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Outline	


l  Pulsar	


-  Finding all pulsars in the Milky Way	


-  Super dense matter physics, etc.	



l  Strong-field tests of gravity	


l  Gravitational wave astronomy	


-   Complementary to AdvLIGO, KAGRA, 

eLISA, DECIGO, CMB-pol, LiteBIRD	
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Pulsar	

Bell (graduate), Hewish 1967	


Discovered serendipitously	


Nobel prize to Hewish 1974	


(w/ Ryle; radio interferometer)	
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~ Nuclear density 3×1014 g/cm3	



⇒ Neutron star!	


CP 1919 (PSR B1919+21) P=1.3373011 sec	

(Gravity>Centrifugal F)	
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Pulsars are Extreme	


l  Almost black holes (Strong gravity)	



l  Super dense objects	


–   10x nuclear density	


–   B~BQED	



–   V>1012 Volt (>TeV accelerators)	


–   Superfluid superconductor	



l  Super cosmic clocks	


–   e.g., PSR J0437-4715	



Egravity

Mc2 ≈ 0.1 (NS), 0.5 (BH), 0.000001 (Sun)

=me
2c3 e = 4.4×1013G

5.757451831072007 ± 0.000000000000008 ms	


Δt ~ atto sec!	
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Pulsars to Probe Gravity	


R. Hulse	


J. Taylor	


Arecibo in 74-75	


Nobel prize1993	



Binary PSR B1913+16	


Orbit decay as predicted	


  by General Relativity	


First evidence of	


  gravitational wave	


Indirect detection	
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Pulsar Census	


Lorimer 08	
Manchester 13 (www.atnf.csiro.au/research/pulsar/psrcat)	



2213 known pulsars	


2050 normal pulsars (via supernova)	


302 msec pulsars (mostly binary; recycled)	


213 in binary	


142 in globular cluster	


8 X-ray isolated NS	


20 AXP/SGR	


21 extragalactic	


21	
  Nov	
  2013	
 SKA	
  &	
  Gravity	
  by	
  Kunihito	
  IOKA	
  (KEK)	
 9	




Manchester 13 	


€ 

P ˙ P  DiagramMagnetar	


Normal	


msec	



Age:	


Magnetic field:	


�c = P/(2Ṗ )

m ≈
BpR

3

2
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E = − 2
3c3
m 2

≈ −
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2R6Ω4

6c3

E = IΩ Ω,  Ω =
2π
P

Bp =
3c3I

2π 2R6 P P ∝ P P

Open circle=Binary	
 Great diversity in the 	


pulsar population!	
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Dispersion Measure	


DM=295 pc/cm3	


Lorimer 08	


Photon is delayed in plasma	



ω 2 = k2c2 +ω p
2

ω p =
4πnee

2

m
= 5.63×104ne

1 2  s−1

Plasma frequency	


Δt = 4.15 s ν
1 GHz

"

#
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DM ≡ ds ne0

D
∫ Column density 	



of free electrons	


DM ⇒ Distance	
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Electron Distribution	


Cordes & Lazio 02	


Greyscale with log levels	


30 × 30kpc at z=0	


Structure components	


-  Thick & thin disks	


-  Spiral arms (incl. molec. ring)	


-  Galactic center comp.	


-  Local ISM	


-  Individual clumps & voids	


Propagation effects	


-  Dispersion measure	


-  Pulse/Angular broadening	


-  Scintillation bandwidth	


-  Emission measure	


Distance estimates	


-  HI absorption	


-  Parallax (interfero. or timing)	


-  Associations w/ GC or SNR	



We are here	


Galactic center	


Perseus	


N
or

m
a	
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Pulsar Distribution	

We know only 	



nearby pulsars!	


Lorimer 08	


We are here	


Pulsars in the Milky Way	


  ~160,000 normal PSR	


  ~40,000 MSP	


  160,000~107yr/60yr	


    [Life time/Birth time]	


Observable pulsars	


  ×Beaming 20%~30,000	


Galactic center	
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SKA Pulsar Survey	


SKA: 1.4 GHz/400 MHz/1024   T/G = 0.25 Jy    600 s  

Open circles: Parkes Multibeam PSR	


Black dots: Princeton PSR Catalog	


Blue dots: simulated SKA PSR 	


   (400 MHz, 600 s, 1024 ch)	


Assumed birth rate = 1 / (167 yr)	


Distribute 30,000 PSR (w/ P, L, R, z)	


Spectral index -1.6 ± 0.35	


Sampling, dispersion smearing/scattering	


No scintillation	


Cordes+ 04, Kramer+ 04, Smits+ 08	


Finds all PSRs in MW	


~30,000 normal PSR	


~4,000 MSP [300/2200=14%]	


