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Oral Presentations: Second Day
Wednesday 6 November

Morning 1 [Chair: Masumi Kasai]

9:00	
 Ignazio Ciufolini (University of Salento) [Invited]
	
 “Dragging of Inertial Frames, Fundamental Physics and the LARES space
	
  experiment”
	
 [JGRG23(2013)110601]

10:00	
Kei Yamada (Hirosaki University)
	
 “Quantum interferometry in Chern-Simons gravity”
	
 [JGRG23(2013)110602]

10:20	
Ayumu Terukina (Hiroshima University)
	
 “Hydrostatic equilibrium of gas distribution in Coma cluster and a test of chameleon
	
  gravity model”
	
 [JGRG23(2013)110603]

10:40-11:00 Break

Morning 2 [Chair: Masahide Yamaguchi]

11:00	
Yi-Peng Wu (RESCEU/National Tsing Hua University)
	
 “The temporally enhanced curvature perturbation from the shift-symmetry breaking
	
  of a galileon field”
	
 [JGRG23(2013)110604]

11:20	
Masa-aki Watanabe (Kyoto University)
	
 “An Inflationary Universe in Weyl Gauge Theory of Gravitation”
	
 [JGRG23(2013)110605]

11:40	
Yuki Watanabe (RESCEU, Univ. of Tokyo)
	
 “Gravitational particle production and modulated reheating after inflation”
	
 [JGRG23(2013)110606]

12:00	
Naoyuki Takeda (ICRR, University of Tokyo)
	
 “I-ball formation with log potential”
	
 [JGRG23(2013)110607]

12:20	
Katsuki Aoki (Waseda University)
	
 “Cosmology in ghost-free bigravity theory with twin matter fluid”
	
 [JGRG23(2013)110608]

12:40-14:20 Photo & Lunch (main hall closed 12:40-13:50)
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Afternoon 1 [Chair: Masaru Shibata]

14:20	
Kenta Hotokezaka (Kyoto University) [Invited]
	
 “Numerical relativity: Application to gravitational-wave science and astrophysics”
	
 [JGRG23(2013)110609]

15:10	
Yuichiro Sekiguchi (Yukawa Institute for Theoretical Physics)
	
 “Binary neutron star merger with a 'soft' equation of state and r-process”
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Motoyuki Saijo (Waseda University)
	
 “Nonlinear r-mode instability in rotating stars”
	
 [JGRG23(2013)110611]

15:50-16:10 Break

Afternoon 2 [Chair: Tomohiro Harada]

16:10	
Akira Oka (University of Tokyo)
	
 “Cosmological Upper-Bound for f(R) Gravity through Redshift-Space Distortion”
	
 [JGRG23(2013)110612]

16:30	
 Lingyao Kong (Fudan University)
	
 “Testing the cosmic censorship conjecture with observations”
	
 [JGRG23(2013)110613]

16:50	
 Takao Kitamura (Hirosaki University)
	
 “Microlensed image centroid motions by an exotic lens object with negative
	
  convergence or negative mass”
	
 [JGRG23(2013)110614]

Afternoon 3

17:10-18:20 Poster viewing
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“Dragging of Inertial Frames, Fundamental Physics

 and the LARES space experiment”

by Ignazio Ciufolini (invited)

[JGRG23(2013)110601]
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Dragging of Inertial Frames, Fundamental  
Physics and the LARES space experiment 

  
Towards a One Percent Measurement of Frame-Dragging  

with the LARES space experiment 

                   Ignazio Ciufolini  
  University of Salento, Lecce 

A.   Paolozzi*, E. Pavlis*,  
R. Koenig*, J. Ries*,  
R. Matzner*, V. Gurzadyan*, 
R. Penrose*, G. Sindoni*, 
C. Paris* 
 
*Sapienza Un. Rome,  
*Maryland Un., 
*Helmholtz Cent.-GFZ, Potsdam 
*Un. Texas Austin 
*Alikhanian Nat. Lab., Yerevan 
*Oxford Un. 

JGRG23, HIROSAKI, JAPAN, 5-8 NOVEMBER 2013 

LARES (Laser Relativity Satellite) 

 

* Overview of the LARES Satellite 
      * Frame-Dragging, Gravitomagnetism and String Theory 

*Previous Measurements of  Frame-Dragging  
with LAGEOS, LAGEOS 2 and GRACE, and GP-B 
     * Error Analyses and Monte Carlo Simulations  

of the LARES space experiment   
* Preliminary Results of the LARES Orbital Analysis 
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!  Using the first few months of laser 
ranging data (since 17th February 
2012) of LARES, we measured on 
its orbit the smallest residual (i.e., 
mismodelled or un-modelled) 
mean along-track acceleration than 
any other artificial satellite. 

!  We measured a residual mean 
along-track acceleration of LARES 
of less than 4 × 10-13 m/s2: LARES 
is a nearly ideal test-particle for 
the gravitational field-geodesic 
motion.  

Current orbital analyses of  
the LARES observations 
IC et al., Eur. Phys. J. Plus (2012) 127: 133  

 

EPJ Plus
your physics journal

EPJ .org

Eur. Phys. J. Plus (2012) 127: 133 DOI 10.1140/epjp/i2012-12133-8

Testing General Relativity and gravitational physics
using the LARES satellite

Ignazio Ciufolini, Antonio Paolozzi, Erricos Pavlis, John Ries, Vahe Gurzadyan,
Rolf Koenig, Richard Matzner, Roger Penrose and Giampiero Sindoni

With highlight in EPJ 
and other international 
journals 
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LARES 
(LAser RElativity Satellite) 

 
 

   LARES was successfully launched and very 
accurately injected in the nominal orbit on 
the 13th of February 2012 with the new 
launching vehicle of ESA/ASI built by 
AVIO/ASI/ELV.  
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    A BALL OF TUNGSTEN, THAT 
BECAME THE LARES SATELLITE 
AFTER CARVING THE HOUSING 
OF THE CCR. 

This Tungsten ball was built in China 

 A BALL OF TUNGSTEN, THAT 
BECAME THE LARES SATELLITE 
AFTER CARVING THE HOUSING 
OF THE CCR 
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LARES DM before mounting the CCR 
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   THE LARES SATELLITE AT THE 
OFFICINE OMPM IN SALERNO 
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LARES: the first three achievements 
1.  The satellite has been exactly injected in 

the nominal orbit thanks to the 
qualifying flight of the new ESA launch 
vehicle VEGA (ELV, AVIO-ASI). 

2.  The laser return signals from LARES 
measured at the ILRS stations are of 
outstanding quality: LARES is well 
observed by the stations of the ILRS. 

3.  The structure of the satellite minimizes 
its non-gravitational orbital 
perturbations, i.e., its orbit is mainly 
affected by the gravitational field apart 
from small non-gravitational 
perturbations that can be accurately 
modelled, its residual accelerations are 
smaller than those of any other artificial 
satellite: after removing the known non-
gravitational perturbations it has nearly 
geodesic motion.  
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LARES orbital elements 

LARES orbital 
element 

Nominal  Actual 

Semimajor Axis 7825 km 7820 km  
 

Inclination 69.5 ° 69.5 ° 
 

Eccentricity 0 0.0007  

LARES 
return 
signals  

 
(November 2013) 
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Laser Ranged 
Satellites 

 !  The purpose of laser-ranged satellites is  
to minimize the non-gravitational orbital 
perturbations, such as atmospheric drag 
and radiation pressure, in order to get an 
orbit that is ‘only’ affected by gravitation. 

!  In that way we can very accurately 
determine and study the gravitational field 
of Earth, not only its ‘classical’ (i.e., non-
relativistic) part, but also its  General 
Relativistic corrections. 

!  This has been achieved by the LARES 
special design and by minimizing its 
dimensions and maximizing its weight 
LARES is the single orbiting body in the 
Solar System with highest mean density.   

!  LARES has a very high mean 
density: it has a weight of about 
387 kg and a radius of about 18 
cm: its cross-sectional-to-mass-
ratio A/M is smaller than any other 
satellite (it is almost 3 times 
smaller than that of LAGEOS that 
before LARES had the smallest     
A/M ratio).  

!  It has a very special design: it is a 
single-piece very small sphere 
(made of a Tungsten alloy) covered 
with retro-reflectors. 
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LARES 
(LAser RElativity Satellite) 

Italian Space Agency 

!  Combined with the LAGEOS and LAGEOS 2 
orbital data and using the GRACE Earth 
gravity field determinations, LARES would 
provide a confirmation of Einstein General 
Relativity, the measurement of frame-
dragging, with accuracy of about 1%. 

      DRAGGING OF INERTIAL FRAMES  
(FRAME-DRAGGING as Einstein named it in 
1913) 

! Spacetime curvature is 
generated by mass-energy 
currents: � u�  

   G�� = � T�� = 

  = � [(� +p) u� u� + p g��] 

! It plays a key role in high 
energy astrophysics (Kerr 
metric) 

 
 

  Thirring 1918 
  Braginsky, Caves and Thorne 1977 
  Thorne 1986   
  I.C. 1994-2001 
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GRAVITY PROBE B 
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 eII = 0.04 

By integrating the Lorentz force  
equation, we get:  

Chern-Simons Gravity, String 
Theory and Frame-Dragging 

!  Can we distinguish between the intrinsic 
gravitomagnetic field generated by the angular 
momentum of a central body, that is, the “drag” of  
a gyroscope due to the curvature generated by the 
rotation of  a central body (or by a current of mass-
energy), e.g., by the Kerr metric, and the change of  
orientation of  a gyroscope due to the motion of  a 
gyroscope in a static gravitational field, e.g., 
Schwarzschild metric, that is B = γ (v x E) ?  
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Only in this case (c) additional 
spacetime curvature is generated 
by the spin of the central body  
(Kerr geometry). 
But how can we define it? 
Not by looking at the g0k  
non-diagonal components of the 
metric, nor by simply looking 
at the magnetic-like components 
of the Riemann tensor Ri0kl 

Geodetic precession: 
accurately measured  
by LLR and GP-B 
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INVARIANT CHARACTERIZATION 
of “INTRINSIC” 

GRAVITOMAGNETISM 
Gravitomagnetism can be defined without approximations by the Riemann tensor in a 

local Fermi frame (Matte-1953). 

By explicit spacetime invariants built with the Riemann tensor (I.C. 1994, I.C. and Wheeler 1995): 

Let us use the Pontryagin pseudo-invariant, that for the Kerr metric is: 

½ εαβσρ Rσρ
µν Rαβµν = 1536 J M cos θ (r5r-6 - r3r-5 + 3/16 r r-4) 

In weak-field and slow-motion: 

*R � R = 288 (J M)/r7 cos θ  + � � �  

J = aM = angular momentum  
*R � R similar to *F � F in electrodynamics. Similarly *R � R is different from zero in the case  

of  two massive bodies moving with respect to each other (calculated using the PPN metric). 
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ACTION of CHERN-SIMONS GRAVITY  
!  th

e 

 
In Smith, Erickcek, Caldwell and Kamionkowski, 
Phys. Rev D 2008 is shown that the 4-D string action 
for a type of string theory may reduce to this action.   
See also: Yagi K., Yunes N. and Tanaka T.,  
Phys. Rev. D., 86 (2012) 044037 and references therein.  
 
  

is the Pontryagin pseudoscalar, θ is a scalar 
field, g the determinant of the metric, R the 
Ricci scalar, l is a new length parameter, Lmat  
the matter Lagrangian density and k2 = 8 π G. 

Where H of  the previous formula is here: H = - 4 B  
 

The modified gravitational field equation is:  

where Cab is the Cotton-York tensor. Then, in the weak field 
approximation, we get a modified Ampere-Maxwell equation: 

where: 
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 We find the ratio of  the nodal drag of  Chern-Simons gravity and 
General Relativity: 

Where j2 and yl are spherical Bessel functions and mcs is the Chern-
Simons mass: 
 
                      mcs = -3 l k2 θ2 

  

 Then by integrating the Lorentz force equation for a test particle: 

The gravitomagnetic potential A for a sphere rotating with angular 
velocity ω, including the Chern-Simons contribution, is: 

!  Chern-Simons gravity is equivalent to some type of 
String Theory (Smith et al. 2008). 

!  On the basis of our 2004-2010 measurements of 
frame-dragging, using the LAGEOS satellites, in 
2008, Smith, Erickcek, Caldwell and 
Kamionkowski (Phys. Rev. D 77, 024015, 2008) 
have placed limits on some possible low-energy 
consequences of string theory that may be related 
to dark energy and quintessence. 

!  See also: S. Alexander and N. Yunes “Chern-
Simon Modified General Relativity”, Physics 
Reports, Volume 480, 2009, p. 1-55.  

!  T. Clifton, P.Ferreira, A. Padilla and C. Skordis, 
“Modified Gravity and Cosmology”.  

!  K. Yagi, N. Yunes and T. Tanaka, Phys. Rev. D., 86 
(2012) 044037.  

!     
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mcs ≥ 2 x 10-22 GeV  

GRAVITY PROBE B 
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Problems with the GP-B data analysis have been outlined, see, for example: R. F. O'Connell 
 "Gravito-Magnetism in one-body and two-body systems: Theory and Experiment", in, 
 "Atom Optics and Space Physics", Proc. of Course  CLXVIII of the International School  
of Physics "Enrico Fermi", Varenna, Italy, 2007, ed. E. Arimondo, W. Ertmer and 
 W. Schleich, (2009). 

GRAVITY PROBE B 
was launched in 2004 

!  After the data collection (for a few months after 
the launch) GP-B had systematic errors for over 
300 % of the frame-dragging effect. 

!  On 4 May 2011, after over 5 years of data 
analysis, they announced a reduction of the 
systematic errors from 300% to 19% by some 
modelling of the systematic errors and then 
published a measurement of frame-dragging 
claiming an error of about 19 %.  
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I.C.-Phys.Rev.Lett., 1986: 
Use the NODES of two  
LAGEOS satellites; the orbital plane of these 
satellites is a huge gyroscope affected by  
frame-dragging. This is called the Lense-Thirring  
effect 
 
 

More than 25 years ago in the office of John Archibald Wheeler 
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Satellite Laser Ranging 
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l=3, m=1 

   We need to 
eliminate the 
errors due to the 
lowest degree even 
zonal harmonics. 

IC, PRL 1986:  
Use of the 
nodes of two  
laser-ranged  
satellites to 
measure the 
Lense-Thirring 
effect 
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IC IJMPA 1989: 
Analysis of the orbital 
perturbations affecting 
the nodes of 
LAGEOS-type 
satellites 

(1) Use two LAGEOS  
satellites with  
supplementary 
inclinations 

OR: 

Use n satellites of 
LAGEOS-type 
to measure the first 
n-1 even zonal 
harmonics: J2, J4, … 
and the frame-dragging 
effect (IC IJMPA 1989) 
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IC NCA 1996: 
use the node of  
LAGEOS and the  
node of LAGEOS II 
to measure the 
Lense-Thirring 
effect 

However, in 1996  
the two nodes were 
not enough to  
measure the 
Lense-Thirring 
effect 

2002 

Use of GRACE to test Lense-Thirring at a few percent level: 
J. Ries et al. 2003 (1999),E. Pavlis 2002 (2000)  
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EIGEN-GRACE-S (GFZ 2004) 
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Even zonal harmonics, of 
degree even and zero 
order, are the axially 
symmetric deviations of the 
Earth potential (of even 
degree) from spherical 
symmetry also symmetric  
With respect to the Earth’s 
Equatorial plane. 

Using LAGEOS +LAGEOS 2 and 
the GRACE determinations of 
the Earth gravitational field 
we can measure the frame-
dragging effect and eliminate 
the uncertainties in J2.  
 
 

EIGEN-GRACE02S Model and 
Uncertainties  

Even 
zonals 
  lm 

Value 
 
· 10-6 

Uncertainty Uncertainty 
on node I 

Uncertainty 
on 
node II 
 

Uncertainty 
on perigee II 

20)
)

�484.16519788) 0.53 • 10�10 )  1.59 ΩL T 2.86 Ω L T   1.17 ω L T 

40) 0.53999294) 0.39 • 10�11 )  0.058 ΩL T  0.02 ΩL T   0.082 ω L T 

60) �.14993038) 0.20 • 10�11 )  0.0076 Ω L T  0.012 Ω L T   0.0041 ω L T 

80) 0.04948789) 0.15 • 10�11 )  0.00045 ΩL T 
)

 0.0021 Ω L T 
)

  0.0051 ω L T 
)

10,0) 0.05332122) 0.21 • 10�11 )  0.00042 Ω L T 
)
)

0.00074 Ω L T 0.0023 ω L T 
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 eII = 0.04 

I.C., NC A, 1996 
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Observed value of  
Lense-Thirring effect = 99% 
of the general relativistic 
prediction. Fit of linear trend 
plus 6 known frequencies 

General relativistic  
Prediction = 48.2 mas/yr 
 

Observed value of  
Lense-Thirring effect using 
The combination of the  
LAGEOS nodes.  

I.C. & E.Pavlis,  
Letters to NATURE, 
431, 958, 2004. 

   The result was 
published in 
Nature Letters in 
2004 
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2006-2007 ANALYSIS OF THE  
LAGEOS ORBITS USING THE  
GFZ ORBITAL ESTIMATOR EPOS 

OLD 2004 ANALYSIS OF THE 
LAGEOS ORBITS USING THE 
NASA ORBITAL ESTIMATOR 
GEODYN 

*by adding the geodetic 
  precession of the orbital 
  plane of an Earth satellite 
  in the EPOS orbital estimator. 
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In 2008 Ries et al. presented independent results for the 
measurement of frame.draggging by spin using LAGEOS, 
LAGEOS 2 and the GRACE Earth’s gravity models. 
John Ries (UT Austin) error budget is of about 12 %. 

Each point corresponds to a different GRACE Earth gravity model 

!"#$%&'(%)"*%+),$%+-'./01!'!#,"%#"'2$*345$67
0$8"7'()+-97':;<:='!"6)"8>"*'?@:?

0"#"%)'/%+-94,4'A,)5'B"$&"),#'
!+)"--,)"4'!C88+*9

D .E'8"+4C*"8"%)4F

!"#$% &'()*+,-+. /00"0()1.

/23/4567 889:(;(<9= 69:

/23/4567(>-"('?3 869@(;(<9= A9@

/23/456BC9A8 889@(;(<9= D96

/23/45@E7 8=9E(;(<9= E=9D

/23/453FG7/<AB @E98(;(<9= 696

Totally ndependent Analysis by GFZ-Potsdam 
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     USING THE 3 

OBSERVABLES 
PROVIDED BY THE 
3 NODES OF 
LAGEOS, LAGEOS 2 
AND LARES WE 
ELIMINATE THE 2 
UNCERTAINTIES 
DUE TO J2 AND J4 
AND MEASURE 
FRAME-DRAGGING 

 

Even zonal harmonics, of 
degree even and zero 
order, are the axially 
symmetric deviations of 
the Earth potential (of 
even degree) from 
spherical symmetry. 

Using LARES +LAGEOS, 
LAGEOS 2 and the GRACE 
determinations of the Earth 
gravitational field we can 
measure the frame-dragging 
effect and eliminate the 
uncertainties in J2 and J4.  
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(ASI) 

Equation describing the classical rate of  change of  the 
node of  a satellite as a function of  its orbital parameters, 

a,I, e, and Earth’s parameters: mass, radius and even 
zonal harmonics J2, J4, … 

In order to measure the Lense-Thirring effect this classical node precession  
must be accurately enough modeled (i.e., its behavior must be predicted on  
the basis of the available physical models), i.e., it must be modeled at the  
level of a milliarcsec compared to the Lense-Thirring effect (of size of about  
31 milliarcsec  
Every quantity in this equation can be determined accurately enough 
via satellite laser ranging to LAGEOS, LAGEOS 2 and LARES for a  
1 % measurement of the Lense-Thirring effect, apart from the even 
zonal harmonics J2, J4, … ,   
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GRAVITATIONAL ERRORS  

.  
Using the Earth gravitational model EIGEN-GRACE02S (February 2004), 
based on 111 days of GRACE observations, i.e., propagating the 
uncertainties of EIGEN-GRACE02S published by GFZ Potsdam on the  
nodes of LAGEOS, LAGEOS 2 and LARES and their combination, we find  
a total error of 1.4 %. 
 
