•  GRB Cosmology	

•  Pop III GRB	

•  Ultralong GRB	

•  Short GRB	

•  Other topics 
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Pop III	

(Zero Metal)	


~1000M¤ 

(!?) 

Present Day 	

Massive Star	


~20M¤ 

Abel+ 02; Bromm+ 02;	

Omukai+ 03; Yoshida+ 08	


Very Massive Pop III Star? 
72	2015/01/20	 GRB, FRB & Cosmology	

First stars are very MASSIVE?	


Mini halo (first object): ~1000M¤	

If all the mass is accreted to a proto-star,  



Pop III GRB? 
Present Day 	


GRB 

Komissarov & Barkov 10	

Meszaros & Rees 10	

Suwa & KI 11	

Nagakura, Suwa & KI 12 

? 

73	2015/01/20	 GRB, FRB & Cosmology	

Gigantic (x100) GRB @ z~10-30???	




GRB, FRB & Cosmology	

Massive Envelope 

Ohkubo+ 09	

Heger+ 03	

Suwa & KI 11 

l  No mass loss 	

l  Accretion may ���

prevent CHE	

l  SN-II w/o GRB	


R/c~103s > TGRB~10s	

⇒ No GRB? 

Core Envelope 

74	2015/01/20	



Duration ~10 sec? 

Jet 

Stellar envelope 
Mizuta & KI 13 
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Loophole: TPop III GRB~10 sec? 

Big envelope is ○ for jet injection but × for penetration 

Accretion 

Coccon 



2015/01/20	 GRB, FRB & Cosmology	

Suwa & KI 11 

Pop III 
Wolf-Reyet 

Red Giant 

€ 

L∝ ˙ M 
⇒ vJet head inside the star 

Core Acc.	

~ a few sec	


Envelope	

Accretion 

Envelope Accretion 
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Nagakura+ 12 2D, rela-hydro, Mass accretion from inner boundary ⇒ Jet 
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Suwa & KI 11 

Pop III 
Wolf-Reyet 

Red Giant 

€ 

L∝ ˙ M 
⇒ vJet head inside the star 

Very long duration	

~1000(1+z) sec 

Long Duration 
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Suwa & KI 10 

Pop III 
Wolf-Reyet 

Red Giant 

€ 

L∝ ˙ M 
⇒ vJet head inside the star 

Very long duration	

~1000(1+z) sec 

Long Duration 

? 
Long Short 

Pop III 
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Suwa & KI 11 

Pop III 
Wolf-Reyet 

Red Giant 

€ 

L∝ ˙ M 
⇒ vJet head inside the star 

Energetic Eγ,iso~1055erg	

Modest Lγ,iso~1052erg/s 

Bright phase	

⇒ Cocoon 

Not so Bright 
80	



GRB, FRB & Cosmology	

Detectability 
l  Pop III GRB at z~20	


	

l  Swift BAT sensitivity ~10-8 erg cm-2 s-1	

l  Future soft X-ray surveys	


81	

Lobster	


WF-MAXI 
HiZ Gundam 

2015/01/20	



MAXI GRB 
2015/01/20	 GRB, FRB & Cosmology	 82	

MAXI detects soft GRB,	

 such as X-Ray Flashes	

 (2-30 keV) (Aug 09-13)	


Serino+ 14 



Radio Afterglow 

KI & Meszaros 05	

Inoue+ 07, Toma+ 10 

K-correction ⇒ 	

Not dim @high-z 

Flux 

ν 

Spherical after	

jet break 
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Future Radio Transient 

1112.2579 

Su
rf

ac
e	


de
ns

ity
	


(d
eg

-2
) 

Flux (Jy) 

Optimistic Case 

Future: EVLA, LOFAR, SKA	

can survey Pop III era 

84	2015/01/20	 GRB, FRB & Cosmology	



GRB, FRB & Cosmology	

Pop III.1 & III.2 ���
GRB Rate 

#
 (

on
+

of
f-a

xi
s 

G
R

B)
 / 

yr
  o

n 
th

e 
sk

y	


f*=0.01 

f*=0.1 

vwind=50km/s	

fGRB=0.1 

Pop III.2 GRB rate 	

>> Pop III.1 GRB rate	


de Souza, Yoshida & KI 11 
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Pop III.2 (Z=0, from���
once-ionized gas) 