~70 rela. NS2 [5/2200=0.2%]	


 merging in Hubble time	
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SKA Sensitivity	


0.5×SKA3	


0.1×SKA3	


Braun 13	
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SKA3=20,000 m2K-1	




SKA Survey Speed	


Braun 13	
 * FoV~(λ/D)2	
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SKA1 & 2 Pulsar Survey	


Smits+ 09, SKA Design Reference Mission: SKA mid and SKA lo	


Assuming ×1/2000	


for Porbit < 1hr	


High sensitivity can 	


probe Porbit<1hr	
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Optimal Frequency	


Smits+ 09, SKA Design Reference Mission: SKA Phase 1	


PSR spectra ���
  ∝ ν-1.6	



  ⇒ Low freq.	


Propagation	


  Dispersion ν-2	



  Scattering ν-4	



  ⇒ High freq.	


⇒ ~1GHz	


In Galactic plane	


Outside Galactic plane	


750MHz	


1.05GHz	


>10GHz for the	

Galactic center?	
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Pulse Scattering	


Lorimer 08	
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msec Pulsar Sky Distribution	


Circle: Binary	


Why off-plane?	


  − Old age	


  − In globular cluster	


  − Nearby MSP	


Pulsar timing array: MSP	

Gravity tests: Binary	



Lorimer 05	
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SKA Pulsar Timing	


14,000 SKA1 pulsars	


Circle: Optimized pointings (700) for timing with FoV of 20 deg2	


Smits+ 09	



Regular timing	


 - weekly for ~6 month	


 - SNR~9	


 - Optimized by grouping	


Precise timing	


 - SNR>100	


 - Pulsar timing array: MSP	


 - Gravity tests: Binary	
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Pulsar Timing	

Mean pulse profile	


�(t) = �0 + f(t � t0) +
1

2
ḟ(t � t0)

2 + . . .

t = tt � tt0 + �clock � �DM + �R� + �E� + �S� + �R + �E + �S

Time Of Arrival (TOA)	


Lorimer 08	


 stable	
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SKA Pulsar VLBI	


Parallax (Distance) & Proper motion	


  1. Accurate timing	


  2. Formation site	


  3. Electron map	


  4. NS photosphere1 (EOS of NS)	



Δt ~ dθ 2

c
~ 0.02 ms d10kpcθmas

2

θ ~ λ
b

1
SNR

~ 3 mas λGHz
b200km

100
SNR

Survey, Timing & VLBI	
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Pulsar Science with SKA	

l  Extreme dense matter physics	


l  Relativistic plasma physics	


l  Galactic probe	


l  Extragalactic pulsars	


l  “Holy grail” pulsars	


l  Gravitational physics	
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Pulsar Science with SKA	

l  Extreme dense matter physics	


l  Relativistic plasma physics	


l  Galactic probe	


l  Extragalactic pulsars	


l  “Holy grail” pulsars	


l  Gravitational physics	


ü  Equation of State	


ü  Super strong B	


ü Mass func. (⇒ Supernova)	


2M¤	


Demorest+ 10; Antoniadis+ 13	


Ozel+ 12	


Gap?	

TOV eq.	
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Lattimer	
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Pulsar Science with SKA	

l  Extreme dense matter physics	


l  Relativistic plasma physics	


l  Galactic probe	


l  Extragalactic pulsars	


l  “Holy grail” pulsars	


l  Gravitational physics	


ü  Radio coherent emission	


ü High-energy emission	


ü  Positron cosmic-ray	



Fermi satellite (LAT) has 	


found 117 γ-ray pulsars	



including blind searches	


Cosmic	


PeVatron?	
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Pulsar Science with SKA	

l  Extreme dense matter physics	


l  Relativistic plasma physics	


l  Galactic probe	


l  Extragalactic pulsars	


l  “Holy grail” pulsars	


l  Gravitational physics	


ü  Interstellar e/B	


ü  Star formation history	


ü Dynamics	



Han+ 12	
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Pulsar Science with SKA	

l  Extreme dense matter physics	


l  Relativistic plasma physics	


l  Galactic probe	


l  Extragalactic pulsars	


l  “Holy grail” pulsars	


l  Gravitational physics	


ü  Formation & Population	


ü  Turbulent magnetized IGM	


ü Missing baryon	


ü Dark Energy	



Giant pulse: Tbright~1035K	


Fast radio burst: Tbright>1041K	


Lorimer+ 13	


Less turbulent?	