In particular we have calculated the error induced by the uncertainty 
of each even zonal harmonic up to degree 70: after degree 26 the 
error is negligible. 

By the time of the LARES data 
analysis (2012-2015) we can 
assume an improvement in the 
GRACE Earth gravity field models 
of about one order of magnitude, 
thanks to much longer GRACE 
observations with respect to 110 
days of EIGEN-GRACE02S and also 
to GOCE (2008). 

GRAVITATIONAL ERRORS  
       Standard technique in space geodesy to estimate the reliability of the published 

uncertainties of an Earth gravity model: take the difference between each harmonic 
coefficient of that model with the same harmonic coefficient of a diffeernt model  

       and compare this difference with the published uncertainties. Let us take difference 
between each harmonic of the EIGEN-GRACE02S (GFZ Potsdam) model minus the 
same harmonic in the GGM02S (CSR Austin) model. CAVEAT: in order to use this 
technique, one must difference models of comparable accuracy, i.e., models that are 
indeed comparable, or use this method to only evaluate the less accurate model!  

In Blue: percent errors 
in the measurement of 
the Lense-Thirring effect 
for EIGEN-GRACE02S 
for each even zonal 
 
In Red: percent errors 
in the measurement of 
the Lense-Thirring effect 
using the difference 
between EIGEN-GRACE02S 
and GGM02S for each  
even zonal 
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GRAVITATIONAL ERRORS  

In Green: percent errors 
in the measurement of 
the Lense-Thirring effect 
for GGM02S for each even  
Zonal harmonic 
 
In Red: percent errors 
in the measurement of 
the Lense-Thirring effect 
Using the difference 
between EIGEN-GRACE02S 
and GGM02S for each  
even zonal harmonic 
 

Main parameters of the Monte Carlo simulations 
(100 simulations) GFZ 
I. C. et al., Class. and Quantum Grav., 2013 
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100 curves of residuals (in green) of the  
100 Monte Carlo simulations for LARES,  
LAGEOS and LAGEOS 2. In red is the  
theoretical prediction of General Relativity. 
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    100 secular trend fits (straight 
lines) of the residuals of the 100 
Monte Carlo simulations for 
LARES, LAGEOS and LAGEOS 2.  

    In red is the theoretical prediction 
of General Relativity. 

 

Results of the Monte Carlo simulation for the LARES experiment 

Mean value of the frame-dragging effect  
 

= 100.25 %   of the frame-dragging effect 
                             predicted by General Relativity 

                        
 

Standard deviation: 
 

= 1.55 % 
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Current orbital analyses of  
the LARES observations 

I.C. et al., Eur. Phys. J. Plus (2012) 127: 133  

 
 

!  Before LARES, with a residual mean 
along-track acceleration of less than 4 × 
10-13 m/s2, the smallest residual mean 
accelerations were measured on the 
LAGEOS satellites. The mean residual 
along-track acceleration was on the 
LAGEOS satellites at a level of about     
10 to 20 × 10-13 m/s2. The orbit of the 
LAGEOS satellites is mainly affected by 
thermal thrust accelerations, i.e., by the 
Yarkovsky effect and by the Earth-
Yarkovsky or Rubincam-Yarkovsky effect. 
For a comparison, the mean residual 
acceleration of the Starlette laser-
ranged satellite is of the order of 400 × 
10-13 m/s2. The best drag-free satellite is at a level of the 

order of 500 x 10-13 m/s2.  

Yarkovsky effect or thermal acceleration: thermal 
thrust resulting from the anisotropic latitudinal 
temperature distribution over the satellite’s 
surface caused by solar heating.  
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Earth Yarkovsky or  
Rubincam-Yarkovsky 
effect: infrared 
radiation from Earth is 
absorbed by the retro-
reflectors; due to their 
thermal inertia and to 
the rotation of the 
satellite, a latitudinal 
temperature gradient 
develops. The 
corresponding thermal 
radiation causes an 
along-track 
acceleration in the 
direction opposite to 
the satellite’s 
(LAGEOS) motion.  
 

Along-track displacement from an ideal geodesic 
orbit, after modeling non-gravitational 
perturbations, due to the residual mean along-track 
accelerations observed on LARES, LAGEOS and 
STARLETTE.   
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Current orbital analyses of  
the LARES observations 

I.C. et al., Eur. Phys. J. Plus (2012) 127: 133  

 
 

!  The smaller residual mean acceleration of LARES, in spite of 
the larger effects of atmospheric drag, has been achieved by 
minimizing the effect of thermal thrust. This has been 
achieved by the LARES special design, because: 

      (1) LARES has the smallest cross-sectional-area to mass ratio 
than other artificial satellite and even of LAGEOS (a factor 
almost 3 times smaller than LAGEOS). LARES is the single 
orbiting body in the Solar System with highest mean density.  

      (2) LARES is much smaller than LAGEOS (18 cm radius versus 
30 cm radius for LAGEOS) 

!  (3) LARES has higher thermal conductivity, since it is a solid 
one-piece sphere. In contrast, LAGEOS is constructed from 
three separate pieces that decrease thermal conductivity. 

!  (4) The effect of the thermal acceleration due to the retro-
reflectors (which are the main source of Earth and solar 
Yarkovsky effects) is smaller because the surface area of the 
retro-reflectors relative to the total area is smaller on LARES 
(about 26% of the total surface area) than on LAGEOS (about 
43%). 

Current orbital analyses of  
the LARES observations 

I.C. et al., Eur. Phys. J. Plus (2012) 127: 133  

!  After removing the known LARES orbital perturbations, its 
orbit shows the smallest deviations than any other 
satellite from the geodesic motion, i.e., the purely 
gravitational orbit predicted by General Relativity. These 
deviations are due to un-modelled or mismodelled  non-
gravitational forces acting on a satellite. 

•  Geodesic motion is at the very 
basis of General Relativity. 

LARES is already being used       
(by CSR-UT Austin) to improve the 
determination of the ‘classical’ part 
of the Earth gravitational field, i.e., 
to improve some of lowest  
degree harmonics describing the 
‘shape’ of the Earth gravitational 
field.   
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                           Conclusions 
 
    LAGEOS and LAGEOS 2, with GRACE, measured frame-

dragging with an accuracy of about 10%. This was used to 
set limits on the Chern-Simons mass and related String 
Theories. 

 
 LARES already shows an outstanding behaviour for testing 
General Relativity and gravitational physics. LARES-type 
satellites could well test other fundamental physics effects 

     and much improve the existing limits on C-S mass.  
 
     After a few years of laser-ranging data of the LARES satellite, 

together with LAGEOS and LAGEOS 2 and with the future 
improved Earth’s gravity models, we would be able to 
measure the frame-dragging effect with accuracy of about 
1%, with other implicational for fundamental physics such as 
improving the limits on C-S mass and placing further limits 
on String Theories equivalent to Chern-Simon gravity.  
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    THE END 
 
    Thank you to the organizers for inviting me at this 

interesting conference on General Relativity and 
Gravitation in Hirosaki. 
 
 

       IC 
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Introduction

Higgs boson was detected by ATLAS & CMS.

Particle accelerator energy is nearly saturated.

However

Non-accelerator Experiments
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COW Experiment
“Observation of  Gravitationally Induced Quantum Interference”

R. Colella, A. W. Overhauser, & S. A. Werner

Measuring the phase difference
between two paths in Newton Gravity
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We have used
of neu

a neutron Interferometer t b
utrons caused by their interaction wi

o o serve the uanq antum-mechanical phase sh'ft
in erac con with Earth's gravitational field.

In n1ost henomp mena of interest in terrestrial
physics, gravity and quantum mechanics do not
simultaneously play an important role. Such an
experiment, for which the outcome necessaril

s upon oth the gravitational constant and
e necessarily

Planck's constant, has recentl ben y een proposed by

A neutron beam is split into two beams by an
interferometer of the type first developed by
Bonse and Hart' for x rays. The le re ative phase
of the two beams where they recombine and inter-

the in
ere, at point D of Fig. 1 is var'edb t t'
e interferometer about the line AB of the inci-
ent beam. The dependence of the relative phase
P on the rotation angle y is

P =qgrav W r

where

q „,=4nkgh 'I'd(d+acos8) tane. (2)

The neutron wavelength is ) = 1 445 A, g isthe

FIG. 1. Schematic diagram of the neuFIG o e neutron interferom-
e etectors used in this experiment.

acceleration of gravity h i Pl
M i

is anck s constant,
is the neutron mass, and 6I is th e Bragg a gle,

The dimensions a =0.2 cm and d =3.5 cm
are shown in Fig. 1.
o ringes which will occur during a 180'
xcept for the term a cos8 wh' h

th th'e ickness of th
, w ic accounts for

the interferometer slabs, Eq. (2)
is equivalent to Eq. (8) of Ref. l. For our e
The interferometer was cut from dirom a dislocation-
ree silicon crystal approximatel 2 in. in

n in. ong. Our particular design was
chosen so that the experiment could also be car-
ried out with 0.71-A x rays. This is
impor ant because the bending of the inte interferom-

un er its own weight varies with y and in-
troduces a contribution t&b na

P (f grav + abend) W'' (3)

The ma~or problem was finding' a method for
mounting the crystal so th t tha e relative phase P

rse imensions (3is constant across the transverse d
mme mm) of the interfering beams at D. The

l
best results were obtained with thi e crystal free-
y resting on two felt strip (3i s mm wide and per-
pendicular to the axis of th l' d 'e cy in rical crystal).
These strips were located 15 mm from either
end of a V block equal in length t tho e crystal.

&30 .
is arrangement limited rotat ta ions o —30 &y

Three small, high-pressure He' detectors we
used to monitor one

e ec ors were
r one noninterfering beam (C,) and

the two interfering beams (C and C2 an ~ as shown in

an entr
ig. . These detectors, the interfin er erometer, and

box
an en rance slit were rigidly mount dun e in a. meta, l

beam. This enti
ox which could be rotated about the 'ou e incident
earn. This entire assembly was placed inside
an auxiliary neutron shield.
The counting rates at C d C, an, are expected to
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• Correction to the Einstein-Hilbert action

Chern-Simons Gravity

SCS =
1

16⇡G

Z
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4
x

1

4
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R f : Time-dependent

g(CS)
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0i

g(CS)
0i ' 2

X

A

ḟ
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[S. Alexander & N. Yunes, PRL 99, 241101 (2007)]

What happens to phase shift by CS gravity

• New PPN term at 1PN order (Non-dynamical CS gravity)

Sun-Earth System
A=2 (Solar system)

JE

vE

vS

rS
rE

Interferometer

Earth Sun

JS
     and      are zerovS JS
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Goal of  Study

• Quantum interference effects by CS gravity.

• Daily & Seasonal variations

• Latitude effect

• Place a constraint on CS gravity
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Hamiltonian of  Particle

• Weak-field approx.

• Slow-motion approx.

• Hamiltonian

L = �mc
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Wave Function

• Schrödinger Eq.

• Wave function
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Frame dragging
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Phase Shift by CS Gravity
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Phase Shift by CS Gravity

� =
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Phase Shift by CS Gravity

: Orbital velocity of  Earth
: Vertical unit vector at the interferometer
: Normal unit vector of  the interferometer

第10章 中緯度の式

10.1 CS gravity

CS補正による計量は、
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10.2 Phase shifts

位相差は、
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となる。ただし、⃗g = (g01, g02, g03), m denotes the quantum particle mass,

! ∼ h/2π denotes Dirac’s constant である。ストークスの定理から、位
相差は次のようになる。
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change with time
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となる。ただし、⃗g = (g01, g02, g03), m denotes the quantum particle mass,

! ∼ h/2π denotes Dirac’s constant である。ストークスの定理から、位
相差は次のようになる。

∆ =
mc

!

∫

S

(∇⃗ × g⃗) · dS⃗ (10.3)

したがって、CS重力による位相差∆CSは、

∆CS =
2m

!c2

∫

S

ḟ
GME

r3
[3(v⃗E · n⃗E)n⃗E − v⃗E] · N⃗IdS

= 2ḟ
mGMES

!c2r3E
[3(v⃗E · n⃗E)n⃗E − v⃗E] · N⃗I (10.4)

42

第10章 中緯度の式

10.1 CS gravity

CS補正による計量は、

δCSg0i =
2G

c3

∑

A

ḟ

rA

[
mA

rA
(v⃗A × n⃗A)

i − J i
A

2r2A
+

3

2

(J⃗A · n⃗A)

r2A
ni
A

]
(10.1)

となる。

10.2 Phase shifts

位相差は、

∆ =
1

!

∮

C

δHdt

=
mc

!

∮

C

g⃗ · dr⃗ (10.2)

となる。ただし、⃗g = (g01, g02, g03), m denotes the quantum particle mass,

! ∼ h/2π denotes Dirac’s constant である。ストークスの定理から、位
相差は次のようになる。

∆ =
mc

!

∫

S

(∇⃗ × g⃗) · dS⃗ (10.3)

したがって、CS重力による位相差∆CSは、

∆CS =
2m

!c2

∫

S

ḟ
GME

r3
[3(v⃗E · n⃗E)n⃗E − v⃗E] · N⃗IdS

= 2ḟ
mGMES

!c2r3E
[3(v⃗E · n⃗E)n⃗E − v⃗E] · N⃗I (10.4)
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Earth

第10章 中緯度の式

10.1 CS gravity

CS補正による計量は、

δCSg0i =
2G

c3

∑

A

ḟ

rA

[
mA

rA
(v⃗A × n⃗A)

i − J i
A

2r2A
+

3

2

(J⃗A · n⃗A)

r2A
ni
A

]
(10.1)

となる。

10.2 Phase shifts

位相差は、

∆ =
1

!

∮

C

δHdt

=
mc

!

∮

C

g⃗ · dr⃗ (10.2)

となる。ただし、⃗g = (g01, g02, g03), m denotes the quantum particle mass,

! ∼ h/2π denotes Dirac’s constant である。ストークスの定理から、位
相差は次のようになる。

∆ =
mc

!

∫

S

(∇⃗ × g⃗) · dS⃗ (10.3)

したがって、CS重力による位相差∆CSは、

∆CS =
2m

!c2

∫

S

ḟ
GME

r3
[3(v⃗E · n⃗E)n⃗E − v⃗E] · N⃗IdS

= 2ḟ
mGMES

!c2r3E
[3(v⃗E · n⃗E)n⃗E − v⃗E] · N⃗I (10.4)
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第10章 中緯度の式

10.1 CS gravity

CS補正による計量は、

δCSg0i =
2G

c3

∑

A

ḟ

rA

[
mA

rA
(v⃗A × n⃗A)

i − J i
A

2r2A
+

3

2

(J⃗A · n⃗A)

r2A
ni
A

]
(10.1)

となる。

10.2 Phase shifts

位相差は、

∆ =
1

!

∮

C

δHdt

=
mc

!

∮

C

g⃗ · dr⃗ (10.2)

となる。ただし、⃗g = (g01, g02, g03), m denotes the quantum particle mass,

! ∼ h/2π denotes Dirac’s constant である。ストークスの定理から、位
相差は次のようになる。

∆ =
mc

!

∫

S

(∇⃗ × g⃗) · dS⃗ (10.3)

したがって、CS重力による位相差∆CSは、

∆CS =
2m

!c2

∫

S

ḟ
GME

r3
[3(v⃗E · n⃗E)n⃗E − v⃗E] · N⃗IdS

= 2ḟ
mGMES

!c2r3E
[3(v⃗E · n⃗E)n⃗E − v⃗E] · N⃗I (10.4)
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Interferometer

[3(~vE · ~nE)~nE � ~vE ] · ~NI
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Time Dependence
[3(~vE · ~nE)~nE � ~vE ] · ~NI = (R(t)�1~vE)

T [3(~nE0 · ~NI0)~nE0 � ~NI0][3(~vE · ~nE)~nE � ~vE ] · ~NI

Initial condition

R(t)�1 = (R('))�1(R(!E))
�1(R(⌦E))

�1R(IE)R(⌦E)

Time variation ⌦E =
2⇡

1 year
IE ' 23� !E =

2⇡

1 day

: Midnight of  Winter solsticet = 0

Y

Z

IE

⌦Et

Sun

Earth X
~vE

!E

'

Earth

Interferometer

Latitude

Time Dependence
R(t)�1 = (R('))�1(R(!E))

�1(R(⌦E))
�1R(IE)R(⌦E)

Latitude effect Daily variation

Seasonal variation

eastbound

第10章 中緯度の式

10.1 CS gravity

CS補正による計量は、

δCSg0i =
2G

c3

∑

A

ḟ

rA

[
mA

rA
(v⃗A × n⃗A)

i − J i
A

2r2A
+

3

2

(J⃗A · n⃗A)

r2A
ni
A

]
(10.1)

となる。

10.2 Phase shifts

位相差は、

∆ =
1

!

∮

C

δHdt

=
mc

!

∮

C

g⃗ · dr⃗ (10.2)

となる。ただし、⃗g = (g01, g02, g03), m denotes the quantum particle mass,

! ∼ h/2π denotes Dirac’s constant である。ストークスの定理から、位
相差は次のようになる。

∆ =
mc

!

∫

S

(∇⃗ × g⃗) · dS⃗ (10.3)

したがって、CS重力による位相差∆CSは、

∆CS =
2m

!c2

∫

S

ḟ
GME

r3
[3(v⃗E · n⃗E)n⃗E − v⃗E] · N⃗IdS

= 2ḟ
mGMES

!c2r3E
[3(v⃗E · n⃗E)n⃗E − v⃗E] · N⃗I (10.4)
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northbound

第10章 中緯度の式

10.1 CS gravity

CS補正による計量は、

δCSg0i =
2G

c3

∑

A

ḟ

rA

[
mA

rA
(v⃗A × n⃗A)

i − J i
A

2r2A
+

3

2

(J⃗A · n⃗A)

r2A
ni
A

]
(10.1)

となる。

10.2 Phase shifts

位相差は、

∆ =
1

!

∮

C

δHdt

=
mc

!

∮

C

g⃗ · dr⃗ (10.2)

となる。ただし、⃗g = (g01, g02, g03), m denotes the quantum particle mass,

! ∼ h/2π denotes Dirac’s constant である。ストークスの定理から、位
相差は次のようになる。

∆ =
mc

!

∫

S

(∇⃗ × g⃗) · dS⃗ (10.3)

したがって、CS重力による位相差∆CSは、

∆CS =
2m

!c2

∫

S

ḟ
GME

r3
[3(v⃗E · n⃗E)n⃗E − v⃗E] · N⃗IdS

= 2ḟ
mGMES

!c2r3E
[3(v⃗E · n⃗E)n⃗E − v⃗E] · N⃗I (10.4)
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vertical

第10章 中緯度の式

10.1 CS gravity

CS補正による計量は、

δCSg0i =
2G

c3

∑

A

ḟ

rA

[
mA

rA
(v⃗A × n⃗A)

i − J i
A

2r2A
+

3

2

(J⃗A · n⃗A)

r2A
ni
A

]
(10.1)

となる。

10.2 Phase shifts

位相差は、

∆ =
1

!

∮

C

δHdt

=
mc

!

∮

C

g⃗ · dr⃗ (10.2)

となる。ただし、⃗g = (g01, g02, g03), m denotes the quantum particle mass,

! ∼ h/2π denotes Dirac’s constant である。ストークスの定理から、位
相差は次のようになる。

∆ =
mc

!