2015/01/20	



Pop III.2D 
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#(Pop III.2)	

< #(Pop III.2D)	

	

GRB III.2D is	

 more energetic	

 than GRB III.2	

 (easy to detect)	


Hirano+ 14 
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•  GRB Cosmology	

•  Pop III GRB	

•  Ultralong GRB	

•  Short GRB	

•  Other topics 
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Diversity of GRB 
Ultra long GRB 

Levan+ 13	

Gendre+ 13	

Woosley & Heger 12	


2015/01/20	 88	

Magnetar 

Low-Luminosity GRB 

GRB 130925A 



GRB, FRB & Cosmology	

Cocoon Emission 

Cocoon thermal emission	

≈ Superluminous supernova 

Blue supergiant (BSG)	

  M=75M¤, Z=1e-4Z¤, R=8.6e12cm	

  Ec=1e53 erg, Mc=5.8M¤ 

Nakauchi+ 13, 12; Kashiyama+ 13 

z=0.677 
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Ultralong GRB 130925A 
Afterglow in low density wind	

+ Thermal component (Cocoon?) 

~3e-8M¤/yr, ~103km/s ⇒ Low-Z BSG? 
Piro+ 14; Zhao & Shao 14; Evans+ 14 
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Mass Loss or ���
Large Envelope? 

2015/01/20	 GRB, FRB & Cosmology	 91	

← with super-soft (Γ>3) 	

 late-time (>0.5 days)	

 X-ray emission 	

 (not external shock)	

	

1. Recent mass loss	

⇒ Dust echo (late X) &	

 Wind-Jet shock (Long T)?	

2. Large envelope 

Margutti+ 14 



Relativistic Supernova ���
= Failed GRB? 

2015/01/20	 GRB, FRB & Cosmology	 92	

GRB-SNIbc gap	

is being filled	

	

Relativistic SN	

= Failed GRB?	

Short-lived jet?	

Large envelope? 

Margutti+ 14 
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•  GRB Cosmology	

•  Pop III GRB	

•  Ultralong GRB	

•  Short GRB	

•  Other topics 
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?	 ?	 ?	
Gravitational wave	 X-ray	 IR-Opt	 Radio	

!!!	

?	 ?	
Neutrino	 Gamma-ray	Gravitational Wave Sources	

Counterparts to GW 



Macro/Kilo/r-Process-Nova? 
95	

Tanvir+ 13	

Berger+ 13	 Ejecta with	


~0.01-0.1M¤	

~0.1-0.3c	

~1050-1052erg	

Radioactivity	

f~εr/mc2~3e-6	


HST	

L~1041erg/s @z~0.356	

22-23 mag if @200Mpc	

~10 days	

Ｘ	

Opt	


NearIR	

t-2.7	

Swift	

2015/01/20	 GRB,	  FRB	  &	  Cosmology	

Li & Paczynski 98	

Kulkarni 05	



Merger  of  1.3-1.4 Msun  NS: 
EOS=APR4;  stiff  but  relatively  soft	

ρ (g/cm3)	

Orbital  plane	 X-Z  plane	

Relatively  wider  view	

©Shibata, Hotokezaka	
2015/01/20	 GRB,	  FRB	  &	  Cosmology	 96	



BH-NS Merger 

Only Ejecta	

x-z plane, only ejecta	
Full GR	

Q=5	

χ=0.75	

H４ EOS	

Kyutoku, KI & Shibata 13	

Hotokezaka+ 13	

Tanaka+ 14	

Kiuchi+ 14 
	

©Kyutoku	
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Maximum Mass 
2015/01/20	 GRB,	  FRB	  &	  Cosmology	 98	

Demorest+ 10 

msec NS + 	

 0.5M¤WD	

Shapiro delay	

~(1.97±0.04)M¤ 

Stiff EOS	

(No hyperon?	