KI 03���
Kashiyama+ 13	
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Pulsar Science with SKA	

l  Extreme dense matter physics	


l  Relativistic plasma physics	


l  Galactic probe	


l  Extragalactic pulsars	


l  “Holy grail” pulsars	


l  Gravitational physics	


ü Millisecond pulsars	


ü  Relativistic binaries	


ü Double pulsars	


ü  PSR-BH, PSR-Sgr A*	


ü  Planet	


So far missing	


Gravity tests	
So far J0730-3039A/B	

 So far a few	
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Double PSR	
 PSR-BH	
 Planet	




Pulsar Science with SKA	

l  Extreme dense matter physics	


l  Relativistic plasma physics	


l  Galactic probe	


l  Extragalactic pulsars	


l  “Holy grail” pulsars	


l  Gravitational physics	


ü  Tests of gravity	


ü Gravitational waves	
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Outline	


l  Pulsar	


-  Finding all pulsars in the Milky Way	


-  Super dense matter physics, etc.	



l  Strong-field tests of gravity	


l  Gravitational wave astronomy	


-   Complementary to AdvLIGO, KAGRA, 

eLISA, DECIGO, CMB-pol, LiteBIRD	


Cordes, Sterne & Weltraum	
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Pulsars to Probe Gravity	


R. Hulse	


J. Taylor	


Arecibo in 74-75	


Nobel prize1993	



Binary PSR B1913+16	


Orbit decay as predicted	


  by General Relativity	


First evidence of	


  gravitational wave	


Indirect detection	
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Hulse-Taylor Binary	

PSR B1913+16	


We observe pulse TOA	


⇒ Keplerian parameters	


     except for Mp & Mc	



     Pb=7hr 45min	


     e=0.617	



Relativistic effects	


 detectable!	


Max orbital velocity 	


~ 0.1% × c	


1.9 Mill. km	


P=59ms	


Mp=1.44M¤	



P=unseen	


Mc=1.39M¤	
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Given Kepler orb. & GR	


l  Periastron advance	


	


	


l  Gravitational redshift 	


  + transverse Doppler	


	


	


l  Orbital period decay	


�̇ = 3

�
Pb

2�

��5/3 �
GM�

c3
M

�2/3

(1 � e2)�1

Mp=1.4398±0.0002M¤	


Mc=1.3886±0.0002M¤	



Post-Keplerian	


Taylor & Weisberg 82, 89	


Weisberg, Nice & Taylor 10	


� = e

�
Pb

2�

�1/3 �
GM�

c3

�2/3

M�4/3 m2 (m1 + 2m2)

Ṗb = � 192�

5

�
Pb

2�

��5/3 �
1 +

73

24
e2 +

37

96
e4

�
(1 � e2)�7/2

�
GM�

c3

�5/3

m1 m2 M�1/3

~4.2deg/yr	


~4.3ms	


~-2.4e-12	
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Orbital Decay	

Binary PSR B1913+16	


Test of General Rela.	



  ~0.997±0.002	


First evidence of	


  gravitational wave	


Orbit decay by ~1cm/day	


Indirect detection	



Taylor & Weisberg 82, 89	


Weisberg, Nice & Taylor 10	
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Double Pulsar	

PSR J0737-3039A/B	


  First double pulsar (by Parkes 03)	


  Most relativistic & Most constrained	



Burgay+ 03; Lyne+ 04; Kramer+ 06	

PA=22ms, PB=2.7s, 	


Pb=2.7hr	


Periastron adv. 16.9deg/yr	


Shapiro time delay	


5 Post Keplerian parameters	


GR Test ~0.05% level	


Now ~0.02%	


(non-GW test ≠ B1913+16 test)	
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Shapiro Time Delay	

Irwin Shapiro 64	


Δt ≈ 2GM
c3r∫ ds

≈
2GM
c3 ln

4rErp
d 2

$

%
&

'

(
)

rE >> d,  rp >> d

2GM�
c3

= 10µs

rE

rp

M

d

Δt ≈ 2GM
c3

ln 1+ ecosϕ
1− sin isin ω +ϕ( )

$

%
&&

'

(
))

Binary pulsar case	


r	
 s	


Orbital phase	


Longitude of	


periastron	
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Double Pulsar: Test of GR	


s = sin i=0.9997±0.0002	


PSR B has disappeared	


 by geodesic precession	


2PN, e.g., spin-orbit?	