∫

S

(∇⃗ × g⃗) · dS⃗ (10.3)

したがって、CS重力による位相差∆CSは、

∆CS =
2m

!c2

∫

S

ḟ
GME

r3
[3(v⃗E · n⃗E)n⃗E − v⃗E] · N⃗IdS

= 2ḟ
mGMES

!c2r3E
[3(v⃗E · n⃗E)n⃗E − v⃗E] · N⃗I (10.4)

42 Interferometer
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Seasonal variation
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Possible constraint on  ḟ

位相差

|∆CS| ∼ 4

(
mc2

!

)(
ḟ

c

GME

c2rE

vE
c

)(
S

r2E

)
(9.8)

|∆CS| ∼ 10−3[ s−1 ]×
(

mc2

1GeV

)(
ḟ

c

)(
S

0.4m2

)
(9.9)

オーダー評価を次元解析で

ḟ(∇⃗ × V⃗ ) (9.10)
(
ḟ(∇⃗ × V⃗ )

)2

= ḟ 2(∇⃗ × V⃗ )2 (9.11)

(∇⃗ × g⃗CS)
2 ∼ 1

r2
g2CS (9.12)

g⃗next = g2CS (9.13)

(9.14)

(∇⃗ × g⃗CS)
2 ∼ 1

r2
g2CS (9.15)

∼ rE × (∇⃗ × g⃗CS)
2 = ∇⃗ × g⃗next (9.16)

41

位相差

|∆CS| ∼ 4

(
mc2

!

)(
ḟ

c

GME

c2rE

vE
c

)(
S

r2E

)
(9.8)

|∆CS| ∼ 10−3[ s−1 ]×
(

mc2

1GeV

)(
ḟ

c

)(
S

0.4m2

)
(9.9)

オーダー評価を次元解析で

ḟ(∇⃗ × V⃗ ) (9.10)
(
ḟ(∇⃗ × V⃗ )

)2
= ḟ 2(∇⃗ × V⃗ )2 (9.11)

(∇⃗ × g⃗CS)
2 ∼ 1

r2
g2CS (9.12)

g⃗next = g2CS (9.13)

(9.14)

(∇⃗ × g⃗CS)
2 ∼ 1

r2
g2CS (9.15)

∼ rE × (∇⃗ × g⃗CS)
2 = ∇⃗ × g⃗next (9.16)

O(10−3)

ḟ c−1 < 100s (ḟ < 105km)

ḟ c−1 < 10−3s

O(10−6)

41

Quantum Effect ⇠ 1024

CS gravity by Earth ⇠ 10�27

tiny

huge

ḟ induces the phase shift

Current neutron interferometry ⇠ O(10�3)

位相差

|∆CS| ∼ 4

(
mc2

!

) (
ḟ

c

GME

c2rE

vE

c

)(
S

r2
E

)
(9.8)

|∆CS| ∼ 10−3[ s−1 ] ×
(

mc2

1GeV

) (
ḟ

c

) (
S

0.4m2

)
(9.9)

オーダー評価を次元解析で

ḟ(∇⃗ × V⃗ ) (9.10)
(
ḟ(∇⃗ × V⃗ )

)2

= ḟ 2(∇⃗ × V⃗ )2 (9.11)

(∇⃗ × g⃗CS)2 ∼ 1

r2
g2

CS (9.12)

g⃗next = g2
CS (9.13)

(9.14)

(∇⃗ × g⃗CS)2 ∼ 1

r2
g2

CS (9.15)

∼ rE × (∇⃗ × g⃗CS)2 = ∇⃗ × g⃗next (9.16)

∼ ḟ c−1 × 10−14 (9.17)

∼ 1024[s−1] (9.18)

O(10−3) (9.19)

∼ ḟ c−1 < 100s (9.20)

∼ ḟ c−1 < 10−3s (9.21)

41

[I. Ciufolini and E.C. Pavlis, Nature 431, 958(2004).
 C. W. F. Everitt, et al., PRL 106, 221101 (2011).]

Classical Experiments

• LAGEOS and Gravity Probe B

• Lense-Thirring effect (No deviation)

位相差

|∆CS| ∼ 4

(
mc2

!

) (
ḟ

c

GME

c2rE

vE

c

)(
S

r2
E

)
(9.8)

|∆CS| ∼ 10−3[ s−1 ] ×
(

mc2

1GeV

) (
ḟ

c

) (
S

0.4m2

)
(9.9)

オーダー評価を次元解析で

ḟ(∇⃗ × V⃗ ) (9.10)
(
ḟ(∇⃗ × V⃗ )

)2

= ḟ 2(∇⃗ × V⃗ )2 (9.11)

(∇⃗ × g⃗CS)2 ∼ 1

r2
g2

CS (9.12)

g⃗next = g2
CS (9.13)

(9.14)

(∇⃗ × g⃗CS)2 ∼ 1

r2
g2

CS (9.15)

∼ rE × (∇⃗ × g⃗CS)2 = ∇⃗ × g⃗next (9.16)

∼ ḟ c−1 × 10−14 (9.17)

∼ 1024[s−1] (9.18)

O(10−3) (9.19)

∼ ḟ c−1 < 100s (9.20)

∼ ḟ c−1 < 10−3s (9.21)

41

3 digits

Current neutron interferometry ⇠ O(10�3)

位相差

|∆CS| ∼ 4

(
mc2

!

) (
ḟ

c

GME

c2rE

vE

c

)(
S

r2
E

)
(9.8)

|∆CS| ∼ 10−3[ s−1 ] ×
(

mc2

1GeV

) (
ḟ

c

) (
S

0.4m2

)
(9.9)

オーダー評価を次元解析で

ḟ(∇⃗ × V⃗ ) (9.10)
(
ḟ(∇⃗ × V⃗ )

)2

= ḟ 2(∇⃗ × V⃗ )2 (9.11)

(∇⃗ × g⃗CS)2 ∼ 1

r2
g2

CS (9.12)

g⃗next = g2
CS (9.13)

(9.14)

(∇⃗ × g⃗CS)2 ∼ 1

r2
g2

CS (9.15)

∼ rE × (∇⃗ × g⃗CS)2 = ∇⃗ × g⃗next (9.16)

∼ ḟ c−1 × 10−14 (9.17)

∼ 1024[s−1] (9.18)

O(10−3) (9.19)

∼ ḟ c−1 < 100s (9.20)

∼ ḟ c−1 < 10−3s (9.21)

41

[S. Alexander & N. Yunes, PRL 99, 241101 (2007).
 T. L. Smith, et al., PRD 77, 024015 (2008).]
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Possible constraint on  ḟ位相差

|∆CS| ∼ 4

(
mc2

!

)(
ḟ

c

GME

c2rE

vE
c

)(
S

r2E

)
(9.8)

|∆CS| ∼ 10−3[ s−1 ]×
(

mc2

1GeV

)(
ḟ

c

)(
S

0.4m2

)
(9.9)

オーダー評価を次元解析で

ḟ(∇⃗ × V⃗ ) (9.10)
(
ḟ(∇⃗ × V⃗ )

)2
= ḟ 2(∇⃗ × V⃗ )2 (9.11)

(∇⃗ × g⃗CS)
2 ∼ 1

r2
g2CS (9.12)

g⃗next = g2CS (9.13)

(9.14)

(∇⃗ × g⃗CS)
2 ∼ 1

r2
g2CS (9.15)

∼ rE × (∇⃗ × g⃗CS)
2 = ∇⃗ × g⃗next (9.16)

O(10−3)

ḟ c−1 < 100s (ḟ < 105km)

ḟ c−1 < 10−3s

O(10−6)

41

位相差

|∆CS| ∼ 4

(
mc2

!

)(
ḟ

c

GME

c2rE

vE
c

)(
S

r2E

)
(9.8)

|∆CS| ∼ 10−3[ s−1 ]×
(

mc2

1GeV

)(
ḟ

c

)(
S

0.4m2

)
(9.9)

オーダー評価を次元解析で

ḟ(∇⃗ × V⃗ ) (9.10)
(
ḟ(∇⃗ × V⃗ )

)2
= ḟ 2(∇⃗ × V⃗ )2 (9.11)

(∇⃗ × g⃗CS)
2 ∼ 1

r2
g2CS (9.12)

g⃗next = g2CS (9.13)

(9.14)

(∇⃗ × g⃗CS)
2 ∼ 1

r2
g2CS (9.15)

∼ rE × (∇⃗ × g⃗CS)
2 = ∇⃗ × g⃗next (9.16)

O(10−3)

ḟ c−1 < 100s (ḟ < 105km)

ḟ c−1 < 10−3s

O(10−6)

41

A B

C
D

Path C1

Path C2

Area of  
interferometer

S

S• Arm Length 0.6 m → 5 m =>    larger by two digits
[ H.Rauch, and S.A. Werner, Neutron Interferometry, (Clarendon Press, Oxford, 2000)]

位相差

|∆CS| ∼ 4

(
mc2

!

) (
ḟ

c

GME

c2rE

vE

c

)(
S

r2
E

)
(9.8)

|∆CS| ∼ 10−3[ s−1 ] ×
(

mc2

1GeV

) (
ḟ

c

) (
S

0.4m2

)
(9.9)

オーダー評価を次元解析で

ḟ(∇⃗ × V⃗ ) (9.10)
(
ḟ(∇⃗ × V⃗ )

)2

= ḟ 2(∇⃗ × V⃗ )2 (9.11)

(∇⃗ × g⃗CS)2 ∼ 1

r2
g2

CS (9.12)

g⃗next = g2
CS (9.13)

(9.14)

(∇⃗ × g⃗CS)2 ∼ 1

r2
g2

CS (9.15)

∼ rE × (∇⃗ × g⃗CS)2 = ∇⃗ × g⃗next (9.16)

∼ ḟ c−1 × 10−14 (9.17)

∼ 1024[s−1] (9.18)

O(10−3) (9.19)

∼ ḟ c−1 < 100s (9.20)

∼ ḟ c−1 < 10−3s (9.21)

41

位相差

|∆CS| ∼ 4

(
mc2

!

) (
ḟ

c

GME

c2rE

vE

c

)(
S

r2
E

)
(9.8)

|∆CS| ∼ 10−3[ s−1 ] ×
(

mc2

1GeV

) (
ḟ

c

) (
S

0.4m2

)
(9.9)

オーダー評価を次元解析で

ḟ(∇⃗ × V⃗ ) (9.10)
(
ḟ(∇⃗ × V⃗ )

)2

= ḟ 2(∇⃗ × V⃗ )2 (9.11)

(∇⃗ × g⃗CS)2 ∼ 1

r2
g2

CS (9.12)

g⃗next = g2
CS (9.13)

(9.14)

(∇⃗ × g⃗CS)2 ∼ 1

r2
g2

CS (9.15)

∼ rE × (∇⃗ × g⃗CS)2 = ∇⃗ × g⃗next (9.16)

∼ ḟ c−1 × 10−14 (9.17)

∼ 1024[s−1] (9.18)

O(10−3) (9.19)

O(10−4) (9.20)

∼ ḟ c−1 < 100s (9.21)

∼ ḟ c−1 < 10−3s (9.22)

41

• Phase accuracy           =>
[S. A. Werner, and A. G. Klein, J. Phys. A: Math. Theor. 43, 354006 (2010)]

位相差

|∆CS| ∼ 4

(
mc2

!

) (
ḟ

c

GME

c2rE

vE

c

)(
S

r2
E

)
(9.8)

|∆CS| ∼ 10−3[ s−1 ] ×
(

mc2

1GeV

) (
ḟ

c

) (
S

0.4m2

)
(9.9)

オーダー評価を次元解析で
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• Current

Contents

• COW experiment & 
Chern-Simons metric at 1PN order

• Method for Neutron interferometry

• Phase shift by Chern-Simons gravity

• Summary
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• Prediction of  time variation and Latitude effect. 

• Possible constraints on CS gravity 
by neutron interferometry.

• Current
→                       in the future

Summary
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Future Work

• How about Null geodesic?

• Sagnac interferometer

• How about Dynamical CS?
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Thank You for Your Attention

Appendix
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Why Neutron Interferometry?

• Phase shift

• Atom interferometry is advantageous.

• However, atoms have electric charges.

• Other effects (e.g. Lorentz force).

• Neutron is affected by only gravitational force.

�(CS) ' 2ḟ
mGMES

~c2r3E
[3(~vE · ~nE)~nE � ~vE ] · ~NI

/ m

Michelson Interferometer?

• Phase shift 

• Michelson interferometer (e.g. KAGRA)

• Michelson interferometer cannot measure that.

• eLISA & DECIGO may be interesting.

�(CS) ' 2ḟ
mGMES

~c2r3E
[3(~vE · ~nE)~nE � ~vE ] · ~NI

S = 0 (* L-shaped)

/ S
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Seasonal variation

Latitude '

Phase difference at               for eastbound ~NI' = 45�
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“Hydrostatic equilibrium of gas distribution in Coma cluster

 and a test of chameleon gravity model”

by Ayumu Terukina

[JGRG23(2013)110603]
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Hydrostatic equilibrium of gas distribution 
in Coma cluster 

and a test of chameleon gravity model

Hiroshima University

Ayumu Terukina

• Introduction
• Cluster’s Mass  & gas distributions
• Constraint on the gravity model
• Summary

Collaborators
　K. Yamamoto (Hiroshima University)
　K. Koyama, D. Bacon, R. C. Nicol, L. Lombriser (Portsmouth University)

Introduction
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Chameleon Gravity Model

⇢ : Matter density

r2� = V,� +
�

MPl
⇢e

��
MPl

・Equation for scalar field

� : Coupling  constant

Low density region
Chameleon force 

High density region
Chameleon mechanism

� 6= 0 � = �1

PotentialV (�) :

� ⇡ 0

NFW cluster halo

Scalar Field Configuration

High density region
Chameleon mechanism
(Newton gravity)

� 6= 0 � = �1� ⇡ 0

Low density region
Chameleon force 
f� = ��r�/MPl

NFW cluster halo

r

f
HrL

�1

0
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Previous Work

Analytical derivation of the 
gas distribution profiles.

・Hydrostatic equilibrium
Assumptions

・NFW dark matter density profile

・Polytropic equation of state 

chameleon force

* Gas density profile decreases 
   faster compared with the case
   of  Newtonian gravity.

*  Large deviation from Newtonian
    gravity is not consistent with
    an X-ray observation.

gravitational force

⇢�1
gas

dPgas

dr
= �GM(< r)

r2
� �

MPl

d�

dr

Newton gravity

virial radius

Chameleon gravity

AT & K. Yamamoto, 2012

Gas density profile

⇢ g
a
s(
r)

r
10-2 10-1 100 101 102

10-6

10-4

10-2

100

Multiwavelength observations of cluster of galaxies

・X-ray surface brightness

・X-ray temperature

・Sunyaev-Zel’dovich (SZ) effect 

・Gravitational lensing
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Coma Cluster Observations

X-ray 
temperature

SZ effect

102 103
5

6

7

8

9

r¶@kpcD

T
@keV
D

101 102 103
-400

-300

-200

-100

0

r¶@kpcD

D
T
@mK
D

(Snwden et al. 2008 
            and Wik et al. 2009)

(Abe et al. 2012)

Weak lensing (NFW)（Okabe et al. 2010）

Mvir = 8.92+20
�5 ⇥ 1014h�1M�

c = 3.50+2.56
�1.79

X-ray 
surface brightness

101 102 103

10-13

10-12

r¶@kpcD

S X
@erg
êcm

2 êsêa
rc
m
in
2 D

(Churazov et al. 2012)

3D density , 3D temperature

3D pressure

Reconstruct 3D Profiles
3D profiles

Gas temperature

Electron number density

Electron pressure

T (X)
gas (r) = T0


1 +A1

✓
r

r0

◆��0

n(X)
e (r) = n0

"
1 +

✓
r

r1

◆2
#�1

P (SZ)
e (r) =

P0

(r/r2)�2(1 + (r/r2)�3)�4

TX(r?) =

R
dz�c(r)n2

e(r)Tgas(r)R
dz�c(r)n2

e(r)

SX(r?) =

Z
dz�c(r)n

2
e(r)

�T (r?)

TCMB
= �2

�T

me

Z
dzPe(r)

X-ray temperature

X-ray surface brightness

Sunyaev-Zel’dovich effect

projected profiles
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Approach 1 : 
Test of the validity of hydrostatic equilibrium.
(Comparing hydrostatic mass with lensing mass.)

Approach 2 :
Constraint on the chameleon gravity model.
(Comparing theoretical model with multiwavelength 
observations using MCMC analysis.)

Approach 1

Test of the validity of hydrostatic equilibrium
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Hydrostatic Mass

We test the validity of hydrostatic equilibrium

・Mass Profile (Hydrostatic mass)
X-ray SZ effect

X-ray

✓
Pgas =

⇢gas
µmp

kTgas

◆

⇢�1
gas

dPgas

dr
= �GM(< r)

r2
� �

MPl

d�

dr

・Hydrostatic equilibrium
chameleon force

gravitational force

⇢gas : density

Pgas : pressure

Tgas : temperature

MHE(< r) = � r2

G⇢gas

dPgas

dr
� �r2

GMPl

d�

dr

= �kTgasr

µmpG

✓
d ln ⇢gas
d ln r

+
d lnTgas

d ln r

◆
� �r2

GMPl

d�

dr

MWL : Weak lensing mass

Mass Profiles in the Coma Cluster
Lensing mass (NFW)
X-ray (density + temperature)
SZ (pressure) +X-ray (density)

Hydrostatic equilibrium is good assumption
102 103

10-2

10-1

100

101
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ü
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Mass Profiles in the Coma Cluster
Lensing mass (NFW)
X-ray (temperature + density)

Chameleon force +X-ray

� = 1

�1 = 1.5⇥ 10�4MPl

� = 1.2

�1 = 2⇥ 10�4MPl

Hydrostatic mass becomes small due to the chameleon force.
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Approach 2

Constraint on the chameleon gravity model
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Gas Distribution Profiles

ne(r) = n0

"
1 +

✓
r
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◆2
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gas

dPgas

dr
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2
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�T (r?)
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me

Z
dzPe(r) = �2y(r?)

X-ray surface brightnessX-ray temperature

SZ effect

M(< r) = 4⇡

Z r

0
⇢NFW(r)r2dr

Weak lensing (NFW)

Hydrostatic equilibrium

Electron number density

EoS of the gas

Pgas =n0T0

+ µmp

Z r

0
ne

✓
GM

r2
� �

MPl

d�

dr

◆
dr

⇢gas =
5µmp

2 + µ
ne

kTgas =
µmpPgas

⇢gasPgas = ⇢gaskTgas/µmp

Assumptions 3D profiles

 Projected profiles and cluster mass profile

Comparison with Observations
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φ ∞
,2

0.2

0.4

0.6

0.8

1

Constraint on the Model Parameters (MCMC)

1
�

e
x
p
(
�
�
1
[
1
0

�
4
M

P
l]
)

�/(1 + �)

Rejected at 2 sigma

Accepted at 2 sigma

�1 0.6⇥ 10�4MPl
<⇠ |fR0| 0.5⇥ 10�4<⇠

f(R) Model � =
p
1/6

Summary
Using multiwavelength observations of  the Coma cluster, 
we obtained the following 3 results.

1. The hydrostatic equilibrium approximately holds in the 
    outer region of the Coma cluster.

2. Presence of chameleon force requires the estimation of 
    low hydrostatic mass.

3. Comparing theoretical model with multiwavelengs
    observations gave us useful constraint on the 
    chameleon gravity model parameters.

    For an f(R) model, <⇠|fR0| 0.5⇥ 10�4
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“The temporally enhanced curvature perturbation

 from the shift-symmetry breaking of a galileon field”

by Yi-Peng Wu

[JGRG23(2013)110604]
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The$temporally$enhanced$curvature$
perturbation$from$the$shift$symmetry$

breaking$of$a$galileon$field�

Yi-Peng Wu 
Research Center for the Early Universe, the 

University of Tokyo 
National Tsing Hua University�

 with Jun’ichi Yokoyama, in preparation�

JGRG23 @ Hirosaki University, Hirosaki�

outline�

We study the curvaton mechanism of a single 
field from a purely kinematic origin and its 
cosmological implications.�

V (�)✗�
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Coherent$oscillations$of$ϕ�
VHfL = 1

2
m2 f2

VHfL = 1
4
lf4

⇢� / a�3

⇢� / a�4

⇢� / a�6VHfL = const.