 3-body?	

 vector force?)	


2M¤ 



High Opacity 
Supernova	

 Fe	

 κ~0.1 cm2/g	

	

Macronova	

 r-process	

 κ~10 cm2/g 

Tanaka & Hotokezaka 13 
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Alternative Models 
2015/01/20	 GRB, FRB & Cosmology	 100	

Dust for high opacity? Engine-Powered? 

κgeometrical =
πrdust

2

mdust

~
π N1 3rA( )

2

NmA

~ 106N
−

1
3  cm2  g−1

Takami, Nozawa & KI 14 Kisaka, Takami & KI 14 



r-Process Nucleosynthesis 
2015/01/20	 GRB, FRB & Cosmology	 101	

Wanajo+ 14 

Metzger+ 10	

Goriely+ 11	

Roberts+ 11; Korobkin+ 12	



r-Process Abundance 
2015/01/20	 GRB, FRB & Cosmology	 102	

Cosmological zoom-in 	

 simulation FIRE	

 Fe: Supernova	

 r-process: NS mergers	

	

Mixing: wind, disk, …	

Less scatter in low metal	

[r/Fe] decreases at large Rgal	

	

Not converged yet at Fe<-2	

< NS merger uncertainties	

(Rate~1e-4/yr, tdelay~3e7 yr)	


±34% 

van de Voort+ 14; Shen+ Piran+ 14 
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•  Other topics 
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Blandford-Znajek Jets 
require Poloidal B Field 

Blandford & Znajek 77 
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Tchekhovskoy+ 11	

McKinney+ 12	


Narayan & Abramowicz 03 

Poloidal 	

 B-dominated	

PB>Pgas	

	

Pjet>Mdot c2	


η>100%!!!	

	

GR-MHD	


Magnetically Arrested 
Disk (MAD)  



Observations of MAD 

η=Ldisk/Mdotc2=0.3 

(one p per one e) 

Pjet>Mdotc2 

Ghisellini+ 14 
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Tidal Disruption Jet 
Rees 88 

~t-5/3 

Burrows+ 11 

Massive BH tidally disrupt a star	


Jet formation (unexpected) 

2015/01/20	 GRB,	  FRB	  &	  Cosmology	

+ = 



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 

2015/01/20	 GRB, FRB & Cosmology	 108	

Breakthrough of 	


the year 2013 

Reported in Kyoto ν 2012 

Dawn of High-Energy ν Astronomy!!! 



More Events 

IceCube	

1405.5303 

Big Bird 

May 2010-May 2011 (79 strings)	

May 2011-May 2012 (86 strings)	

May 2012-May 2013 (86 strings)	


~988 days	


Reject a purely atmospheric explanation at 5.7σ	

37 (9 µ + 28 showers), Background 8.4±4.2 µ & 6.6+5.9

-1.6 ν 

North 

South 
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ν from GRBs 
2015/01/20	 GRB, FRB & Cosmology	 110	

pγ→ nπ + ,  pπ 0

π + → µ+ +νµ

→ e+ +νe +ν µ +νµ

π 0 → γγ

εpεγ ≈ 0.2Γ2  GeV2

εν ≈ 0.05εp

At Δ-resonance 

εγ~1MeV, Γ~1000 (from obs.)	

⇒ εp~1017eV ⇒ εν~PeV 

pγ efficiency can be fpγ~O(1) [for σpγ~3×10-28cm2] 
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Limits on ν from GRBs 

GRBs ≠ PeV ν Sources? 
Abbasi+(IceCube) 12	


IceCube Limit 	

(Stacking) 

Predictions 

~10-8GeV cm-2 s-1 sr-1 



Collimation	

shock	

Pre-collimated jet	

Collimated jet	
Jet head	

Coccon	

Stellar envelope	Γβ	

x	

ldec	

Radiation	
Internal shocks	

GRB inside a Star? 
Low-power GRB (Low-luminosity GRB, Ultra-long GRB)	

Cutoff by Emax, π/µ Cooling, or Absorption by envelope 

Murase & KI 13 
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Contents 
•   GRB	


–  GRB Cosmology	

–  Pop III GRB	

–  Ultralong GRB	

–  Short GRB	

–  Other topics 

•   FRB	

–  Possible origins	

–  Real cosmic 

signal?	