Moment of inertia⇒EOS?	


l  Shapiro delay para. r	


	


	


l  Shapiro delay para. s	


	


	


l  Mass ratio R	


r =

�
GM�

c3

�
m2

s = x

�
Pb

2�

��2/3 �
GM�

c3

��1/3

M2/3 m�1
2
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2M¤ PSR - White Dwarf Binary	

PSR J0348+0432	


  Pb=2.46hr	


  dPb/dt=-(2.73±0.45)e-13	


P=39ms	


2.01±0.04M¤	


0.172±	


0.003M¤	


GR test @	


1.05±0.18	


2nd 2M¤	


neutron star	


Antoniadis+ 13	


Demorest+ 10	



e<<1	
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Test Scalar-Tensor Theory	


physical metric	


Action	


Antoniadis+ 13	



Coupling strength	


α0=10-4	



here	



β0=10-5	


β0=10-4	


Sp
on

ta
ne

ou
s	



sc
al

ar
iz

at
io

n	


Dipole radiation	


Damour+ 96	



PSR-BH: WANTED	
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Parametrized Post Newtonian	

Tests of gravity	



Will 93, 06, 09	


Curvature	


per mass	


Superposition	


law nonlinearity	


Preferred location	



Preferred frame; Orbital	


Preferred frame; Spin	



Preferred frame; Momentum conservation	



Weak Equivalence Principle	


+LLI	


+LPI	
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Strong-Field Tests	


Kramer+ 04	


Solar system:	


  weak & slow field	


	


Neutron star surface	


  X-ray emission	


BH Disk emission	


but model-depend.	


	


Ultrarelativistic binary	


PSR-BH: WANTED	



log(Orbital Energy)	


lo
g(

Se
lf 

En
er

gy
)	
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BH Uniqueness Theorem	


Kerr	
  BHs	
  are	
  the	
  only	
  possible	
  staBonary	
  vacuum	
  black	
  holes	
  
Charged	
  Kerr	
  soluBons	
  are	
  the	
  only	
  staBonary,	
  axisymmetric	
  electrovac	
  soluBons	
  

Kerr-Newman solutions are the only 	


stationary, axisymmetric electrovac solutions	


ds2 = ��

�

�
dt � a sin2 � d�

�2
+

sin2 �

�

��
r2 + a2

�
d� � adt

�2
+

�

�
dr2 + �d�2

a � J

M
, � � r2 � 2Mr + a2 + Q2, � � r2 + a2 cos2 �

Only Mass M, Angular momentum J, Charge Q	


Other properties are radiated away by gravitational waves	


qQ/mpM~1018Q/M ⇒ Kerr BH in astrophysics	


Horizon Δ=0	


	


If M<a ⇒ Naked singularity Σ=0	



Israel, Carter, Hawking, Robinson in ~1967-1975	



r+ = M +
�
M2 � a2

�1/2

No hair theorem	
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rer+r-=0

E0

E1

E2

Probing No Hair	

Spinning black holes are oblate	


Black hole quadrupole moment Q2	


No hair ⇒ Q2 is a function of M & J	



q � c4

G2

Q2

M3
= ��2

But if we measure q ≠ -χ2	



Then, either GR is wrong, 	


or a new kind of object	
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Cosmic Censorship Conjecture	


The complete gravitational collapse of a body always 	


results in a black hole rather than a naked singularity; 	


i.e., all singularities of gravitational collapse are	


“hidden” within black holes, where they cannot be 	


“seen” by distant observers.	


Penrose 69	


� � c

G

J

M2
� 1

But if we measure χ>1 	


⇒ Event horizon vanished ⇒ Naked singularity	


Then, either GR is wrong, or CCC is violated	
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PSR-BH Sgr A* by SKA	


l  Mass	


–   Fundamental quantity	


–   Precision <0.0001% level (ΔM~1M¤!)	



l  Spin	


–   Cosmic Censorship Conjecture	


–   Precision ~0.1% level	



l  Quadrupole moment	


–   No hair theorem	



–   Precision ~1% level	


High precision	


tests of gravity	



by SKA!	
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PSR-Sgr A*: Mass	


Simulation	


Weekly TOA	


σTOA=100µs	


over 5yr	


e=0.5	


i=60deg	


No BH spin	


Shapiro delay	


Liu+ 12	


Pulsar timing	


near Sgr A*	


⇒ Precision	


    ~10-6	
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Puslar Timing near Sgr A*	


P=0.5s, W=10ms	


S1400=1mJy @1.4GHz	


tscat~2.3e3s(f/1GHz)-4	



100m dish: 2K/Jy, 4hr	


SKA: 100K/Jy, 1hr	


Liu+ 12	



Mori+ 13; Eatough+ 13; Spitler+ 14	


Chennamangalam & Lorimer 13	


PSR J1745-2900 @~0.1pc	


  DM=1778±3pc/cm3, tscat~1.3s(f/GHz)-4	



  Magnetar	


  Consistent with 1000 PSR @<1pc?	
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PSR-10M¤ BH: Mass	


Simulation	


Weekly TOA	


100m dish	


over 5yr	


e=0.1	


★:Hulse-Taylor	


~1% level	


Wex+ 13	
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Spin & Quadrupole	


Wex & Kopeikin 99	
 Liu+ 12	


Lense-Thirring precession	


  by BH spin-orbit coupling	


Quadrupole also affect orbit	


⇒ Features in TOA of pulses	
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Sgr A*: Spin & Quadrupole	