Coherent$oscillations$of$ϕ�
VHfL = 1

2
m2 f2

VHfL = 1
4
lf4

⇢� / a�3

⇢� / a�4

⇢� / a�6VHfL = const.

curvaton candidates�
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Coherent$oscillations$of$ϕ�
VHfL = 1

2
m2 f2

VHfL = 1
4
lf4

⇢� / a�3

⇢� / a�4

⇢� / a�6VHfL = const.

curvaton candidates�

curvaton in a  
kination universe�

Coherent$oscillations$of$ϕ�
VHfL = 1

2
m2 f2

VHfL = 1
4
lf4

⇢� / a�3

⇢� / a�4

⇢� / a�6VHfL = const.

curvaton candidates�

curvaton in a  
kination universe�

?�
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O  Can$a$free$scalar$field$with$subsidiary$
energy$density$during$inflation$be$relevant$
to$the$large$scale$curvature$perturbation?$
 

The density fluctuations generated either by inflaton or curvaton are 
constant on the large scales 
 
 
 
The evolution of the total curvature perturbation is governed by the weight 
function of the energy density, which is monotonic in time  �
�

The$curvaton$scenario�
⇣ = (1� r�) ⇣r + r� ⇣�

⇣r ⇠ �r = const.

⇣� ⇠ �� = const.

⇢r / a�4

⇢� / a�3

Lyth et. al (2003) �

r�(t) =
3⇢�(1 + w�)

4⇢r + 3⇢�(1 + w�)
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The density fluctuations generated either by inflaton or curvaton are 
constant on the large scales 
 
 
 
The evolution of the total curvature perturbation is governed by the weight 
function of the energy density, which is monotonic in time  �
�

The$curvaton$scenario�
⇣ = (1� r�) ⇣r + r� ⇣�

⇣r ⇠ �r = const.

⇣� ⇠ �� = const.

⇢r / a�4

⇢� / a�3

Lyth et. al (2003) �

r�(t) =

I. ⇣� > ⇣r II. ⇣� < ⇣r

⇣ =

The$curvaton$scenario�
⇣ = (1� r�) ⇣r + r� ⇣�

Given a monotonic increasing weight function, 
there are only two possibility :�
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I. ⇣� > ⇣r II. ⇣� < ⇣r

⇣ =

The$curvaton$scenario�
⇣ = (1� r�) ⇣r + r� ⇣�

Given a monotonic increasing weight function, 
there are only two possibility :�

✗�
Does not happen in the 
 single curvaton scenario�

! Multi-curvaton scenario is essential to realize a temporal  
enhancement of the curvature perturbation 

! Closely related to PBH and GW formations�

A$temporally$enhanced$$$$?�⇣

⇣r

If there are two curvatons �1,�2 :

⇣�1 = ⇣newr

�2( ⇣
new
r > ⇣�2 )�1( ⇣�1 > ⇣r )

⇣�2

Suyama & Yokoyama (2011)�

⇣ = (1� r�) ⇣r + r� ⇣�
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O  Can$a$free$scalar$field$with$subsidiary$
energy$density$during$inflation$be$relevant$
to$the$large$scale$curvature$perturbation?$
 

O  How$does$the$curvature$perturbation$
evolve$in$a$curvaton$scenario$with$a$
general$weight$function?$
 
�

r�(t) 6=

Deffayet et. al (2010) �

Kobayashi et. al (2010) �
L� = K(�, X)� ✏X⇤�

⇢� = 2XKX �K + 3✏H�̇3,

p� = K � 2✏X�̈.

A$massless$and$self?interacting$free$scalar�

⇤ K = 0 when X = 0

⇤ ✏⇤� ⌧ 1 Wu & Yokoyama in prep.�

The energy density and pressure :�

The equation of motion :�

rµJ
µ = K� J̇0 + 3HJ0 = K�

Jµ = KXrµ�+ ✏(rµr⌫�r⌫��⇤�rµ�)

J0 = �̇(KX + 3✏H�̇)

The Noether current of the constant shift �(� ! �+ c)
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Deffayet et. al (2010) �

Kobayashi et. al (2010) �

⇢� = 2XKX �K + 3✏H�̇3,

p� = K � 2✏X�̈.

Wu & Yokoyama in prep.�

The energy density and pressure :�

The shift symmetry limit �

K� = 0 J0 / 1

a3
! 0J̇0 + 3HJ0 = 0

J0 = �̇(KX + 3✏H�̇) = 0

The non-trivial solution�

KX + 3✏H�̇ = 0

L� = K(�, X)� ✏X⇤�

A$massless$and$self?interacting$free$scalar�

⇤ K = 0 when X = 0

⇤ ✏⇤� ⌧ 1

Deffayet et. al (2010) �

Kobayashi et. al (2010) �

⇢� = 2XKX �K + 3✏H�̇3,

p� = K � 2✏X�̈.

Wu & Yokoyama in prep.�

The energy density and pressure :�

The shift symmetry limit �

K� = 0 J0 / 1

a3
! 0J̇0 + 3HJ0 = 0

J0 = �̇(KX + 3✏H�̇) = 0

The non-trivial solution�

KX + 3✏H�̇ = 0

✗� ✗� w� ⇡ �1

L� = K(�, X)� ✏X⇤�

A$massless$and$self?interacting$free$scalar�

⇤ K = 0 when X = 0

⇤ ✏⇤� ⌧ 1
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ln a

G-inflation

RD

rf

inflation
ln r

To$escape$from$a$secondary$inflation…�

K(�, X) = �A(�)X +
X2

2M4
, ✏ =

1

M3

A(�) = tanh

✓
�c � �

µ

◆
We consider�

The shift symmetry must be temporarily broken�

fc - f >> m

f - fc >> m

f = fc

wr = 1 ê 3
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L� = K(�, X)� ✏X⇤�
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How$is$the$curvature$perturbation$
generated$through$this$scenario?�

The$galileon$field$perturbation:�

��̈+

 
3 +

Ḋ

HD

!
H��̇� c2s

a2
r2��+M2

e↵�� = 0

D = �A+
3X

M4
+

6H�̇

M3
,

c2s =
�AM4 +X + 2M(�̈+ 2H�̇)

�AM4 + 3X + 6MH�̇
,

M2
e↵ = �A�

⇣
�̈+ 3H�̇

⌘
�XA��.

We have an additional friction, a time 
varying sound speed, and an effective 
mass term:�

Wang et. al (2012) �

The spectrum is given at the time the 
cosmological scale leaves the horizon 
during the shift-symmetry regime:�
(�c � � � µ)

D ⇡ 2,

c2s ⇠ ⇤�/M3 ⇠ H/M,

M2
e↵ = 0.
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The$galileon$field$perturbation:�

��̈+

 
3 +

Ḋ

HD

!
H��̇� c2s

a2
r2��+M2

e↵�� = 0

D = �A+
3X

M4
+

6H�̇

M3
,

c2s =
�AM4 +X + 2M(�̈+ 2H�̇)

�AM4 + 3X + 6MH�̇
,

M2
e↵ = �A�

⇣
�̈+ 3H�̇

⌘
�XA��.

We have an additional friction, a time 
varying sound speed, and an effective 
mass term:�

The spectrum is given at the time the 
cosmological scale leaves the horizon 
during the shift-symmetry regime:�

✗ ✗
<< 1�

) scale-invariant spectrum P�� =
H2

⇤
4⇡c3sD

(�c � � � µ)

D ⇡ 2,

c2s ⇠ ⇤�/M3 ⇠ H/M,

M2
e↵ = 0.
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The$galileon$field$perturbation:�

��̈+

 
3 +

Ḋ

HD

!
H��̇� c2s

a2
r2��+M2

e↵�� = 0

During phase transition, the effective 
mass becomes important and the field 
perturbation is evolving :�

The galileon field perturbation can 
convert to the adiabatic curvature 
perturbation when the shift symmetry is 
severely broken :�

�� = �(t)��⇤

(|�c � �| ⇠ µ)

⇣� =
�⇢�

3⇢�(1 + w�)

�⇢� = ⇢�,���

D

�
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The$curvature$perturbation$is$temporally$enhanced:�

⇥(t) =
r��

Mp

⇢�,�
3⇢�(1 + w�)

⇣(x) = (1� r�(t))⇣r(x) +⇥(t)��⇤(x)

P⇣(k) = (1� r�)
2P⇣r (k) +⇥2P��(k)

P⇣(t � tc) = P⇣(t = t0) = P⇣r

!2
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N

P⇣(t = tc) ' 0.05⇥ P��

P�� � P⇣r

) The resulting power spectrum:

Summary�
We study a curvaton model with time varying 
curvature perturbation generated in the radiation 
dominated epoch.  
 
The spectrum of the curvature perturbation can be 
temporarily enhanced to an appreciable value. 
 
This cosmological phenomenon is observationally 
desirable (PBH, GW, ….). �
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P (k) =

8
<

:

A2

2� for | ln(k/kc)| < �,

0 otherwise,

The$PBH$formation$in$the$temporal$enhancement:�

It is enough to consider a toy spectrum 
in a ‘’top-hat’’ type peaked at the 
critical scale� kc = acHc

Suyama & Yokoyama (2011)�

Saito & Yokoyama (2009)�
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An inflationary universe in 
Weyl-Cartan gauge theory of 

gravitation  

Masa-aki WATANABE(Kyoto U.), 
Jiro SODA(Kobe U.) 

Ref: 
[1]Charap&Tait Roy.Soc.Lon.Proc.A. 340 249(1974)  
[2]Nieh Phys.Lett.A 88 388(1982) 
[3] MW & JS in prep. 

§0-1.Motivation 

• The principles of gravitation(Einstein) 

–Principle of General relativity 

–Principle of Equivalence  

General Gauge Principle 

(Yang,Millls,Utiyama 1950s) 

• Poincare Gauge theory of Gravitation (PG) 
                                                       ( Kibble 1961) 
…Einstein gravity is understood as a certain 
limit of a PG model! 
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§0-2.extention to Weyl group 
• The symmetry group of gravitation is really the 

Poincare? 
What if not Poincare? 

• a simplest extension: 
Weyl-Cartan Gauge theory of gravitation(WG) 
                                (§1 , Charap&Tait 1974 [1]) 

 (Weyl group) = (Poincare group) x (dilation) 

• However, the dilation (scale transformation) 
symmetry must be broken for mass scales to 
appear. 

 

§0-3.Observational signatures 

• Spontaneous breakdown of the dilation 

symmetry                          (§2, Nieh 1982 [2]) 

–Broken by ``dilaton’’     

YIELDS 

PG + massive vector ``conformon”   
that is decoupled to Dirac fields 

``It  will  not  be  physically  significant.” 
• Our question: 

``Can inflation cosmology shed the light of 

modern precise observation on the  

Weyl-Cartan gauge theory of gravitation?  

(through inflaton-conformon interaction)” 
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§0-4.Outline  

§1. Weyl-Cartan gauge theory of gravitation[1] 
      -1.define global Weyl transformation 
      -2.localize the Weyl transformation 
      -3.compose covariant derivative 
      -4.construct an invariant action integral 
§2. Spontaneous breakdown of dilation sym.[2] 
§3. dynamics of the inflationary universe and its 

imprints on the CMB [3]   

§1-1.Global (positon independent) 
Weyl transformation 

• Infinitesimal Weyl transformation of  

Dilation Translation Homogenous Lorentz trans  
• Correspondingly, matter fields, e.g.:  

 
are assumed to transform as 

:representation matrix of Lorentz group 
:diag. matrix (the Ath comp.=  ``dilation  class”  of                ) 
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• Independent variables                     (global) 
 

§1-2.Local (position dependent) 
Weyl transformation.  

• Kibble’s  idea  to  ``localize”  spacetime 
transformations: to  distinguish…   
– (external) coordinate transformation and, 
– (internal) field transformation 

LOCALIZE :external(Greek index) 
 :internal(Latin index) 
 • Thus, infinitesimal local Weyl trans. is defined by 

 

§1-3.Covariant derivative 
• Out of  

  

, we’d  like  to  construct  cov. der. that obeys the 
same transformation law as the global one: 

• Kibble’s  idea: to introduce 2 kinds of  ``gauge  fields”    

:Dilation class 1 

341



§1-4.Weyl-invariant action 

• The invariant volume element in PG: 

is no longer invariant in WG, but transforms as: 

,hence for action integral 
to be Weyl-invariant, Lagrangian must satisfy: 

: translation & Lorentz invariant 
but belongs to dilation class 4 

§1-4.Lagrangian of gauge fields 
• For field strengths of gauge fields, we have: 
�Maxwell tensor: dilation class 2 

�Riemann tensor: dilation class 2 

�Torsion tensor: dilation class 1 

We only have to construct dilation class 4 
Lagrangian out of them. 
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§2.a simple model of spontaneous 
breakdown of dilation symmetry[2] 

• Introduce ``dilaton”  (scalar  field  of  dilation 
class 1):  and consider the Lagrangian: 

• Hyposesis: ``        has a non-zero  value”   
Using the gauge d.o.f. of dilation     , we can 

choose  ``unitary  gauge” 

: dimensionless coupling constants 

§2.breakdown of dilation symmetry 
• In unitary gauge:                                  , it yields 

PG+massive vector field ``conformon”   
  with mass 

• However, conformon is decoupled to Dirac fields; 
 
 is  already  invariant  without… 

 gauge coupling! 
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§3-1.inflationary model 
• Inflaton-conformon coupling yields any 

observational effect? 
 

: inflaton (dilation class 1) 
 • unitary gauge                                      makes WG->PG.  

 • Furthermore                       makes PG->Einstein 
 

Einstein + conformon          + coupled inflaton 

§3-2.background solution 
• Homogeneous isotropic ansatz 

• Solving constraint 

• For 

and the quartic potential acts as exponential 
(power-law inflation) 

canonical variable is given by 
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§3-3.imprints on the CMB 

N: e-folding number(horizon exit -> inflation end) 
Power-law infl. 
(-16a,128a) 

Φ4 infl. 
(-3/N,16/N) 

• Evolution of slow-roll parameters 

§3-3.imprints on the CMB 

N: e-folding number(horizon exit -> inflation end) 
Power-law infl. 
(-16a,128a) 

Φ4 infl. 
(-3/N,16/N) 

• Evolution of slow-roll parameters 
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§3-3.imprints on the CMB 

N: e-folding number(horizon exit -> inflation end) 
Power-law infl. 
(-16a,128a) 

Φ4 infl. 
(-3/N,16/N) 

• Evolution of slow-roll parameters 

§3-3.imprints on the CMB 

N: e-folding number(horizon exit -> inflation end) 
Power-law infl. 
(-16a,128a) 

Φ4 infl. 
(-3/N,16/N) 

• Evolution of slow-roll parameters 

WMAP 
+PLANCK 
95%C.L. 

0.15 

-0.04 

• Excluded by WMAP+PLANCK (>95% C.L.) 
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§3-3.an extension 

Power-law infl. 
(-16a,128a) 

Φ4 infl. 
(-3/N,16/N) 

• e.g.: Inflaton of dilation class 2 

WMAP 
+PLANCK 
95%C.L. 

0.15 

-0.04 
• Dilaton –EH coupling const. is constrained! 

Φ2 infl. 
(-2/N,8/N) 

(WMAP+PLANCK 95%C.L.) 

SUMMARY 
• To understand better the principles and the 

symmetries underlying the gravitation, we 
focused on Weyl-Cartan gauge theory of 
gravitation. 

•  Spontaneous breakdown of dilation 
symmetry yields PG + massive vector field 
``conformon”  that  is,  however,  decoupled  to  
Dirac fields. 

• Yet, conformon-inflaton interaction may 
affect the inflationary cosmology, and  
constrain dilaton-EH coupling constant a. 

Thanks for your attention!          
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Gravitational particle production and 
modulated reheating after inflation�
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Yuki Watanabe, Gravitational Modulated Reheating, JGRG, 6 Nov. 2013 

Outline�

!  Introduction: Why study reheating? 
!  Inflationary models with multiple fields and non-

minimal gravitational coupling 
!  Gravitationally induced interactions and decay rates 
!  The role of Higgs boson during gravitational reheating 
!  Constraints on perturbation spectra from Planck 2013 
!  Conclusion 
�
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Why Study Reheating? 
�;49/@7<;�?/B3?�@63��75��/;5�:<239	��
By exponentially expanding a small region, inflation solves several 
problems not addressed by the Big Bang model: 
•  Isotropy of the CMB radiation 
•  Origin of the cosmic structure, δT/T~10-5 

•  Flatness of the Universe, Ωtot~1 

 
(63�);7B3>?3�7?�934@�1<92�/;2�3:=@D��
/4@3>�7;49/@7<;	�
 
H��@�:A?@�63/@�A=�@<�6/B3�/�6<@��75��/;5�1<?:<9<5D��
Energy in inflaton must transfer to radiation, and heat the Universe 
to at least ~10 MeV for successful nucleosynthesis.  
 
�/;�C3�1<;?@>/7;�@67?�7:=<>@/;@�3=<16�4><:�<0?3>B/@7<;?��

Yuki Watanabe, Gravitational Modulated Reheating, JGRG, 6 Nov. 2013 

Yes, we can (hopefully in the future).�
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•  Inflationary predictions are on lines and have “theoretical uncertainty.” 
•  Reheating physics tells us a point or shorter line in ns-r plane. 
 

�A@A>3�?A>B3D?�
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Standard Lore 

)(φV

φinflaton  
Oscillation Phase:  
around the potential 
minimum at the end 
of inflation  

Slow-roll Inflation: potential shape 
is arbitrary here, as long as it is flat.  

Energetics: 
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coth
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Perturbative Reheating 
�<95<B���"7;23����������00<@@���/>67���*7?3����������90>316@�3@�/9	��������

φ"φ"

χ"

χ"

ψ"

ψ"

Inflaton can decay, if allowed kinematically, with the widths given by 

ψg χg

( )!+++−= 2222
int χφφχψψφ χψ gggL

Inflaton decays and the Universe is thermalized through 
the tree-level interactions like: 

φ"

φ"

χ"

χ"

(63>:/9�:327A:�
34431@�

%/A97�09<187;5�

�<?3�1<;23;?/@3�
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Reheating Temperature from Energetics 

�<A=97;5�1<;?@/;@?�23@3>:7;3�@63�231/D�C72@6��Γ.��
�A@��C6/@�23@3>:7;3?�1<A=97;5�1<;?@/;@?�/;2�6<C�?@><;5�/>3�@63D��
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Fine-tuning Problem? 

To relax fine-tuning, one needs: 
(a)  High reheat temperature  

"  unwanted relics (e.g., topological defects),  
(b)  Very low-scale inflation (H ~ 10-18 Mpl ~ 1 GeV for g ~ 0.1)  

" worse fine-tuning, or 
(c)  Natural explanation for the smallness of g. 

€ 

If Trh =10−10MPl  and H inf =10−4 MPl   ,
then g ~ 10−8.
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What are coupling constants?  
%><093:��/>07@>/>7;3??�<4�@63�;/@A>3�<4�7;49/@<;�47392?�

•  Reheating works very well as a concept, but we do not understand 
the nature (including interaction properties) of inflaton. 

 
•  Arbitrariness of inflaton = Arbitrariness of couplings 
•  Can we say anything generic about reheating? Universal reheating? 
Universal coupling? 

e.g. Higgs-like scalar fields, Axion-like fields, Flat directions, 
RH sneutrino, Moduli fields, Distances between branes, and 
many more… 

������������	������������
������

*6/@�6/==3;?�@<�F5>/B7@/@7<;/9�231/D�16/;;39G��
C63;��&�7?�:<274732����������

"  too weak to cause reheating with GR only 
In the early universe, however, GR would be modified. 