–  Galactic?	

–  FRB cosmology	


2015/01/20	 GRB, FRB & Cosmology	 113	

Thank You 
Cosmic Transients for Probing High-z! 



Localization 
•   Single dish	


–   ~(c/GHz)x(64 m)-1>0.1 deg	


•   Long-baseline Interferometer	

–   Not yet	


–   will prove the extragalactic origin	

–   will improve the counterpart searches 
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Luminosity-Rise time 

Pietka+ 14 
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Brightness Temperature 

Fν =
πr⊥

2

d 2
2ν 2

c2
kT

T ~ 3×1041K L43remi,10
−2

⇒ Coherent emission	


P~|E|2~|E1+E2+E3+…+EN|2	


~N|E1|2 	
(incoherent)	

~N2|E1|2 	
(coherent)	
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FRB 010621 is Galactic? 
•   Keane FRB 010621	

•   Galactic?	

•   Hα, Hβ towards FRB ���
⇒ Emission measure���
(with dust correction) ���
⇒ Contribution to DM���
⇒ Galactic	


Bannister & Madsen 14 
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31 
63 

125 

250 

Cordes & Lazio 02 
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Cordes & Lazio 02 
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Spectral index is	

difficult to infer	

due to position	

uncertainties 
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Kulkarni+ 14 
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Peryton 
•   Detected in multiple receiver beams with 

approximately the same S/N ⇒ <10km	

•   ~10-4(d/10km)2 erg (cf. cell phone ~10-2erg)	

•   DM~300pc/cc ~ 1mg/cc x cm	

•   Possible origins	


–   Lightning	

–   Aircraft, GPS, etc.	

–   Electronics	


Saint-Hilaire+ 14 

Danish Kahn 14 
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Dense Plasma Dispersion 

ne<108-9/cc	

Not nearby star 

Tuntsov+ 14	

Katz 14 
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No FRB-GRB Connection 

Palaniswamy+ 14	


2.3GHz	

26 m radio telescope	

Slew to GRB in ~140 s	

No FRB detected	
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FRB-Macronova? 

Niino, Totani & Okumura 14 

FRB-Macronova is detectable @z<~0.3 if exist 
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LOFAR 

Carbone+ 14 
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Thank 
You 



Long-soft	

Short-hard	


Long burst	

Short burst	


Short	
 Long	


Long & Short GRB 
2015/01/20	 GRB, FRB & Cosmology	 131	



Supernova with Long GRB 

Bloom+ 99	


Hjorth+ 03	


Woosley 93 “Gamma-ray bursts from stellar mass accretion disks around black holes” 
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Short GRB 
NS-NS / NS-BH	

Magnetar (Svinkin+ 14)	


WD/NS AIC	

WD-WD 

Rezzolla+ 11 

Not collapsar 

Covino+ 05	

Hjorth+ 05 
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Super Collapsar 

Fryer+ 01; Woosley 93 

BH Disk 

50M¤<M<160M¤:	

     Black Hole	

160M¤<M<260M¤:	

	
Pair Instability SN	


260M¤<M: BH	

⇒ BH + Disk + Jet	

 like Collapsar	

	

 ~100 times mass ⇒	

 Super Collapsar	

 ν ann. is not effective	

 BZ could work	
2D SPH 

Jet 
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Chemically Homogeneous 
Evolution (CHE)? 

l  Rotation ⇒ Mixing ���
⇒ Large CO Core & Small envelope 

H, He Envelope H, He Envelope 

Slow	

Rotation 

Rapid	

Rotation 

Yoon+ 05, 06 
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GRB, FRB & Cosmology	