Spin (Cosmic Censorship) ~ 0.1%	


Quadrupole (No hair) ~ 1%	


Liu+ 12	
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PSR-10M¤ BH: Spin	


Wex+ 13	


21	
  Nov	
  2013	
 SKA	
  &	
  Gravity	
  by	
  Kunihito	
  IOKA	
  (KEK)	
 56	




Scalar-Tensor Theory	


Wex+ 13; Liu+	


MSP-10M¤ BH	


Pb=5d, e=0.8	


Weekly timing	


100m dish 10yr	


FAST 5yr	


SKA 5yr	


BH has no hair αBH=0	


αPSR-αBH=αPSR	
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Variation of G	


G
G
= 9±12( )×10−13  yr−1

Δ P
P
~ 0.3%×10−20

msec
~ 3×10−20s−1 ~10−12 yr−1

Zhu+ in prep.	


Dirac’s large number hypothesis: G∝1/t	


Scalar-tensor theory, Kalza-Klein, Superstring: L=ϕ R+…	


Lunar laser ranging: (4±9)×10-13/yr	


Variation of the Astronomical Unit (AU)	
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Outline	


l  Pulsar	


-  Finding all pulsars in the Milky Way	


-  Super dense matter physics, etc.	



l  Strong-field tests of gravity	


l  Gravitational wave astronomy	


-   Complementary to AdvLIGO, KAGRA, 

eLISA, DECIGO, CMB-pol, LiteBIRD	


Cordes, Sterne & Weltraum	


Mass ~10-6	



No hair ~0.1%	



CCC ~1%	
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Gravitational Wave	


l  Einstein equation	



l  Wave solution	


Rµ� � 1

2
gµ�R =

8�G

c4
Tµ�

gµ� = �µ� + hµ�

�
�2 � 1

c2

�2

�t2

�
hµ� = 0 vGW=c	
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GW = Tidal Force	


Tidal force on test mass	


Laser Interferometer	
h ~ Δx
x
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Penetration Power 
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More than Neutrino	


Astrophysical GW	
 Inflation GW	


Optically Thick	


in almost all cases	
 CMB	




GW Generation	


l  Electromagnetic wave: Electric charge	


l  Gravitational wave: Mass	


l  No monopole, No dipole radiation	


l  Quadrupole formula	


h � 2G

c4d

d2Iij

dt2
� 4GM�

c2d

�v

c

�2

� 10�21�
�v

c

�2
�

M

M�

��
d

100 Mpc

��1

� �x

x
For x=1km, Δx~10-16cm < Atomic Nuclei	


BH size	


Distance	


21	
  Nov	
  2013	
 SKA	
  &	
  Gravity	
  by	
  Kunihito	
  IOKA	
  (KEK)	
 64	




2nd Generation of ���
GW Observatories	


©Ando	


21	
  Nov	
  2013	
 SKA	
  &	
  Gravity	
  by	
  Kunihito	
  IOKA	
  (KEK)	
 65	


Hanford (1or2)	



Livingston	



GW will be directly detected within ~5 yr	
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©Kajita	


常温KAGRA	
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Expected Sources	


Ground interferometers ⇒ Solar mass BH or NS	


Binary	


 NS-NS	


 NS-BH	


 BH-BH	


Burst	


 Supernova	


 GRB	


 String	


Oscillation	


     BH ringdown	


     NS r-mode	


     Magnetar flare	


Pulsar	

 Stochastic	


 Inflation	


 Phase transition	


 Superposition	


1/free fall time	
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Compact Star Merger 
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重
力
波
叏
振
幅	


Waveform 	


⇒ Mass, Spin, Distance, etc.	




Event Rate	

Based on ~5 Galactic NS2	



⇒ Rmerger~100/Myr/galaxy	


	


× ~0.01galaxy/Mpc3	



× (~200Mpc)3	



	


~10 events/yr	


by KAGRA, advLIGO	


Kalogera+ 04, Abadie+ 10	
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Abadie+ 10	
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Belczynski+	
  10	


21	
  Nov	
  2013	
 SKA	
  &	
  Gravity	
  by	
  Kunihito	
  IOKA	
  (KEK)	
 72	




Magnetar Flare	
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Magnetar 	


NS w/ B >1014 G	


Flares	


EGiant>1044-46 erg	


Oscillations	


⇒ GW?	