Yuki Watanabe, Gravitational Modulated Reheating, JGRG, 6 Nov. 2013 

Conventional GR during inflation & reheating 

( )!+++−= 2222
int χφφχψψφ χψ gggL

Conventionally one introduces explicit 
couplings between inflaton and matter.  

Einstein-Hilbert term generates GR. 
Inflaton minimally couples to gravity. 

)(φV

v

L =
�
�g

�
1
2
M2

PlR�
1
2
habg

µ��µ�a���b � V (�)
�

+ Lm

σ

⇥ = v + �
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2)( PlMvf =

Modifying GR during inflation & reheating 

( )!+++−= 2222
int χφφχψψφ χψ gggL

Instead of introducing explicit couplings by hand, 

Non-minimal gravitational coupling: common in low-r 
inflationary models, e.g. R2, Higgs inflation 
In order to ensure GR after inflation, 

Matter (all standard model particles) 
completely decouples from inflaton 
and coupled to gravity minimally. 
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Induced decay channel through “scalar gravity waves” 

Fermion matter: 

Scalar matter: 

Trilinear interaction 

Yukawa interaction 

ψg α"

ψ"

ψ"

ψg

α"

χ"

χ"

χg

�a � �a
vev = �a = �Aea

Agµ� = ḡµ� + h̃µ� �
fA

M2
Pl

ḡµ��A

L� = �ē�̄[ēµ���D̄µ + m�]� + · · · + ē
fAm�

2M2
Pl

�A�̄�

m2
� = U ��(�) g� �

fA(2m2
� + m2

Â
)

4M2
Pl

L� = �1
2
ē
�
ḡµ��µ���� + 2U(�) + · · ·

� fA

2M2
Pl

�A{2m2
��2 + (��)2}
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Magnitude of the Induced Couplings 

•  For f(φ) = M2+ξφ2, h(φ)=1, gψ = ξ(1+6ξ)�1/2(v/Mpl)(mψ /Mpl) 
H Natural to obtain a small Yukawa coupling, gψ ~10-8 ,             
for ξ∼1, mψ ~10-8Mpl 

•  The induced Yukawa interaction vanishes for massless 
fermions: 1<;4<>:/9�7;B/>7/;13�<4�:/??93??�43>:7<;?�

 
•  Massless, minimally-coupled scalar fields are ;<@�1<;4<>:/99D�

7;B/>7/;@. Therefore, the trilinear interaction does not vanish 
even for massless scalar fields: 

αΑ"
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ψg
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faea
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Pl
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faea
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Pl
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Â

+ 2m2
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Gravitational Particle Production Rate in the SM  

Top Quarks 

Higgs Bosons 

Weak Bosons (longitudinal modes of W+,W-, Z) 

m2
t = y2

t h2

h =
�

�h2� + �, m2
h = 3�h2

m2
w = g2h2
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Modulated Reheating -�B/97���>AE7;<B���,/92/>>7/5/��

���!<4:/;��

.��

The decay rate of inflatons depends on a light scalar field, h. 

'#��755?�1<;23;?/@3�:/D�:<2A9/@3�@63�5>/B7@/@7<;/9�231/D�>/@3��
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Curvature Perturbation from Modulated Reheating�
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Curvature Perturbation and its Spectral Properties 
-,/92/>>7/5/��
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h(Ñ)
h�

�12 �
H�
2�

�2 1 + �
�

,

� =
Preh

Pinf
A(x) = xQ�

B(x) = x2Q��

Yuki Watanabe, Gravitational Modulated Reheating, JGRG, 6 Nov. 2013 

Curvature Perturbation and its Spectral Properties 
-,/92/>>7/5/��

���'AD/:/���+/:/5A167��

���*67@3���+*�7;�=>3=	.�
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ÑaÑa
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Conclusion 

#  Reheating by gravitational particle production with non-
minimal gravity and non-trivial field-space metric: 
#  Inflaton quanta inevitably decay into any non-conformal fields (spin-0, 
½, 1) without explicit interactions in the original Lagrangian. 

#  Conformal invariance must be broken at the tree-level or by loops. 
#  Heavy fields contribute through gauge trace anomaly.  

#  Reheating modulated by SM Higgs condensate 
#  General formulas for perturbations are derived. 
#  Curvature perturbation from GMR is subdominant. 
#  Inflaton mass during reheating can be constrained by observational data. 
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MODEL
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CONCLUSION
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Introduction

topological number topological defect

U(1) charge Q-BALL

SOLITON

Even if no conserved invariants,  the soliton could be 
formed through coherent oscillation

I-BALL(OSCILLON)

In the early Universe, the scalar field fragments into 
soliton,  when a conserved invariant exists.

The soliton affetcs the scenario of the cosmology.

13年11月6日水曜日

361



Introduction Adiabatic Invariant

classical mechanics

when the motion of the system is quasi-periodic motion, 
the area of the track in the phase space is conserved. (ex. Landau)

�̇
� � 1

T

field theory

�̇
� � 1

T ,
��
� � 1

T in V

I � 1
2�

�
pdq : CONST

I � 1
2m

�
d3x

¯̇
�2 : CONST

Kasuya Takahashi and Kawasaki ‘03quasi stable soliton  I-BALL

p

q
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Introduction I-BALL

V = 1
2m

2 + �V

�̈�⇥2�+ V � = 0

V

�
V �� < m2Necessary condition for I-ball formation

Far away from the minimum ,
 V should be shallower than quadratic

’10 M.Amin

Time for  formation is excessively larger than the typical scale 1/m.
Confirmation of the formation needs numerical simulation.

V = m2

2 �2 � �
4�

4 + g
6�

6
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MODEL

V = M4 log
⇤
1+

�
�
M

⇥2⌅

Thermal correction for inflaton in mind (Mukaida and Nakayam ‘12),
we confirm the I-ball formation with logarithmic potential.

setting

E.O.M.

with lattice simulation

�̈+H�̇� r2

a2 �+ @V
@� = 0

a / t2/3

V

�

initial value
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RESULT
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lattice simulation

M2

M
2
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lattice simulation

M2

M
2
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M2

M
2

I-ball 
is formed

lattice simulation

13年11月6日水曜日

M2

M
2

I-ball 
is formed

lattice simulation
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PROFILE

We estimate the configuration of the I-ball, 
using Lagrange multiplier  assuming the I is conserved. 

�E = 0

⇥2�+ �M�� V �(�) = 0

�(r) = �(0)sech(�(0)�
2
r)

E! = Ē + !

h
I � 1

2M

R
dx�̇

2
i

V (�)0 ' 2M (1� �2/2)�

R ⇠ 2
�(0)

1
M
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comparison the ana. to simu.
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lattice simulation

�0

106 105 104 104
10�3 10�1

0.3 0.8 10 100
Time[1/M]
amplitude 1 1

M
2

M
2

M
2

M
2

�0 = 100

Formation time and amplitude of I-ball for each initial amplitude

13年11月6日水曜日

CONCLUSION

We have confirmed the coherently oscillating scalar filed 
fragments into I-ball.

The amplitude of formed I-ball is limited to O(1) from above.

The accordance of the estimate of the configuration with  
numerical simulations suggest the crucial role of the adiabatic 
invariant for I-ball formation. 

This logarithmic potential appears in the various situation in the 
early Universe, hence I-ball formation would affect the cosmological 
scenario, which will be studied in a forthcoming paper.
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Instability mode

Oscilating amplitude of the I-ball induce the enhancement of 
the fluctuation by paraametric resonance

�0(t) = � cos(

p
2Mt)

Mathieu equation

⌧ ⌘
p
2t

��̈k +
⇥
k2 + (2� 2�2

0(t))M
2
⇤
��k = 0

d2

d⌧2 ��k +

h
k2+(2��2)

2 M2 � �2

2 M2
cos(2M⌧)

i
��k = 0

instability at ~1

Instability mode

gradient pressure is supported by the enhanced flucuations

1
k ⇠ 1

�(0)
1
M
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lattice simulation
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T2 < T1

lattice simulation

13年11月6日水曜日

lattice simulation

T2 < T1

13年11月6日水曜日
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lattice simulation

T2 < T1
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Introduction 
・Our universe shows accelerating expansion! 

 Cosmological constant ? → Fine-tuning problem 

          Dark energy  VS  Modified gravity  
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Graviton is thought as massless spin 2 particle in General 
Relativity (GR). 

◆ Can graviton have a mass? 

→ Massive gravity 

Linear theory (Fierz and Pauli (1939)) 

Non-linear theory (de Rham, Gabadadze and Tolley (2011)) 

Bimetric extension (Hassan and Rosen (2011)) 

Massless or Massive ? 

Main motivation is to explain accelerating expansion 

with bigravity.  

◆ This theory involves two metrics          and         .  

 The interaction between two metrics gives mass term. 

◆ There are two type solutions in cosmology 

     Reference metric is 

(1) Isotropic case  

 Cosmological constant is mimicked (same as GR). 

(2) Homogeneous and isotropic case 

 Although cosmic evolution is difference from GR 

            in general, this shows acceleration 

Cosmology in bigravity 

Koyama  et  al.  ’11, Chamseddine et al  ’11,    D’Amico  et  al.    ’11,  Gumrukcuoglu et  al.  ’11 
Volkov ’11,’12,  Gratia  et  al.  ’12,  Kobayashi  et  al  ’12. 

Volkov ’11,  von  Strauss  et  al.  ’11,  Cristosomi et  al.  ’11. 
Y. Akrami et  al.  ’13 
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Koyama  et  al.  ’11, Chamseddine et al  ’11,    D’Amico  et  al.    ’11,  Gumrukcuoglu et  al.  ’11 
Volkov ’11,’12,  Gratia  et  al.  ’12,  Kobayashi  et  al  ’12. 

Volkov ’11,  von  Strauss  et  al.  ’11,  Cristosomi et  al.  ’11. 
Y. Akrami et  al.  ’13 

◆ This theory involves two metrics          and         .  

 The interaction between two metrics gives mass term. 

◆ There are two type solutions in cosmology 

     Reference metric is 

(1) Isotropic case  

 Cosmological constant is mimicked (same as GR). 

(2) Homogeneous and isotropic case 

 Although cosmic evolution is difference from GR 

            in general, this shows acceleration 

Cosmology in bigravity 

However these solutions are assumed 

the matter couples only          .   

Bigravity theory supposes twin metrics.  

So, do you think the bigravity theory 

with twin matter is more natural? 

◆ We assumed two metrics are homogeneous and isotropic 

 and with twin matter fluid. 

 

◆ Main topics are 

(1) Does the accelerating solution naturally exists or not? 

 

 

(2) Can we get any observational constraints for f-matter? 

 

Cosmology in bigravity with twin matter 

 Accelerating solution does not always exist,  
 but it naturally exists! 

 We can get constraint from observation! 

374



1.Introduction 

2.Review of bigravity 

3.Cosmology in bigravity with twin matter 

 -Example solutions 

 -Details 

4.Observational constraint 

5.Conclusions 

Outline 

1.Introduction 

2.Review of bigravity 

3.Cosmology in bigravity with twin matter 

 -Example solutions 

 -Details 

4.Observational constraint 

5.Conclusions 

Outline 
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◆ The action 

 

 

 

◆ Interaction term 

Bigravity theory (S. F. Hassan and R. A. Rosen, 2011) 

Coupling constants 

◆ The action 

 

 

 

◆ Interaction term 

Bigravity theory (S. F. Hassan and R. A. Rosen, 2011) 

Coupling constants 

We also use 
◆ Normalization 
 
◆ Minkowski space is vacuum solution 
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EOM for twin matter bigravity 
Contribution from interaction (= dark energy?) 

Contribution from matter 

◆Assuming g-matter only couples          , similarly         .  

It is not doubly-coupled! Doubly-coupled case is breaking 
Einstein’s  equivalence  principle  and  conservation  in  a  metric. 

1.Introduction 

2.Review of bigravity 

3.Cosmology in bigravity with twin matter 

 -Example solutions 

 -Details 

4.Observational constraint 

5.Conclusions 

Outline 
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◆Both metrics are homogeneous and isotropic 

 

 

 

◆ Because we concern present universe, we assume 

      twin matter consist of only non-relativistic matter (dust). 

Set up 

The matter coupling  

The matter coupling  

◆ EOM for scale factors (                  ) 

 

 

 

 

◆ Bianchi identity 

Basic equations 

Interaction term ⇒ constant 

Interaction term ⇒ dynamical 

Interaction term 
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Cosmological solutions: examples 

Acceleration! 

Deceleration! 

Two examples are chosen same coupling constants,  
only difference is the matter ratio 

◆ Analyzing  EOM  for  scale  factor  is  very  complex…,  

      however,  analyzing  EOM  for  scale  factor’s  ratio 

      is comparatively easy! 

     (  All  variables  can  be  written  by  scale  factor’s  ratio,  

        so, we only have to calculate it.) 

◆ EOM for  scale  factor’s  ratio 

 

     where  

Details 
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◆ EOM 

      where  

Potential  for  scale  factor’s  ratio 

※with singularity 
     I’ll  talk  later 

◆ EOM 

      where  

Potential  for  scale  factor’s  ratio 

※with singularity 
     I’ll  talk  later Two metrics are 

 
at this point. 
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◆If two metrics satisfy             , 

 EOM is the same as GR with a cosmological constant       .  

 

◆   is given by a quartic equation  

 

 

 

 

◆ In the                   branch,  

     the vacuum solution is de Sitter spacetime. 

Homothetic solutions (K. Maeda and M. S. Volkov  ’13,  Y.  Akrami et  al.  ’13) 

◆If two metrics satisfy             , 

 EOM is the same as GR with a cosmological constant       .  

 

◆   is given by a quartic equation  

 

 

 

 

◆ In the                   branch,  

     the vacuum solution is de Sitter spacetime. 

Homothetic solutions (K. Maeda and M. S. Volkov  ’13,  Y.  Akrami et  al.  ’13) 

Our question is whether or not  

the cosmological solution approaches  

de Sitter branch. 
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Does accelerating solution naturally exists? 

Red line = Big Bang singularity 

is singular at 

is singular at  

EOM: 

Does accelerating solution naturally exists? 

Red line = Big Bang singularity 

is singular at 

is singular at  

EOM: 

Homothetic solutions 
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Does accelerating solution naturally exists? 

Red line = Big Bang singularity 

is singular at 

is singular at  

EOM: 

Homothetic solutions 

Decelerating solutions 

Does accelerating solution naturally exists? 

Red line = Big Bang singularity 

is singular at 

is singular at  

EOM: 

Homothetic solutions 

Solutions with singularity 
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Does accelerating solution naturally exists? 

Red line = Big Bang singularity 

is singular at 

is singular at  

EOM: 

Homothetic solutions 

Accelerating solutions!! 

Does accelerating solution naturally exists? 

Red line = Big Bang singularity 

is singular at 

is singular at  

EOM: 

Homothetic solutions 

Accelerating solutions!! 

The cosmological solutions are 

determined by the matter ratio. 

Accelerating solution does not require 

any fine-tuning. 

So we can conclude it naturally exists ! 
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1.Introduction 

2.Review of bigravity 

3.Cosmology in bigravity with twin matter 

 -Example solutions 

 -Details 

4.Observational constraint 

5.Conclusions 

Outline 

◆ We will focus only accelerating solutions. 

If the matter ratio is fine-tuned as                          , 

the  cosmic  evolution  is  exactly  same  as  ΛCDM  model.   

 

 

Can we get any observational 
constraints for f-matter? 

Two metrics are always proportional. 
= exact homothetic solution 
= GR solution 

In non-fine-tuning case, how difference of cosmic  
evolution from  ΛCDM  model  is  there? 
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Can we get any observational 
constraints for f-matter? 
◆EOM for scale factor (in flat) 

Energy:          , Pressure: 

e.o.s. parameter： 

◆ Present value 

Contribution from interaction term (= dark energy?) 

◆ The dark energy has 

Radiation dominant in          ? 
There is no reason that  
the f-dust also dominates the universe in          . 

Energy:          , Pressure: 

e.o.s. parameter： 

◆ Present value 

◆ The dark energy has 

Analysis  is  very  complex… 
But we can get same figure 
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In the present work, we have demonstrated 

the cosmology in bigravity with twin matter.  

◆Cosmological solution is determined by the matter ratio, 
and accelerating solutions do not need any fine-tuning. 

◆We can distinguish bigravity models  from  ΛCDM  model  
and get the observational constraint for f-matter. 

◆It would be important to investigate other phenomena 
with twin matter fluid. 

Homothetic solutions (= GR solutions) exist only in twin 
matter case in non-vacuum.  

Conclusions 

← stable or unstable? 

← get other constraints? 
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Outline�

1.  Introduc+on*
*
2.  Gravita+onal*waves*from*compact*binaries*and*EOS*

3.  Electromagne+c*signals*from*compact*binary*mergers*
*
*
*
4.  Summary�

! Inspiral*phase*and*+dal*effects*and*EOS*
! Post5merger*and*massive*neutron*star*and*EOS*

!  A*golden*event:*the*short*GRB*130603B*
! *Kilonova*emission**
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Gravita+onal5wave*Astronomy�

LIGO�

Virgo�

KAGRA�

Progress*in**
***Theory*of*gravity*
***Astrophysics*
***High5density*physics*
*******************:�

GW�

Abadie*et*al*2010�

Expected*event*rate�

Several*+mes*/yr�Compact*binary*
�

Mul+5Messenger*Astronomy*�

LIGO�

Virgo� ROTSE�

Compact*binary*
**********�

KAGRA�

Subaru�

Swift 

•  2004/10～ 
•  ～100 GRB/year 
– 位置精度：数分角（～数秒） 
    !数秒角（数分） 

•  自身で追跡観測 
–  XRT  0.4 ‒10 keV 
–  UVOT --- 赤外はなし 

q~�°�Ĥ2\ĥØ2
:;<ĈĢė�KĘĠĐĢæ���

Swi_�

Icecube�

GW�

ν�

op+cal�

X5ray�
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Gravita+onal5wave*signals* Electromagne+c*signals�Neutrino*Signals�

High*density� Low*density�

Outline�

1.  Introduc+on*
*
2.  Gravita+onal*waves*from*compact*binaries*and*EOS*

3.  Electromagne+c*signals*from*compact*binary*mergers*
*
*
*
4.  Summary�

! Inspiral*phase*and*+dal*effects*and*EOS*
! Post5merger*and*massive*neutron*star*and*EOS*

! A*golden*event:*the*short*GRB*130603B*
! Kilonova*emission**
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Why*NS*Equa+on*of*State*?�

?�

Neutron*Star*(NS)�

Nuclear*Physics�
!  Hyperons*
!  Quarks*
!  Superconductor*
***************:�

Astrophysics�
!  Supernova*
!  Pulsar*
!  Magnetar*
***************:�

P = P(ρ)
Equa+on*of*State*(EOS)�neutron stars [33]. Namely, P2 primarily determines the

stiffness of an EOS. Second, !3 was fixed to be !3 ¼
1015:0 g=cm3. With these choices, the set of free parame-
ters becomes ðP2;!1;!2;!3Þ. These four parameters are
determined by a fitting procedure (see [29] for the fitting
procedure).

With the given values of !1 and P2, "1 and !1 are
subsequently determined by

"1 ¼ P2!
$!1
2 ; (4)

!1 ¼ ð"0="1Þ1=ð!1$!0Þ: (5)

By the same method, "2 and "3 are determined from

"2!
!2
2 ¼ "1!

!1
2 ; "3!

!3
3 ¼ "2!