“Light” Pop III Star 

Heger+ 03	

Nagakura+ 12 

Light 	

Pop III	

~40M¤ 

Light Pop III star via	

l  Disk fragmentation	

l  UV feedback	

l  Pop III.2 (Z=0, from���

once-ionized gas) 

Very Massive	

Pop III 

136	

Still Z=0	

No massloss	

Big envelope 

2015/01/20	



“Light” Pop III GRB 

Breakout 	

is possible	

also for 	

“Light” Pop III 

40 numerical	

calculations	

+ Analytical	


Nagakura+ 12 

Light Pop III 

Massive Pop III 

Wolf-Rayet 
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Polarized GRB 140206A 
2015/01/20	 GRB, FRB & Cosmology	 138	

INTEGRAL/IBIS	

z=2.739	

ξ<1e-16 on LIV 

Gotz+ 14 



GeV Light Curve 
2015/01/20	 GRB, FRB & Cosmology	 139	

Clustering after	

 normalization	

⇒ Extended GeV 	

 emission from 	

 external shocks 

Nava+ 14 



SFR up to z~10 
2015/01/20	 GRB, FRB & Cosmology	 140	

Bouwens+ 14 



Mass Movement 

Year 

1000M¤ 

100M¤ 

10M¤ 

1M¤ 

~2011 ~2014 ~2002 

Clark+ 11	

Grief+ 11 

Abel+ 02	

Bromm+ 02	

Omukai & Palla 03	

Yoshida+ 08 

Hosokawa+ 11 

Hirano+ 14 

2015/01/20	 141	GRB, FRB & Cosmology	



Pop III Mass Spectrum 
59 minihalos	

3D Radiation Hydro	

1M¤<M<300M¤ 

Susa+ 1407.1374 

~30M¤ peak	

	

Disk frag.	

UV feedback 
	

2/3 minihalos	

host >2 stars	

separated by	

~10-1000AU	
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GRB jet can breakout 	

the first star! 
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GRB, FRB & Cosmology	

Pop III.1+III.2���
Star Formation Rate 

: f*~0.01 

f*~0.001 

Trenti & 	

Stiavelli 09 

Bromm & Loeb 06 

Tornatore+ 07 

de Souza, Yoshida & KI 11 
Our optimistic case 	

is still conservative 
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Radio Afterglow 

KI & Meszaros 05	

Inoue+ 07, Toma+ 10 

K-correction ⇒ 	

Not dim @high-z 

Flux 

ν 

Spherical after	

jet break 
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Bower & Saul 11	

Bower+ 07 (VLA)	

Gal-Yam+ 06 (FIRST, NVSS) 

Optimistic	

~105/yr/z 	

x (z~10)	

x 100day	

~3x105	

on the sky 

Su
rf

ac
e	


de
ns

ity
	


(d
eg

-2
) 

Flux (µJy) Δt ~ 1yr 

We can limit Pop III GRB rate	

by radio transient survey	
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Radio Transient Survey 
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Optimistic	

~105/yr/z 	

x (z~10)	

x 100day	

~3x105	

on the sky 

Su
rf

ac
e	


de
ns

ity
	


(d
eg

-2
) 

Flux (µJy) Δt ~ 1yr 

Bower & Saul 11	

Bower+ 07 (VLA)	

Gal-Yam+ 06 (FIRST, NVSS) 

We can limit Pop III GRB rate	

by radio transient survey	


147	

Radio Transient Survey 
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2M¤中性子星 
148	

Demorest+ 10 

Shapiro delay 

msec NS + 0.5M¤WD	

J1614-2230 

l  ~(1.97±0.04)M¤ 
l  硬い状態方程式 
l  中性子星がブラック 
ホールに崩壊しにくい 
l  連星中性子星合体 
 ⇒ 超巨大中性子星���
 ⇒ Short GRB���
 の可能性を高める	


See also Antoniadis+ 13 
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ULX 
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CIBER 
2015/01/20	 GRB, FRB & Cosmology	 150	



Fermi Bubble 
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EBL, CIBER 
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