Lasky+ 11	


Ciolfi+ 11	



KI 01	


Kashiyama 	



& KI 11	


Kokkotas	


Sotani	





GW from Magnetar Flare	

Waveform	


Constraining EGW from	


SGR 1900+14	


SGR 0418+5729	


SGR 1627-41	


SGR 1806-20	


SGR 0501+4516	


AXP 1E 1547.0-4508	


per waveform	



LIGO	


But search only 	


for tGW<103 sec	
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fs ≈
cs
R
≈ kHz

Fluid polar mode	


τGW ≈ 0.1 sec



Pulsar Timing Array	

Massive BH merger	


⇒ f<10Hz	


⇒ Seismic noise	


Earth term correlate	


Quadrupole signal	


f~1/T~1/10yr~nHz	


h~σrms/T	


  ~100ns/10yr~10-15	



λgw~1-10 lyr	


dPSR~1000 lyr	



Lommen 12	
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GW Background	

Hierarchical galaxy merger ⇒ SMBH binary	


GW signal overlap ⇒ Stochastic background	


Enoki+ 04	


Sesana+ 08, 13	
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PTA Constraints	

Parkes Pulsar Timing Array	


   6 pulsars	


   lowest noise	


   longest obs.	


	


	


Constrain SMBH models	


  Satisfy M-σ relation	


  Assume circular orbits	


  Millennium Simulation 50%	


  A95<2e-15	


95%	


Shannon+ 13	
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PTA with SKA	


Kramer+ 04, 11	


Large European Array for Pulsars	


SKA	


SMBH binary	


Cosmic string	


Inflation	


Phase transition	
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Future PTA	


Manchester+ 13	
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GW Astronomy by PTA	


l  We may expect a single strong source	


–   Direction within possibly ~arcmin	


–   Waveform	



–   Time machines (Earth term & Pulsar term)	


–   Luminosity distance	



l  First detection of GW memory	


–   Sensitive to mergers far higher than nHz	



l  Tests of gravity	

 h t21	
  Nov	
  2013	
 SKA	
  &	
  Gravity	
  by	
  Kunihito	
  IOKA	
  (KEK)	
 80	




Graviton Mass	


ωcut ≡
mgc

2


= 3 rad yr−1 mg

10−23eV
#

$
%

&

'
(

Pulsar Timing Array	


Gravitational waves	


Tobs ~ day-year	


⇒ ωg~1/T	


⇒ mg<10-22eV	


Dispersion relation of	


gravitational waves	



Lee+ 08, 10	


Also polarization	
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Goldhaber & Nieto 10	
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LISA ⇒ eLISA	


Arm length: 5×109m ⇒ 109m	


Orbit may be drifting away from Earth	


2 yr lifetime (up to 5 yr)	


No seismic noise	


LISA pathfinder	
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Amaro-Seoane+ 12	
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©Kawamura	
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©Kawamura	
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©Kawamura	
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©Kawamura	
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Einstein Telescope	


89	


3rd Generation	


10× KAGRA	


~1000 NS-NS/yr	
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©NASA	


LiteBIRD 	


(KEK)	
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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 

91	
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Multi-Messenger 

92	


Photon	
 Cosmic 
Ray	


ν	
 Gravitational	



Wave	

21 Century: Multi-Messenger Era	
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?	
 ?	
 ?	

Gravitational wave	
 X-ray	
 IR-Opt	
 Radio	


!!!	


?	
 ?	

Neutrino	
 Gamma-ray	
Gravitational Wave Sources	


Counterparts to GW	
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?	
 ?	
 ?	

Gravitational wave	
 X-ray	
 IR-Opt	
 Radio	


!!!	


?	
 ?	

Neutrino	
 Gamma-ray	
Gravitational Wave Sources	


Counterparts to GW	


l  Short GRB origin	


l  Confident GW detection	


l  Parameter reduction	


l  GW Astronomy	


l  GW Cosmology	


l  r-process elements	


l  Hadron physics	




Short GRB = NS Merger?	


Eichler+ 89	


Rezzolla+ 11	
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Most GRB Jets are Off-Axis ⇒ Faint	





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	
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97	
  11/28/12	
   GRBと重力波	
  by	
  K.	
  Ioka	
  

r-Process	



N
=

50
	



Z
=

N
=

28
	



Z
=

50
	



Sn	
  
Te	



N
=

82
	



Z
=

82
, N

=
12
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Th	


U	

Bi	



1s
t  p
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2n
d  
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3r
d  
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Neutron-rich Ejecta ⇒ n-capture>β decay	
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Macro/Kilo-nova	


Radioactivity (r-process → β-decay, fission, neutron)	



f: fraction of rest mass 	


released as heat	


M=10-2M¤	


v=c/3	


optically thin	


l  超新星-like	


l  Duration	


	

∝(M/v)1/2	



l  T∝(f2/Mv)1/8	


	

~ IR-Opt	



l  f~3x10-6	


⇒ 暗い超新星	


Li & Paczynski 98	


Kulkarni 05	


~Supernova (SN)	
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Discovery of Macro/Kilo-nova? 