!2
3 : (6)

Table I lists the EOSs and their parameters which we
employ in this study. We choose four types of the repre-
sentative EOSs. APR4 was derived by a variational method
with modern nuclear potentials [34] for the hypothetical
components composed of neutrons, protons, electrons, and
muons; MS1 was derived by a mean-field theory for the
hypothetical components composed of neutrons, protons,
electrons, and muons, as well [35]; H4 was derived by a
relativistic mean-field theory including effects of hyperons
[36]; ALF2 is a hybrid EOS which describes a nuclear
matter for a low density region and a quark matter for a
high density region with the transition density is 3!nuc

where !nuc % 2:8& 1014 g=cm3 [37]. We note that the
piecewise polytropic EOSs are slightly different from the
original tabulated ones, because of their simple fitting
formula. This results in a small error in the mass and radius
of neutron stars. However, as shown in [29], the error is
small (at most several percent), and the semiquantitative
properties of the original EOSs are well captured by these
simple EOSs.

Figure 1 plots the pressure as a function of the rest-mass
density for four EOSs. APR4 has relatively small pressure
for !1 ' ! & !3 while it has high pressure for ! * !3.
Thus, for !< !3, which neutron stars of canonical mass
1:3–1:4M( have, this EOS is soft, and hence, the value of
P2 is relatively small. We note that for a small value of P2,
!2 and/or !3 have to be large () 3) because the maximum
mass of spherical neutron stars, Mmax for a given EOS has

to be larger than )2M(. Thus, an EOS that is soft at ! ¼
!2 has to be in general stiff for ! * !3. By contrast, H4
and MS1 have pressure higher than APR4 for ! & !3,
although the EOSs become softer for a high-density region
! * !3. In particular, MS1 has extremely high pressure
(i.e., a higher value of P2) among many other EOSs for
! & !3, and thus, it is the stiffest EOS as far as the
canonical neutron stars are concerned. ALF2 has small
pressure for ! ' !2 as in the case of APR4, but for !2 &
! ' !3, the pressure is higher than that for APR4. For ! *
!2 the pressure of ALF2 is as high as that for H4. All the
properties mentioned above are reflected in the radius,
R1:35, and central density, !1:35, of spherical neutron stars
with the canonical mass M ¼ 1:35M( where M is the
gravitational (Arnowitt-Deser-Misner; ADM) mass of the
spherical neutron stars in isolation: see Table I. The pres-
sure at ! ¼ !2 (P2) is correlated well with this radius and
central density (see below).
Here, a word of caution is necessary for our APR4. The

pressure in this piecewise polytropic EOS is extremely
(unphysically) high in the high-density region with ! *
1016 g=cm3. This results pathologically in the situation that
the sound velocity exceeds the speed of light for the high-
density state. In reality, such a high density is achieved
only in the formation of a black hole (i.e., inside the
horizon), and such a pathology may not affect the evolution

TABLE I. Parameters and key quantities for four piecewise polytropic EOSs employed in this paper. P2 is shown in units of
dyn=cm2. Mmax is the maximum mass along the sequences of spherical neutron stars (cf. Fig. 2). ðR1:35;!1:35Þ and ðR1:5;!1:5Þ are the
circumferential radius and the central density of 1:35M( and 1:5M( neutron stars, respectively. We note that the values of the mass,
radius, and density listed are slightly different from those obtained in the original tabulated EOSs (see the text for the reason). MS1 is
referred to as this name in [29], but in other references (e.g., [27]), it is referred to as MS0. We follow [29] in this paper.

EOS ðlogðP2Þ;!1;!2;!3Þ MmaxðM(Þ R1:35 (km) !1:35 (g=cm3) R1:5 (km) !1:5 (g=cm3)

APR4 (34.269, 2.830, 3.445, 3.348) 2.20 11.1 8:9& 1014 11.1 9:6& 1014

ALF2 (34.616, 4.070, 2.411, 1.890) 1.99 12.4 6:4& 1014 12.4 7:2& 1014

H4 (34.669, 2.909, 2.246, 2.144) 2.03 13.6 5:5& 1014 13.5 6:3& 1014

MS1 (34.858, 3.224, 3.033, 1.325) 2.77 14.4 4:2& 1014 14.5 4:5& 1014
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FIG. 1 (color online). Pressure as a function of the rest-mass
density for APR4, ALF2, H4, and MS1 EOSs (the solid, dashed,
dotted, and dash-dotted curves, respectively).
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of the system for the outside of the horizon. However, this
pathology could still break a numerical simulation after the
formation of a black hole. To avoid this happens, we
artificially set the maximum density as 1016 g=cm3 when
employing this EOS.

Figure 2 plots the gravitational mass as a function of the
central density and as a function of the circumferential
radius for spherical neutron stars for four EOSs. All the
EOSs chosen are stiff enough that the maximum mass is
larger than 1:97M!. Because the pressure in a density
region ! & 1015 g=cm3 is relatively small (i.e., P2 is
small) for APR4 and ALF2, the radius for these EOSs is
relatively small as "11 km and 12.5 km, respectively, for
the canonical mass of neutron stars 1:3–1:4M! [38]. By
contrast, for H4 and MS1 for which P2 is relatively large,
the radius becomes a relatively large value 13.5–14.5 km
for the canonical mass. The radius has also the correlation
with the central density !c. For APR4 and ALF2 with
M¼1:35M!, !c$8:9%1014 g=cm3 and !c $ 6:4%
1014 g=cm3. For H4 and MS1 with M ¼ 1:35M!, the
central density is rather low as !c $ 5:5% 1014 g=cm3

and !c $ 4:1% 1014 g=cm3, respectively. As we show in
Sec. IV, the properties of the material ejected from the
merger of binary neutron stars depend strongly on the
radius of the neutron stars or !c.

B. Initial conditions

We employ binary neutron stars in quasiequilibria for
the initial condition of numerical simulations as in our
series of papers [24,25]. The quasiequilibrium state is
computed in the framework described in [39] to which
the reader may refer. The computation of quasiequilibrium
states is performed using the spectral-method library
LORENE [40].

Numerical simulations were performed, systematically
choosing wide ranges of the total mass and mass ratio of
binary neutron stars. Because the mass of each neutron star

in the observed binary systems is in a narrow range
"1:2–1:45M! [38], we basically choose the neutron-star
mass 1.20, 1.25, 1.30, 1.35, 1.40, 1.45, and 1:5M!. Also,
the mass ratio of the observed system q :¼ m1=m2ð' 1Þ
where m1 and m2 are lighter and heavier masses, respec-
tively, is in a narrow range"0:85–1. Thus, we choose q as
0:8 ' q ' 1. Specifically, the simulations were performed
for the initial data listed in Table II.
The initial data were prepared so that the binary has

about 3–4 quasicircular orbits before the onset of the
merger. For four EOSs chosen, this requirement is approxi-
mately satisfied with the choice of the initial angular
velocity m!0 ¼ 0:026 for APR4 and ALF2 and
m!0 ¼ 0:025 for H4 and MS1. Here, m ¼ m1 þm2.
For the following, the model is referred to as the name
‘‘EOS’’-‘‘m1’’ ‘‘m2’’; e.g., the model employing APR4,
m1 ¼ 1:2M!, and m2 ¼ 1:5M! is referred to as model
APR4-120150.

III. FORMULATION AND NUMERICALMETHODS

Numerical simulations were performed using an
adaptive-mesh refinement (AMR) code SACRA [41] (see
also [42] for the reliability of SACRA). The formulation, the
gauge conditions, and the numerical scheme are basically
the same as those described in [41], except for the improve-
ment in the treatment of the hydrodynamics code for a far
region. Thus, we here only briefly review them and
describe the present setup of the computational domain
for the AMR algorithm and grid resolution.

A. Formulation and numerical methods

SACRA solves Einstein’s evolution equations in the
Baumgarte-Shapiro-Shibata-Nakamura formalism with a
moving-puncture gauge [43]. It evolves a conformal factor
W :¼ "*1=6, the conformal three-metric ~"ij :¼ "*1=3"ij,
the trace of the extrinsic curvature K, a conformally
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Figure 15. Inferred mass distributions for the different populations of neutron
stars (top) and black holes (bottom) discussed in the text. The dashed lines
correspond to the most likely values of the parameters. For the different neutron
star populations, these are: M0 = 1.33 M⊙ and σ = 0.05 M⊙ for the double
neutron stars, M0 = 1.28 M⊙ and σ = 0.24 M⊙ for the other neutron stars
near their birth masses, and M0 = 1.48 M⊙ and σ = 0.20 M⊙ for the recycled
neutron stars. For the case of black holes, we used the exponential distribution
with a low-mass cutoff at Mc = 6.32 M⊙ and a scale of Mscale = 1.61 M⊙
obtained in Özel et al. (2010a). The solid lines represent the weighted mass
distributions for each population, for which appropriate fitting formulae are
given in the Appendix. The distributions for the case of black holes have been
scaled up by a factor of three for clarity.
(A color version of this figure is available in the online journal.)

mean mass and the dispersion for all of these subgroups are
shown in Figures 9–12.

The narrowness of the mass distribution of double neutron
stars is difficult to account for within the current understanding
of neutron star formation mechanisms. One possible way to
generate a narrow distribution is via electron capture supernovae
in ONeMg white dwarfs. The onset of such a supernova
occurs at a particular density threshold, which corresponds to
a pre-collapse mass of the white dwarf in the narrow range
1.36–1.38 M⊙ for different temperatures and compositions
(Podsiadlowski et al. 2005). Taking into account a binding mass
given by the approximate formula (Lattimer & Yahil 1989)

EB = 0.084
(

M

M⊙

)2

M⊙, (29)

Figure 16. Distribution of neutron star masses at birth expected from theoretical
calculations, compared to the observed mass distribution of neutron stars that
have not accreted significant amounts of mass (labeled accreting and slow
pulsars) as well as to that of double neutron stars. The parameters of the
distribution of the former subgroup are consistent with expectations from
core-collapse supernova and fallback, while the observed double neutron star
distribution is significantly narrower than what is expected.
(A color version of this figure is available in the online journal.)

the gravitational masses of the outcomes of electron capture
supernovae become 1.2–1.22 M⊙. This range of masses is
compared to the parameters of the underlying distributions of
double neutron stars as well as of the other neutron stars near
their birth masses in Figure 16. Even though the electron capture
supernovae are capable of producing a narrow range of neutron
star masses, the mean of the expected distribution is inconsistent
with that of double neutron stars to a high confidence level.

In the case of core-collapse supernovae, the mean mass of
the neutron stars produced in the absence of fallback is also
expected to be significantly smaller than that inferred from the
double neutron stars. We can estimate this mass assuming that
the core of the pre-supernova star collapses when it reaches
its Chandrasekhar limit. Considering an electron fraction of
Ye = 0.42–0.48, which is appropriate for the cores of pre-
supernova stars (Timmes et al. 1996), the Chandrasekhar mass

MCh = 5.83Y 2
e (30)

falls in the range 1.15–1.34 M⊙. Taking into account the gravi-
tational binding energy, the expected range of birth masses for
neutron stars from core-collapse supernovae is 1.06–1.22 M⊙.

Fallback of matter during and immediately following the
supernova explosion can naturally lead to neutron stars more
massive than the cores of the progenitor stars. At the same
time, the stochastic nature of fallback necessarily leads to an
increased dispersion of neutron star masses. In Figure 16, we
show the evolution of the expected dispersion with central mass
assuming that a fallback of baryonic mass ∆Mf introduces a
dispersion of the baryonic mass of the neutron star of the same
magnitude. (Note that in Figure 16, we plot the corresponding
gravitational mass for the neutron stars.) This simple analytical
estimate is in agreement with the detailed numerical calculations
of Zhang et al. (2008), which are also shown in the figure.
The green hatched region outlines the results for different
compositions, explosion energies, and locations of the pistons
for an assumed maximum neutron star mass of 2 M⊙. Allowing
sufficient fallback to account for the mean value of the double
neutron star masses introduces a dispersion that is significantly
larger than the observed one. In contrast, the inferred mean
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FIG. 6: The evolution time scale of the system in the plane composed of EOSs and total mass. ⌧
dyn

: A black hole is formed
in the dynamical time scale after the onset of the merger. ⌧

hyd

: A HMNS is formed and its lifetime is determined by the
hydrodynamical angular-momentum transport time scale. ⌧

hyd,s: The same as for ⌧
hyd

but the lifetime is shorter than ⇠ 10ms.
⌧
mag

/⌧
cool

: A HMNS is formed and its lifetime would be determined by the time scale of angular-momentum transport by some
magnetohydrodynamics e↵ects or by the neutrino cooling time scale. The evolution time scale for a given total mass depends
weakly on the mass ratio. For MS1, only the MNS or SMNS is formed for m  2.9M�. For APR4 and Shen, the remnant for
the m <⇠ 2.6M� case is likely to be a SMNS (not HMNS).

B. Characteristic time scales

As their lifetime is tabulated in one of the columns of
Table II, HMNSs collapse to a black hole for several rel-
atively massive models. This collapse is triggered by the
angular-momentum loss by the gravitational-wave emis-
sion and by the angular-momentum transport process
from the inner region of the HMNS to its outer enve-
lope. The transport process can work because the HMNS
formed has a nonaxisymmetric structure and exerts the
torque to the envelope surrounding it, as already men-
tioned in Sec. II C. We note that the mass of the disk
surrounding the remnant black hole formed after the col-
lapse of the HMNS is in general larger for the longer
lifetime of the HMNS for a given EOS (see Table II).
In addition, the emissivity of gravitational waves is quite
low for not-young HMNS as shown in Sec. IV: This is be-
cause the degree of the nonaxisymmetry for the HMNS
decreases with time. These facts obviously show that
the hydrodynamical angular-momentum transport pro-
cess plays an essential role for the black hole formation.
Therefore, for the HMNS of lifetime ⇠ 10 – 50 ms, we con-
clude that the black hole formation is determined primar-
ily by the hydrodynamical angular-momentum transport
process, and write the time scale as ⌧

hyd

.
On the other hand, for less-massive HMNSs and

SMNSs, neither the emission of gravitational waves nor
the hydrodynamical e↵ect are likely to determine their
lifetime. For such systems, other dissipation processes
(which are not taken into account in our numerical sim-
ulations) will play an important role, and the evolution
proceeds with the dissipation time scale. If the system
is hypermassive and its degree of di↵erential rotation is

su�ciently high, the angular-momentum transport pro-
cess via magnetohydrodynamics e↵ects could trigger the
eventual collapse of the HMNS to a black hole (e.g., [39])
with a relatively short time scale ⌧

wind

or ⌧

mri

⇠ 100 ms
or less, which is comparable to ⌧

hyd

. If the degree of
di↵erential rotation is not high and the thermal e↵ect
plays an important role for sustaining the self-gravity of
the HMNS, neutrino cooling will play a dominant role
for determining the process toward the black-hole forma-
tion. According to [9, 10], the cooling time scale via the
neutrino emission is of order seconds (hereafter denoted
by ⌧

cool

), and hence, it is much longer than ⌧

hyd

. How-
ever, if the degree of di↵erential rotation is not high, ⌧

cool

could be shorter than ⌧

wind

and ⌧

mri

. Furthermore, if the
remnant mass is smaller than M

max,s(T > 0), the mag-
netic winding and MRI would not trigger the collapse
to a black hole. For such a system, the neutrino cooling
will trigger the collapse eventually. Our previous work [9]
suggests that this is likely to be the case.

For a smaller-mass system with M

max

<⇠ m

<⇠ M

max,s,
the remnant neutron star is not hypermassive, and it
evolves simply to a cold SMNS in ⌧

cool

. The cold SMNS
will collapse eventually to a black hole after its angular
momentum is dissipated by some process such as mag-
netic dipole radiation. For an even smaller-mass system
with m

<⇠ M

max

, the remnant neutron star is not supra-
massive , and it evolves simply to a cold neutron star in
⌧

cool

. This is the case for MS1 with m

<⇠ 2.8M�.

We may classify the remnant MNSs by its evolution
time scale. Figure 6 shows such a classification. In
this figure, ⌧

dyn

shows that a black hole is formed in
the dynamical time scale after the onset of the merger;
⌧

hyd

shows that a HMNS is formed and its lifetime is

BH�
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FIG. 7: Gravitational waves (h
+

D/m) and the frequency of gravitational waves f (kHz) as functions of retarded time for
models m

1

= m
2

= 1.35M� and (m
1

, m
2

) = (1.30M�, 1.40M�) with APR4 (top row), SLy (second row), ALF2 (third row),
H4 (fourth row), and MS1 (bottom row). For SLy and ALF2, a black hole is eventually formed for t

ret

< 30ms. For all the
models, �

th

= 1.8. The vertical axis of the gravitational waveforms shows the non-dimensional amplitude, h
+

D/m, with D
being the distance to the source. Spikes in the curves of f(t) (for the plot of APR4-135135 and MS1-135135) are not physical;
these are generated when the gravitational-wave amplitude is too low to determine the frequency accurately.
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models, �
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FIG. 12: Fourier spectra of gravitational waves for some of results shown in Figs. 7 – 11: Top left; for m
1

= m
2

= 1.35M�
with �

th

= 1.8 and with five piecewise polytropic and Shen EOSs: Top right; the same as top left but for m
1

= 1.2M� and
m

2

= 1.5M�: Middle left; for three mass ratios with m = 2.7M�, �
th

= 1.8, and with APR4 and H4: Middle right; the same
as middle left but for SLy, ALF2, and MS1: Bottom left; for equal-mass models with m = 2.6, 2.7, and 2.8M�, �

th

= 1.8,
and with APR4 and H4: Bottom right; the same as bottom left but for ALF2 and MS1. The amplitude is shown for the
hypothetical event at a distance of D = 50Mpc along the direction perpendicular to the orbital plane (the most optimistic
direction). The black dot-dot curve is the noise spectrum of the advanced LIGO with an optimistic configuration for the
detection of high-frequency gravitational waves (see https://dcc.ligo.org/cgi-bin/DocDB/ShowDocument?docid=2974).
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Figure 1 HST imaging of the location of SGRB 130603B. The host is well resolved 

and displays a disturbed, late-type morphology.  The position (coordinates RAJ2000 = 11 

28 48.16, DecJ2000 = +17 04 18.2) at which the SGRB occurred (determined from 

ground-based imaging) is marked as a red circle, lying slightly off a tidally distorted 

spiral arm.  The left-hand panel shows the host and surrounding field from the higher 

resolution optical image. The next panels show in sequence the first epoch and second 

epoch imaging, and difference (upper row F606W/optical and lower row F160W/nIR).  

The difference images have been smoothed with a Gaussian of width similar to the psf, 

to enhance any point-source emission. Although the resolution of the nIR image is 

inferior to the optical, we clearly detect a transient point source, which is absent in the 

optical. 

 

" Hubble*Space*Telescope*imaging�

Op+cal*
*
*
*
*
*

Near*Infrared�

9*days*a_er*the*burst************�30*days*************�
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Observed*Light*curves�
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Figure 2 Optical, near infrared (left axis) and X-ray (right axis) light curves of 

SGRB 130603B. Upper limits are 2σ and error bars 1σ. The optical data (gri bands) 

have been interpolated to the F606W band and the nIR data to the F160W band using an 

average spectral energy distribution at ≈0.6 days (see Supplementary Information). HST 

epoch 1 points are bold symbols. The optical afterglow decays steeply after the first 

≈0.3 days, and is modelled here as a smoothly broken power-law (dashed blue line). We 

note that the complete absence of late-time optical emission also places a limit on any 

separate 56Ni driven decay component. The 0.3–10 keV X-ray data29 are also consistent 

with breaking to a similarly steep decay (the dashed black line shows the optical light 

curve simply rescaled to match the X-ray points in this time frame), although the source 

dropped below Swift sensitivity by ~48 hr post-burst. The key conclusion from this plot 

These*straight*lines*are*
a*model*of*a*GRB*a_erglow*
•  X5ray*
•  Op+cal*
•  Near*Infrared*
*�

These*bumps*are*
Predicted*curves*
*of*“Kilonova”*
•  op+cal*
•  Near*Infrared*

Observed*excess*
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Berger*et*al.,*ApJ,*2013*
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What*is*“kilonova”�
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Systematics of dynamical mass ejection, nucleosynthesis, and radioactively powered electromagnetic signals 13

ejecta mass as fraction of Mtot was proposed as a func-
tion of η = 1 − 4M1M2/(M1 + M2)2 in Korobkin et al.
(2012) and Rosswog (2012). Reviewing our data (even
without the prompt collapse cases) we find a more com-
plicated behavior and we can neither confirm the validity
of the suggested fit formula nor find a generalization of
it. This is not unexpected in view of the quantitative
and qualitative differences between Newtonian and rela-
tivistic simulations discussed above.