99	


Tanvir+ 13	


Berger+ 13	


Ejecta with	


~0.01-0.1M¤	


~0.1-0.3c	


~1050-1052erg	

HST	


L~1041erg/s @z~0.356	


22-23 mag if @200Mpc	


~10 days	


Ｘ	


Opt	



NearIR	


t-2.7	


Swift	
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BH-NS Merger	


Only Ejecta	


x-z plane, only ejecta	

Full GR	


Q=5	


χ=0.75	


H４ EOS	


Kyutoku, KI & Shibata 13	


©Kyutoku	
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Anisotropic Mass Ejection	


θej ≈
1
5

Kyutoku, KI & Shibata 13	


ϕej ≈ π
Viewing angle diversity	


Polarization	


Proper motion	
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Like Supernova Remnant?	
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Radio	
 X-ray	
 γ-ray	


NS merger remnant ~ Supernova remnant	


⇒ NS merger remnant?	


Only @tSedov~5yr	


Nakar & Piran 11	


Takami, Kyutoku & KI 13	




Radio Flare	
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t~year	


Fν~0.1mJy	


~GRB afterglow	
Piran+ 12	


Shock ⇒	


1. Electron acc.	


2. Magnetic amp.	


⇒ Synchrotron	




Merger Remnant	
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Optimistic case	


Takami, Kyutoku & KI 13	


Nakar & Piran 11	



Synchrotron	


Inverse	


Compton	


@tSedov~5yr	




Relativistic Shock Breakout	

RelaBvisBc	


Kyutoku, KI & Shibata 12	
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Not resolved yet	


by numerical simulation	




Relativistic Shock 
Acceleration	


ρ	


r	


Γsh ∝ρ
−αrela

αrela ≈ 3 − 3
2

≈ 0.232

Johnson & McKee 71	


Γ f ≈ Γsh
1+ 3

After breakout,	


shocked matter 	


accelerates to	


by converting heat 	


into motion	
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1044

1045

1046

1047

1048

1049

1050

 1  10  100  1000

E(
>`

K
) (

er
g)

`K

escape velocity
for M* = 2.8 Msun
 and R* = 15 km

n=3, Msh=10-4 Msun
n=3, Msh=10-5 Msun
n=4, Msh=10-5 Msun
n=6, Msh=10-5 Msun
n=3, Msh=10-6 Msun

Relativistic Outflow	


v>>vesc~0.3c!!!	
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Kyutoku, KI & Shibata 12	




Early & High-Energy Emission	


Radio flare	


Macronova	
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© Philip Diamond (7 Oct 2013)	


[SKA1]	


[SKA1]	
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Pop III	


(Zero Metal)	


~1000M¤(!?)	


Present Day 	


Massive Star	



~20M¤	


Omukai & Nishi 98; 	


Abel+ 02; Bromm+ 02;	


Omukai+ 03; Yoshida+ 08; 	



First stars are very MASSIVE?	



Super-Massive Pop III Star?	


Mini halo (first object): ~1000M¤	


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


110	
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Pop III GRB?	


Present Day 	


GRB	


Komissarov & Barkov 10	


Meszaros & Rees 10	


Suwa & KI 11	


Nagakura+ 11	


de Souza, Yoshida & KI 11	


Toma+ 11	



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



?	
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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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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	
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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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Dispersion Measure	


δt∝DM・ν-2	



DM=500-1000 cm-3 pc	


Thornton+ 13	


Galactic latitude	
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Intergalactic DM	
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including missing baryon	


KI 03	


DM~500-1000 cm-3 pc	



⇒ z~0.5-1	

21	
  Nov	
  2013	
 SKA	
  &	
  Gravity	
  by	
  Kunihito	
  IOKA	
  (KEK)	
 116	




Summary of FRB Obs.	

l  DM=500-1000 cm-3 pc (z=0.5-1)	


l  Sν~Jy ⇒ Eiso~1038-40 erg	


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  No repeated bursts so far	


l  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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Possible Origins	

l  RRAT (Rotating Radio Transient; intermittent 

pulsar)	


l  Giant pulse from a msec/young pulsar	


l  Evaporation of BH	


l  SN into a nearby star	


l  Magnetar giant flare	


l  Collapse of hypermassive NS	


l  Binary NS mergers	


l  Superconducting cosmic strings	


l  Nearby flaring stars	



Colgate+ 71,75; Egorov & Postnov 09	


Popov & Postnov 07; Thornton+ 13	


Falcke & Rezzolla 13; Zhang 13	


Rees 77; Blandford 77; Kavic+ 08; Keane+ 12	


Hansen & Lyutikov 01; Totani 13	


Cai+ 12	
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Loeb+ 12	




Binary White Dwarf Mergers?	
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Kashiyama, KI & Meszaros 13	


l Energetics	


 EB~1040erg	


l Timescale	


 rcap/c~ms	


l Event rate	


 ~SN Ia	


l SN Ia as a 	


counterpart?	