3.6. Folding with binary populations

The dependence of the ejecta mass on the binary pa-
rameters is essential to determine the total amount of
ejecta produced by the binary population within a cer-
tain time and thus to estimate the average amount of
ejecta per merger event. The properties of the NS binary
population are provided by theoretical binary evolution
models, which still contain considerable uncertainties in
many complexities of single star evolution and binary in-
teraction. Using the standard model of Dominik et al.
(2012) the folding of our results with the binary popu-
lation yields an average ejecta mass per merger event of
about 3.6 × 10−3 M⊙ for the NL3 EoS, 3.2 × 10−3 M⊙

for the DD2 EoS, and 4.3×10−3 M⊙ for the SFHO EoS.
Therefore, the ejecta masses of the 1.35-1.35 M⊙ binary
mergers give numbers for the three cases which approxi-
mate the average amount of ejecta per merger event quite
well (within 70 per cent for NL3, 3 per cent for DD2, 11
per cent for SFHO). This finding is simply a consequence
of the fact that the binary distribution is strongly peaked
around nearly symmetric systems with Mtot ≈ 2.5 M⊙

so that the average ejecta mass is not sensitive to the
larger ejecta production of asymmetric systems in the
suppressed wings of the binary distribution.

4. NUCLEOSYNTHESIS

4.1. R-process abundances

The potential of NS mergers to produce heavy r-
process elements in their ejecta has been manifested
by several studies based on hydrodynamical simu-
lations (Freiburghaus et al. 1999; Metzger et al. 2010;
Roberts et al. 2011; Goriely et al. 2011; Korobkin et al.
2012). These investigations have considered only a few
high-density EoSs (two EoSs were used in Goriely et al.
(2011)). Since the NS EoS affects sensitively the dynam-
ics of NS mergers and thus the properties of the ejecta
(amount, expansion velocity, electron fraction, tempera-
ture), we explore here the influence of the NS EoS on the
r-process nucleosynthesis in a systematic way.
For a selected, representative set of EoSs we extract the

thermodynamical histories of fluid elements which get
gravitationally unbound. For these trajectories nuclear
network calculations were performed as in Goriely et al.
(2011), where details on the reaction network, the tem-
perature postprocessing and the density extrapolation
beyond the end of the hydrodynamical simulations can
be found. The reaction network includes all 5000 species
from protons up to Z=110 lying between the valley of β-
stability and the neutron-drip line. All fusion reactions
on light elements, as well as radiative neutron captures,
photodisintegrations, β-decays and fission processes are
included. The corresponding rates are based on experi-
mental data whenever available or on theoretical predic-
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Fig. 8.— Nuclear abundance pattern for the 1.35-1.35 M⊙ merg-
ers with the NL3 (blue), DD2 (red) and SFHO (green) EoSs com-
pared to the solar r-process abundance distribution (black).
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tions otherwise, as prescribed in the BRUSLIB nuclear
astrophysics library (Xu et al. 2013)
Figure 8 shows the final nuclear abundance patterns for

the 1.35-1.35 M⊙ mergers described by the NL3 (blue),
DD2 (red) and SFHO (green) EoSs. For every model
about 200 trajectories were processed, which roughly cor-
respond to about one tenth of the total ejecta. Compar-
ing the final abundance distributions of the DD2 EoS for
about 200 and the full set of 1000 fluid-element histories
reveals a very good quantitative agreement, which proves
that a properly chosen sample of about 200 trajectories
is sufficient to be representative for the total amount of
unbound matter.
The scaled abundance patterns displayed in Fig. 8

match closely the solar r-process composition above mass
number A ≈ 140. In particular the third r-process peak
around A = 195 is robustly reproduced by all models.
Above mass number A ≈ 100 the results for the different
NS EoSs hardly differ. For all three displayed models
the peak around A ≈ 140 is produced by fission recy-
cling, which occurs when the nuclear flow reaches fis-
sioning nuclei around 280No at the end of the neutron
irradiation during the β-decay cascade. The exact shape
and location of this peak are therefore strongly affected
by the theoretical modeling of the fission processes (in-

Nuclear*network*calcula+on*of*NS5NS*ejecta*(Sekiguchi5san’s*talk)*

Bauswain,*Goriely,*&*Janka*(2013)*

See*also*Korobkin*et*al.*(2012)�

NS5NS*Ejecta*are*so*neutron5rich*

⇒ Almost*nuclei*become**

********************r5process*elements*

******(between*2nd*&*3rd*peak)*

*

⇒ Opaci+es*of*ejecta*are*
significantly**enhanced*~*10*cm^2/g*
*

*For*SN*Ia,*Opacity*~*0.1*cm^2/g*

*

*see*Kasen*et*al.*(2013),*Tanaka*&*KH*(2013)*

Transi+ons*of*Lanthanides�

8 Kasen, Badnell, and Barnes

Fig. 4.— Synthetic light curves and spectra of a model consisting of pure 56Ni ejecta, computed with di↵erent line data. The left panel
shows that the SED (at 50 days after merger) calculated using the Autostructure line data resembles that obtained using the Kurucz data.
Both resemble the spectrum of the Type Ia SN 2003du observed 34 days after peak (⇠ 52 days after explosion). The right panel compares
the broadband light curves of the model calculated using the Autostructure line data (solid lines) and the Kurucz CD23 linelist (dashed
lines).
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The variation of the mean opacity with temperature

(Figure 6) shows several bumps which reflect changes in
the ionization state. As the temperature increases, the
excited levels become more populated, and the number
of optically thick lines increases. The opacity therefore
increases with temperature until the gas becomes hot
enough to ionize. This leads to multiple maxima in the
mean opacity curve, each of which occur around the tran-
sition temperatures of the various stages of ionization. At
su�ciently low temperatures, when the element becomes
neutral, the opacities cut o↵ sharply, and drop exponen-
tially with decreasing temperature due to the Boltzmann
factor in the excited state level populations.
An important property of the lanthanides is that, rel-

ative to the iron group, the opacity remains high at rel-
atively low temperatures. This is because the ioniza-
tion potentials of the lanthanides are generally ⇠ 30%
lower than those of the iron group (see Table 1). For
neodymium, the mean opacity peaks at T ⇡ 5000 K,
when the ion is mostly singly ionized and cuts o↵s at
T . 2500 K when Nd becomes neutral. In comparison,
the opacity peak for iron occurs at T ⇡ 7000 K and the
neutral cuto↵ is at T . 3500 K. The general persistence
of the lanthanide opacity to lower temperatures has an
important impact on the color of the emergent spectra,
contributing to cooler, redder photospheres.
Another important feature of the lanthanide opacity is

the wavelength dependence – while the opacity decreases
to the red (as there are more lines at bluer wavelengths),
the decrease is much slower than that of the iron group
(Figure 7). This is due to the much denser energy level
spacing of the lanthanides, resulting in a much larger
number of ⇠ 1 eV optical/infrared transitions. The shal-
lower opacity profile means that the lanthanides can line
blanket not only UV wavelengths, but the entire optical
region of the spectrum. This will influence the color of
r-process SNe, as photons will eventually be re-emitted
or fluoresce (through the many lines) to infrared wave-
lengths where they may escape more easily.
As seen in Figure 7, the opacity of osmium (Z = 76) is

Fig. 5.— Histogram of the number of atomic levels versus
level energy (bin size = 0.25 eV) in our Autostructure models,
which illustrates the much greater complexity of the lanthanide
neodymium (with an open f-shell) as compared to iron (open d-
shell) and tin (open p-shell).

very similar to that iron, despite the much higher atomic
number. This is not surprising, as osmium is a homo-
logue of iron, with a nearly half open d-shell. Similarly,
the opacity of the lanthanide cerium (Z = 58) is compa-
rable to, though slightly less than, that of neodymium.
This confirms that species with similar complexity mea-
sures have roughly similar opacities, which we use to de-
rive approximate opacities for r-process mixtures (§6).

5.1. Uncertainties and Comparison to Existing Data

Our derived opacities must possess some error, since
the Autostructure model energies do not exactly match
the experimental values (Figure 2). To estimate how sen-
sitive the results are to the detailed level energy structure
and configuration ordering, we examined the NdII opaci-
ties derived from the three di↵erent optimization schemes
described in §3. The resulting variation provides an es-
timate of our level of uncertainty.
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after the merger. Our spectra are almost featureless at
all the epochs. This is because of the overlap of many
bound-bound transitions of different r-process elements.
As a result, compared with the results by Kasen et al.
(2013) and Barnes & Kasen (2013), the spectral features
are more smeared out.
Note that we could identify possible broad absorption

features around 1.4 µm (in the spectrum at t = 5 days)
and around 1.2 µm and 1.5 µm (t = 10 days). In our
line list, these bumps are mostly made by a cluster of
the transitions of Y I, Y II, and Lu I. However, we are
cautious about such identifications because the bound-
bound transitions in the VALD database are not likely to
be complete in the NIR wavelengths even for neutral and
singly ionized ions. In fact, Kasen et al. (2013) showed
that the opacity of Ce from the VALD database drops in
the NIR wavelengths, compared with the opacity based
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Fig. 5.— Multi-color light curves of model NSM-all (in Vega
magnitude). Light curves in redder bands are brighter and slower.

on their atomic models. Although we cannot exclude a
possibility that a cluster of bound-bound transitions of
some ions can make a clear absorption line in NS merg-
ers, our current simulations do not provide prediction for
such features.

5. DEPENDENCE ON THE EOS AND MASS RATIO

Figure 7 shows the bolometric light curves of realistic
models. The models with the soft EOS APR4 (red) is
brighter than the models with the stiff EOS H4 (blue).
This is interpreted as follows. For a soft EOS (i.e., a
smaller radius of a NS), the mass ejection occurs at a
more compact orbit and shock heating is efficient. As a
result, the mass of the ejecta is higher for softer EOSs
(Hotokezaka et al. 2013; Bauswein et al. 2013). Since
the heating rate is likely to be higher for a higher ejecta
mass (Metzger et al. 2010), the NS merger with the soft
EOS APR4 is brighter. Note that the light curve of the
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Figure 3. Predicted light curves for NS–NS and BH–NS models. Left panel: NS–NS models. The dashed, solid, and dot-dashed curves show the H-band light curves
for the models: SLy (Q = 1.0,Mej = 0.02 M⊙), H4 (Q = 1.25,Mej = 4 × 10−3 M⊙), respectively. The total mass of the progenitor is fixed to be 2.7 M⊙. The upper,
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curves show the models MS1 (Mej = 0.07 M⊙), H4 (Mej = 0.05 M⊙), and APR4 (Mej = 0.01 M⊙), respectively. Here only the fiducial-heating models are shown.
The thin and thick lines denote the r and H-band light curves. Here we set (Q,χ ) = (3, 0.75). The observed data (filled circles), upper limits (triangles), and the light
curves (dashed lines) of the afterglow model of GRB 130603B in r and H-band are plotted (Tanvir et al. 2013; de Ugarte Postigo et al. 2013). The observed point
in the r-band at 1 days after the GRB is consistent with the afterglow model. The key observations for an electromagnetic transient are the observed H-band data at
7 days after the GRB, which exceed the H-band light curve of the afterglow model, and the upper limit in H-band at 22 days after the GRB. These data suggest the
existence of an electromagnetic transient associated with GRB 130603B.
(A color version of this figure is available in the online journal.)

(Q = 1.0, Mej = 0.02 M⊙) and H4 (Q = 1.25, Mej =
4 × 10−3 M⊙) for reference. Here the total mass of the progen-
itor is chosen to be Mtot = 2.7 M⊙. We plot three light curves
derived with the fiducial- (the middle curves), high- (the upper
curves), and low-heating models (the lower curves). We expect
that the realistic light curves may lie within the shaded regions.
For the NS–NS models, the computed r-band light curves are
fainter than 30 mag. The right panel of Figure 3 shows the light
curves of the BH–NS merger models, MS1 (Mej = 0.07 M⊙),
H4 (Mej = 0.05 M⊙), and APR4 (Mej = 0.01 M⊙) with
(Q,χ) = (3, 0.75). For these cases, we employ the fiducial-
heating model. Note that the r-band light curves of the BH–NS
models reach ∼27 mag, which implies that the light curves of
the BH–NS models are bluer than those of the NS–NS models.
This is because the energy from radioactive decay is deposited
into a small volume for the BH–NS models (see Tanaka et al.
2013 in details). As shown in Figure 6 of Kasen et al. (2013, see
also Figure 15 of Tanaka & Hotokezaka 2013), the opacity of
r-process elements depends strongly on the temperature, and
thus the time after the merger. The small bumps in the
H-band light curves of BH–NS models are caused by this time-
dependent opacity.

Uncertainties are expected to be associated with the difference
in the morphology between the models of the same progenitor
type but different masses and spins. Moreover, the light curves
may depend on the viewing angle. However, these uncertainties
are not large enough to significantly affect our results (see
Tanaka & Hotokezaka 2013; Tanaka et al. 2013 for details).

We now translate these results into the progenitor models as
Q, χ , and EOS.

Q1 NS–NS models. The NS–NS models for GRB 130603B should
have ejecta of mass !0.02 M⊙. This is consistent with that
derived by Berger et al. (2013). This value strongly constrains
the NS–NS models because the amount of ejecta is at most
∼0.02 M⊙ for an NS–NS merger within the plausible mass range
of the observed NS–NS systems (Özel et al. 2012). Specifically,
as shown in Figure 2, such a large amount of ejecta can be

obtained only for the soft EOS models in which a hypermassive
neutron star with a lifetime of !10 ms is formed after the
merger. For the stiff EOS models, the amount of ejecta is at
most 4 × 10−3 M⊙. Thus we conclude that the ejecta of the
NS–NS models with soft EOSs (R1.35 " 12 km) are favored as
the progenitor of GRB 130603B.

BH–NS models. The observed data in the H-band is consistent
with the BH–NS models which produce the ejecta of ∼0.05 M⊙
in our fiducial-heating model. Such a large amount of ejecta
can only be obtained with the stiff EOSs (R1.35 ! 13.5 km) for
the case of χ = 0.75 and 3 # Q # 7 as shown in Figure 2.
For the soft EOS models, the total amount of ejecta reaches
only 0.01 M⊙ as long as χ # 0.75, which hardly reproduces
the observed near-infrared excess. Thus the models with stiff
EOSs are favored for the BH–NS merger models as long as
0.5 # χ # 0.75 and 3 # Q # 7 is the progenitor model of
GRB 130603B. It is worth noting that any BH–NS models with

Q2
χ # 0.5 and Q $ 7 are unlikely to reproduce the observed
near-infrared excess.

5. DISCUSSION AND CONCLUSION

We explored possible progenitor models of the electromag-
netic transient associated with the Swift short GRB 130603B.
This electromagnetic transient may have been powered by the
radioactive decay of r-process elements, a so called kilonova/
macronova. We analyzed the dynamic ejecta of NS–NS and
BH–NS mergers for the progenitor models of this event. To
compute the expected light curves, we carried out radiative
transfer simulations using density and velocity structures ob-
tained from numerical-relativity simulations with several total
masses, mass ratios, and EOSs. Depending on these quantities,
the total amount of ejecta mass varies by orders of magnitude
10−4 M⊙ to 10−2 M⊙ for the NS–NS models and 10−5 M⊙ to
10−1 M⊙ for the BH–NS models.

For both NS–NS and BH–NS models, we found that there are
progenitor models that can reproduce the observed near-infrared

4
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as a hypermassive neutron star with a lifetime of !10 ms is
formed after the merger. More massive NS–NS mergers result
in hypermassive neutron stars with a lifetime of "10 ms or in
black holes. For such a case, the ejecta mass decreases with
increasing Mtot because of the shorter duration of mass ejection.

BH–NS ejecta. Tidal disruption of a neutron star results in
anisotropic mass ejection for a BH–NS merger (Kyutoku et al.
2013). As a result, the ejecta is concentrated near the binary
orbital plane as shown in Figure 1, and it is shaped like a disk
or crescent.

The amount of ejecta for the BH–NS models is smaller for
more compact neutron star models with fixed values of χ and Q
as shown in Figure 2. This is because tidal disruption occurs in
a less significant manner. This dependence of the BH–NS ejecta
on the compactness of neutron stars is opposite to the case of
the NS–NS ejecta.

More specifically, the amount of ejecta is

5 × 10−4 " Mej/M⊙ " 10−2 (soft EOSs),

4 × 10−2 " Mej/M⊙ " 7 × 10−2 (stiff EOSs), (2)

for χ = 0.75 and 3 # Q # 7. For χ = 0.5, the ejecta mass is
smaller than that for χ = 0.75. Only the stiff EOS models can
produce large amounts of ejecta more than 0.01 M⊙ for χ = 0.5
and Q = 7.

For both NS–NS and BH–NS merger models, winds driven
by neutrino/viscous/nuclear-recombination heating or the mag-
netic field from the central object might provide ejecta in addi-
tion to the dynamic ejecta (Dessart et al. 2009; Wanajo & Janka
2012; Kiuchi et al. 2012; Fernández & Metzger 2013). However,
it is not easy to estimate the amount of wind ejecta, because it
depends strongly on the condition of the remnant formed after
the merger. In this Letter, we focus only on the dynamic ejecta.

3. RADIATIVE TRANSFER SIMULATIONS
FOR THE EJECTA

For the NS–NS and BH–NS merger models described in
Section 2, we perform radiative transfer simulations to obtain

the light curves of the radioactively powered emission from
the ejecta using the three-dimensional, time-dependent, multi-
frequency Monte Carlo radiative transfer code (Tanaka &
Hotokezaka 2013). For a given density structure of the ejecta
and elemental abundances, this code computes the emission
in the ultraviolet, optical, and near-infrared wavelength ranges
by taking into account the detailed r-process opacities. In this
Letter, we include r-process elements with Z $ 40 assuming the
solar abundance ratios by Simmerer et al. (2004). More details
of the radiation transfer simulations are described in Tanaka &
Hotokezaka (2013); Tanaka et al. (2013).

The heating rate from the radioactive decay of r-process
elements is one of the important ingredients of radiative transfer
simulations. As a fiducial-heating model, we employ the heating
rate computed with the abundance distribution that reproduces
the solar r-process pattern (see Tanaka et al. 2013 for more
detail). Heating is due to β-decays only, which increase atomic
numbers from the neutron-rich region toward the β-stability
line without changing the mass number A. This heating rate is in
reasonable agreement with those from previous nucleosynthesis
calculations (Metzger et al. 2010; Goriely et al. 2011; Grossman
et al. 2013) except for the first several seconds.

We note that quantitative uncertainties could exist in the
heating rate as well as in the opacities. As an example, the
heating rate would be about a factor 2 higher if the r-process
abundances of A ∼ 130 (or those produced with the electron
fraction of Ye ∼ 0.2) were dominant in the ejecta (Metzger
et al. 2010; Grossman et al. 2013). To take into account such
uncertainties, we also consider the cases in which the light
curves of mergers are twice and half as luminous (high- and low-
heating models; only explicitly shown for the NS–NS models
in Figure 3) as those computed with the fiducial-heating model.