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 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
∫

KI 03	
Fast radio bursts 	


as cosmological tools	


New frontier?	
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Summary	


l  Pulsar	


-  Finding all pulsars in the Milky Way	


-  Super dense matter physics, etc.	



l  Strong-field tests of gravity	


l  Gravitational wave astronomy	


-   Complementary to AdvLIGO, KAGRA, 

eLISA, DECIGO, CMB-pol, LiteBIRD	


Cordes, Sterne & Weltraum	


Mass ~10-6	



No hair ~0.1%	



CCC ~1%	


+ Transients	
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重力波検出のインパクト 
l  一般相対論の検証	


–   重力波の生成と伝搬	


–   高次元重力を含む修正重力理論	



l  重力波源の解明	


–   Short GRBの起源、距離	


–   超新星、マグネターフレア等	



l  基礎物理	


–   超高密度物質の状態方程式	


–   ニュートリノ物理	
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重力理論	


宇宙論	


天体物理	


天文学	


原子核	


素粒子	




Weisberg+	
  81	
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Kim+	
  13	
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Manchester+ 13	
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SKA	
  Layout	


Spiral	
  configuraBon	
  
Many	
  different	
  baselines	
  and	
  angles	
  
Random	
  is	
  beYer	
  but	
  more	
  expensive	


Dishes	
  (high,	
  d=15m,	
  several	
  thousand,	
  3000km	
  in	
  Africa)	
  
Aperture	
  Array	
  (mid,	
  low,	
  more,	
  200km	
  in	
  Africa	
  &	
  Australia)	
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Ref. MWA (Murchison Widefield Array)	

d=15m	


© Braun (7 Oct 2013)	
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Several million antennas	


© Braun (7 Oct 2013)	
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Timeline	
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31	

63	


125	


250	


Cordes & Lazio 02	
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Cordes & Lazio 02	
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Open circle: 	


Binary pulsars	


Lorimer 08	


Spin-Down	
Magnetar	


High-B Pulsar	


Ordinary	


Pulsar	


msec Pulsar	



€ 

P ˙ P  Diagram

€ 

m ≈
BpR3

2
˙ E = − 2

3c 3 ˙ ̇ m 2

≈ −
Bp

2R6Ω4 sin2α

6c 3

˙ E = IΩ ˙ Ω ,  Ω =
2π
P

Bp =
3c 3I

2π 2R6 sin2α
P ˙ P 

⇒ B~1012G	


Mag. Dipole	


Mag. Dipole	


Formula	
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>99.9% PSR	


Currently 1.4ms-10s	


For Galactic center	


For MSP	


	


MSP in binary	



SKA Design Reference 	


Mission: SKA Phase 1	


Pulse width	


~1ms×10%	


SKA1 PSR Survey 
Requirements	
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SKA1	
  PSR	
  Timing	
  Requirement	

SKA Design Reference 	


Mission: SKA Phase 1	
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SKA Design Reference 	


Mission: SKA Phase 1	


21	
  Nov	
  2013	
 SKA	
  &	
  Gravity	
  by	
  Kunihito	
  IOKA	
  (KEK)	
 146	




SKA	
  VLBI	
  Requirement	
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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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Maximum Mass	
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Demorest+ 10	


モデルを棄却	


− ハイペロン	


− 3体力	


− ベクトル力	


2M¤	




21	
  Nov	
  2013	
 SKA	
  &	
  Gravity	
  by	
  Kunihito	
  IOKA	
  (KEK)	
 150	




21	
  Nov	
  2013	
 SKA	
  &	
  Gravity	
  by	
  Kunihito	
  IOKA	
  (KEK)	
 151	




21	
  Nov	
  2013	
 SKA	
  &	
  Gravity	
  by	
  Kunihito	
  IOKA	
  (KEK)	
 152	




21	
  Nov	
  2013	
 SKA	
  &	
  Gravity	
  by	
  Kunihito	
  IOKA	
  (KEK)	
 153	




21	
  Nov	
  2013	
 SKA	
  &	
  Gravity	
  by	
  Kunihito	
  IOKA	
  (KEK)	
 154	




21	
  Nov	
  2013	
 SKA	
  &	
  Gravity	
  by	
  Kunihito	
  IOKA	
  (KEK)	
 155	




21	
  Nov	
  2013	
 SKA	
  &	
  Gravity	
  by	
  Kunihito	
  IOKA	
  (KEK)	
 156	




21	
  Nov	
  2013	
 SKA	
  &	
  Gravity	
  by	
  Kunihito	
  IOKA	
  (KEK)	
 157	