4. LIGHT CURVES AND POSSIBLE
PROGENITOR MODELS

The computed light curves and observed data in r and
H-band are compared in Figure 3. The left panel of Figure 3
shows the light curves of the NS–NS merger models SLy
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Fig. 8.— Expected observed ugrizJHK-band light curves (in AB magnitude) for model NSM-all and 4 realistic models. The distance
to the NS merger event is set to be 200 Mpc. K correction is taken into account with z = 0.05. Horizontal lines show typical limiting
magnitudes for wide-field telescopes (5σ with 10 min exposure). For optical wavelengths (ugriz bands), “1 m”, “4 m”, and “8 m” limits
are taken or deduced from those of PTF (Law et al. 2009), CFHT/Megacam, and Subaru/HSC (Miyazaki et al. 2006), respectively. For
NIR wavelengths (JHK bands), “4 m” and “space” limits are taken or deduced from those of Vista/VIRCAM and the planned limits of
WFIRST (Green et al. 2012) and WISH (Yamada et al. 2012), respectively.
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are taken or deduced from those of PTF (Law et al. 2009), CFHT/Megacam, and Subaru/HSC (Miyazaki et al. 2006), respectively. For
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Summary�
Neutron*Star*equa+on*of*State*can*be*measured*through*
*
*
*
However,*to*succeed*in*measuring*the*EOS,*
*

!  This*could*be*direct*evidence*of**

******************************************compact*binary*merger*hypothesis*of*short*GRBs.*
!  The*+me*scale,*brightness,*and*color*of**Kilonova*are*
******************************************************quite*consistent*with*the*NR*predic+on.*
*!  For*NS5NS*merger*models,*so_*EOSs*are*favored.*
********For*BH5NS*merger*models,*s+ff*EOSs*are*favored.*

GRB*130603B*is*a*golden*event�

!  *+dal*effects*in*the*late*inspiral*stage*and*
!  *fourier*peak*frequency*of*gws*from*HMNS.**

!  higher*order*PN*correc+ons*and*
!  longer*and*more*accurate*NR*computa+on*are*needed.*

Mul+5Messenger*Astronomy*is*coming*soon*!!�

Thank*you*!!�
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“Binary neutron star merger with a 'soft' equation of state

 and r-process”

by Yuichiro Sekiguchi

[JGRG23(2013)110610]
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Binary neutron star merger with a 'soft' 
equation of state and r-process 

Yuichiro Sekiguchi（YITP） 
with S. Wanajo, N. Nishimura, K. Kiuchi, K. Kyutoku, M. Shibata  

Solar abundance of nuclei 

Pagel (1997) 

Z=
N

=2
8 

N
=5

0 

N
=8

2 

N
=1

26
 

3rd peak 2nd peak 1st peak 

` Basic feature : 
exponential decay 
with mass number 
+ constant tail 

` Characteristic 
features:  

` Peak in iron-group 

` Deficient of D, Li, Be, 
and B 

` Enhancement  of  α-
nuclei (C, O, Ne, Si,..) 

` Peaks in heavier 
region associated 
with n-magic 
numbers, made by 
neutron capture 
processes A 

Platinum 
Gold 
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Neutron capture processes 

n-capture     versus      β-decay 

EWW �n EWW !n

rapid neutron-capture process 
(r-process) 

slow neutron-capture process 
(s-process) 

moderate neutron densities 
¾ does not synthesize all heavy nuclei 
¾ terminates at Pb, Bi 

large neutron densities 
¾ Can synthesize all heavy nuclei 

n + (Z,N) ⇒ (Z,N+1) (Z,N+1) ⇒ (Z+1,N) + e + νe 

To be an alchemist : recipe to cook gold  
` Neutron capture : packing neutrons 

into  ‘seed’  nuclei   

` Large neutron/seed ratio required 
` A(gold) – A (seed)  ~  100 

 

` Low electron fraction Ye 
` To have a large number of free neutrons 

 

` Higher entropy per baryon  
` To slow the seed nuclei production 

 

` Short expansion timescale 
` To freeze seed production with rapid 

decrease of temperature 

n + (Z,N) ⇒ (Z,N+1) 
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What is the melting pot for r-process ? 
` Supernova (SN) explosion:  theoretically disfavored  

` Smaller entropy/per baryon than previously expected (e.g., Janka et al. 1997) 
` Neutrinos from PNS make the flow proton-rich :  n+ν → p+e 
` ⇒ only weak r-process (up to 2nd peak, no gold (3rd peak)!) (Roverts et al. 2011) 

` Electron capture SN : does not produce nuclei with A >~ 90 (Hoffman et al. 2008;  Wanajo et al. 2009) 
` (Iron) core collapse SN : outflows are too proton-rich (Fisher et al. 2010; Hudepohl et al. 2010) to 

produce nuclei with A >~ 120 (Wanajo et al. 2011)  

` NS-NS/BH binary merger:  Observationally disfavored (Argast et al. 2004)  
` delayed appearance of r-process element (long lifetime to merge)  
` large star-to-star scattering (low event rate (~ 10-5/yr/gal) : rock sugar vs. table sugar) 
` A clustering scenario of sub-halos to the Galactic halo overcomes the above issues 

(Ishimaru, Wanajo, Prantzos, in prep.) 
` Parameterized studies (Ye, T are given by hand) (Freiburghaus et al. 1999; Roberts et al. 2011) 
` More self-consistent studies with approximate GR (Goriely et al. 2011; Korobkin et al. 2012) 

` BH-Torus system :   R-process in hot neutrino driven wind (Wanajo & Janka 2012) 

Kilo-nova/Macro-nova/r-process-nova 
` EM transients powered by radioactivity of the r-process elements are 

expected (Li & Paczynski 1998) ⇒ important EM counterpart of GW  

` Recent critical update : Opacities are dominated by lanthanoids :  
orders of magnitude (~100) larger (Kasen e al. 2013; Tanaka & Hotokezaka 2013) 

 
 
 
 
 
 
 
 

` Although it gets difficult to observe, they are still among the promising 
EM counterparts ⇒ needs more studies to clarify the ejecta properties 
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Mass ejection from BNS merger (1):   
Tidal torque + centrifugal force 

` Less massive NS is 
tidally deformed 

` Angular momentum 
transfer by spiral arm 
and swing-by 

` A part of matter is 
ejected along the 
orbital plane 

` reflects low Ye of cold 
NS (β-eq. at T~0),              
no shock heating,                
rapid expansion                   
(fast T drop), no time 
to change Ye by weak 
interactions 
 

Density contour 
[ log (g/cm3) ] 

Hotokezaka et al. (2013) 

` Shocks occur due to oscillations of massive NS and collisions of spiral arms 
` Isotropic mass ejection, could change Ye via weak processes (could have large Ye) 
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FIG . 6: T he central density as a function of time for models with m1 = m2 = 1.35M ( left) , and m1 = 1.2M and m2 = 1.5M
(right) . Before the merger of unequal mass binaries, the central density of heavier neutron stars are plotted. Γ th = 1.8 is
employed for the results presented here.

F IG . 7: Snapshots of the thermal part of the specific internal energy (" th ) profi le in the vicinity of HM NSs on the equatorial
(top) and x-z (bottom) planes for an equal-mass model APR4-135135. T he rest-mass density contours are overplotted for every
decade from 1015 g/ cm3 .

F igures 3 – 5 indicate that there are two important
processes for the mass ejection. The fi rst one is the
heating by shocks formed at the onset of the merger
between the inner surfaces of two neutron stars. F ig-
ures 7 and 8 display snapshots of the thermal part of the
specific internal energy, " th , in the vicinity of HMNSs

for APR4-135135 and APR4-120150, respectively. These
figures show clearly that hot materials with " th <⇠ 0.1
(1.0 <⇠ 100M eV) are indeed ejected from the HMNSs,
in particular, to bidirectional regions on the equatorial
plane and to the polar region. This suggests that the
shock heating works efficiently to eject materials from

Specific internal 
energy 

Hotokezaka et al. (2013) 

Mass ejection from BNS merger (2):   
Shock driven 

x-y 

x-z 
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‘Robustness’ of r-process in  NS-NS merger ? 
` Korobkin et al. 2012 :    

` Ye of the ejecta is low as < 0.1 and depends weakly on the binary parameters     
so that r-process in the NS-NS  is  ‘robust’   
` Main mass ejection mechanism :  tidal effects  
` Very low Ye, too effective neutron capture and r-process only 2nd (A~130; N=82) and 

3rd (A~195; N=126) peaks are produced :  almost no production of 1st peak 

` They adopted only one ‘stiff’  EoS  (Shen EoS) : dependence on EoS is not explored 
` Newtonian SPH simulation: GR effects are not explored 

Goriely et al. (2011) ApJL 738 32  Korobkin et al. (2012) MNRAS 426 1940  

T=0,  β-eq. 1st peak 2nd  3rd  

Shen 
Steiner 

][ solarNS MM

]km[NSR

‘Robustness’ of r-process in  NS-NS merger ? 
` This work :  Full GR study with two EOS:  Steiner EoS and Shen EoS 

` Full GR:  stronger shock heating, relative importance of tidal/shock mechanisms 
can be altered 

` Shen EOS:    ‘Stiffer’ 
` Larger NS radius:                                                                                                                                      

Mass ejection is driven                                                                                                                        
mainly by tidal force 

` Adopted in Korobkin et al. 

` Steiner  EOS:    ‘Softer’ 
` Smaller NS radius:                                                                                                                                    

Tidal effect less important 
` Shock driven components                                                                                                              

increase 
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` Einstein’s  equations:  Puncture-BSSN/Z4c formalism 

` GR radiation-hydrodynamics (Sekiguchi 2010;  Sekiguchi + in prep.) 

` Advection terms : Truncated Moment scheme (Shibata et al. 2011)  

` EOS : any tabulated EOS with 3D smooth  connection to Timmes EOS 

` gray or multi-energy but advection in energy is not included 

` Fully covariant and relativistic  

` M-1 closure 
 

` Source terms :  two options 

` Implicit treatment : Bruenn’s prescription  

` Explicit treatment :  trapped/streaming  ν’s 
� e-captures: thermal unblocking/weak magnetism; NSE rate  

� Iso-energy scattering : recoil, Coulomb, finite size 

� e±annihilation, plasmon decay, bremsstrahlung  

� diffusion rate (Rosswog & Liebendoerfer 2004) 

� two (beta- and non-beta) EOS method 

` Lepton conservation equations 

Full GR Radiation-Hydrodynamics 

Animation: How neutrinos are 

emitted from BNS merger 

Ejecta properties depend strongly on EOS 
` Steiner EOS: shock driven 
` Higher temperature, more e+ 

Shen Steiner 

 Lower T : less  e+   
 Mass ejection mainly     
 driven by tidal effects 

 Higher T : more  e+  
 due to Shock heating  
 more positron capture    

𝒆ା 𝒏 + 𝒆ା → 𝒑 + 𝝂ഥ 

` Shen EOS: tidal driven 
` lower temperature 

x-z 

x-y 
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anti-electron neutrino emission 

Shen Steiner 

 Higher T : more  e+  
 lager 𝝂  ഥemissivity 

𝒏 + 𝒆ା → 𝒑 + 𝝂ഥ 

 lower T : less  e+  
 smaller 𝝂  ഥemissivity 

` Steiner EOS:  larger anti-neutrino emissivity due to positron capture 

x-z 

x-y 

Ye in ejecta depends on EOS 
` Positron capture substantially increases ejecta Ye 

Shen Steiner 

 Higher T : more  e+  
 higher Ye region :        
 less neutron rich 

𝒏 + 𝒆ା → 𝒑 + 𝝂ഥ 

 Lower T : less  e+  
 smaller Ye < 0.25 :        
 very neutron rich 

x-z 

x-y 

417



` r-process nucleosynthesis calculation based on the ejecta thermodynamic 
properties (Wanajo, YS et al. in prep. ) 

` Gives the yield distribution which agrees with the solar abundance ! 
` Highlights importance of neutrinos and EOS   
` BNS mergers as the origin of heavy elements (The  alchemist  ‘s  pot  to    make  gold)  ? 

Impact on r-process nucleosynthesis 

Summary 
` Neutrino-Radiation-Hydrodynamics in numerical relativity is now feasible ! 

` based on truncated moment formalism with M-1 closure 
` both implicit and explicit schemes can be adopted 

` Importance of neutrinos and EOS for r-process in BNS merger 
` strong EOS dependence : challenge to the robustness (Korobkin et al. 2012) 
` For a softer EOS shock heating is more important and ejecta T increases 
` As a result, positron capture proceeds more and ejecta Ye increases 
` Resulting r-process yield agrees well with the solar abundance 
` BNS merger as origin of heavy elements ? 

` Future studies 
` Further investigation of EOS dependence  
` EM counterpart study based on r-process nucleosynthesis calculation 
` Collapsars, BH-NS  mergers,  … 
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“Nonlinear r-mode instability in rotating stars”

by Motoyuki Saijo

[JGRG23(2013)110611]
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Various Instabilities in Secular Timescale

r-mode instability

g-mode instability

• Fluid elements oscillate due to restoring force of buoyancy !
• Instability occurs in nonadiabatic evolution or in convective unstable case 

Kelvin-Helmholtz instability
• Instability occurs when the deviation of the velocity between the different 

fluid layers exceeds some critical value

1
+m

-m
J-<0

J+>0 J+>0

J->0

Rotating 

frame

Inertial

frame

m1�tOccurs when

amplify
(Andersson 98, Friedman & Morsink 98)

ei(m⇥��t)

CFS instability (Chandrasekhar 70, Friedman & Schutz 78)

• Fluid elements oscillate due to Coriolis force !
• Instability occurs due to gravitational radiation 

• Fluid modes (f, p, g-modes) may becomes unstable due to gravitational 
radiation !

• Instability occurs in dissipative timescale 

1. Introduction

!2
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Dynamics of r-mode instabilities

• Saturation amplitude of o(1) !
• Imposing large amplitude of radiation reaction 

potential in the system to control secular 
timescale with dynamics (Lindblom et al. 00)

1D evolution with partially included 3 wave interaction

3D simulation

• Saturation amplitude of ~ o(0.001), which depends on interaction term

0 10 20 30
10ï�

10ï�

100

t/P 0

_
Saturation amplitude of r-mode instability

3 !3

(Schenk et al. 2001)Final fate of r-mode instability

• Evolution starting from the amplitude o(1) !
• Imposing large amplitude of radiation reaction potential!
• Energy dissipation of r-mode catastrophically decays to 

differentially rotating configuration in dynamical 
timescale

3D simulation

(Gressman et al. 02, Lin & Suen 06)
• After reaching the saturation amplitude ~o(0.001), 

Kolmogorov-type cascade occurs!
• Destruction timescale is secular

1D evolution including mode couplings network 0 20 40 60
t (ms)

0

1

2

_
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Amplitude of r-mode instability

• Isolated neutron star in the supernova remnant 
Cassiopeia A!

• Compelling evident that the central compact 
object is neutron star!

• Restriction to the amplitude of the r-mode 
instability by not detecting gravitational waves 

Possibility of gravitational wave source

• Possibility of parametric resonance by nonlinear mode-mode 
interaction!

• Amplification to 

Necessary to obtain a common knowledge for the basic 
properties of r-mode instability !

(LIGO 10)

↵ ⇡ 0.14� 0.005

(Bondarescu et al. 09)

↵ ⇠ 1
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2. Newtonian hydrodynamics including radiation reaction

Hydrodynamics including radiation reaction force

• Timescale which cannot be reached by GR hydrodynamics!
!

• Instability driven by gravitational radiation
Need to separate the hydrodynamics and the radiation

Need to impose gravitational waves
“Newton gravity + gravitational radiation reaction” are at least 
necessary

Minimum requirements to go beyond acoustic timescale

Including 5th and 6th time derivative in 
inertial frame in radiation reaction term

= �⇢ri�� ⇢(vjeq +�vj)rjv
i
eq + F i

3.5PN

@

@t
[⇢(vieq +�vi)] +rj [(⇢(v

i
eq +�vi)�vj + P �ij ]

@⇢

@t
+rj(⇢�vj) = 0

@e

@t
+rj(e�vj) = 0 e ⌘ (⇢✏)1/� assuming P = (�� 1)⇢✏

No.
The 23rd Workshop on General Relativity and Gravitation in Japan   

6 November 2013 @Hirosaki University, Aomori, Japan!6

Hydrodynamics with radiation reaction
PN expansion

�ij = �ij

✓
1� 2

c

2
�

◆
+

1

c

4 4hij +
1

c

5 5hij +
1

c

6 6hij +
1

c

7 7hij + (o�8)

↵ = 1 +
1

c

2
�+

1

c

4 4↵+
1

c

6 6↵+
1

c

7 7↵+
1

c

8 8↵+
1

c

9 9↵+ (o�10)

�

i =
1

c

3
� +

1

c

5 4�
i +

1

c

6 6�
i +

1

c

7 7�
i +

1

c

8 8�
i + (o�9)

3.5PN term : Lowest current quadrupole radiation reaction term
Gauge choice (Blanchet 97)

9↵ = 0

7hij = 0

Sij =

Z
d

3
x ✏kl(ixj)xk⇢vl

Reaction Force  from current multipole moment

8�
i =

16

45
✏ijkxjxlS

(5)
kl

F

3.5PN
i =

16

45
"G(2vj✏jilxmS

(5)
lm + vj✏jklxkS

(5)
li � vj✏iklxkS

(5)
lj � ✏iklxkxmS

(6)
lm )

amplification factor !
for the radiation reaction force

(e.g. Rezzolla et al. 99)
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Treatment of Time Derivative in Radiation Reaction Force 
Current multipole moment

Jlm =

Z
d

3
x ⇢r

lv · Y B⇤
lm

Introduce characteristic frequency

!chr = � 1

|J22|

����
dJ22
dt

����

N.B. time derivative is computed in internal frame

Time derivative  of current multipole moment 

S(n)
ij = (i!chr)

nS(0)
ij e.g. S(5)

ij = !4
chrS

(1)
ij S(6)

ij = �!6
chrS

(0)
ij
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3. R-mode instability in Linear Regime
Equilibrium configuration of the star 

• Slowly rotating neutron star !
• Uniformly rotating, n=1 polytropic 

equation of state 

Impose perturbation

Eigenfunction of the velocity

Impose eigenfunction type perturbation on the equilibrium 
velocity to trigger r-mode instability

rp/re T/W
0.975 0.00576

�v = ↵⌦R
⇣ r

R

⌘l
Y (B)
ll
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Characteristic Frequency of R-mode Instability

0 0.5 1 1.5

t / Pc

-1.6

-1.5

-1.4

-1.3

-1.2

-1.1

-1

t
��
1

analytical treatment!
(l=m=2)

numerical result

! = �4

3
⌦

Extracts the dominant part of r-mode instability

r-mode frequency!
(incompressible star)

! =
2m

l(l + 1)
⌦�m⌦
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Growth Time of R-mode Instability
Amplitude

↵2 ⌘ 2|J22|
J̃MR3⌦c

J̃ =
1

MR

4

1

4⇡

Z
d

3
x ⇢r

4

Analytic treatment of growth time
1

⌧gw
= �dE/dt|gw

2E
= 2⇡

✓
256

405

◆2

"
G

c7
J̃MR4⌦6

c

0 0.05 0.1 0.15 0.2

t / Pc

0.10

0.12

0.14

0.16

0.18

0.20

_
�

analytical!
treatment

numerical!
value

↵2(0)e
t/⌧gw

Fairly good agreement for the growth timescale!
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4. Saturation Amplitude of R-mode  Instability

!11

Initial amplitude dependence

0 0.5 1 1.5

t / Pc

10-3

10-2

10-1

100

101

_
�

↵2(0) = 10�1

↵2(0) = 10�2

↵2(0) = 10�3

Little dependence on !
the initial amplitude

Saturation amplitude may depend !
on the nonlinear effect of the velocity !

in Euler equation
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Amplification factor dependence

0 0.5 1 1.5

t / Pc

10-1

100

101

_
�

✏ = 5.0⇥ 1010✏ = 1.0⇥ 1011 ✏ = 2.5⇥ 1010

Dependence on !
the amplification factor 

does not work for ✏ < 1.0⇥ 1010
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Rough Explanation of Saturation Amplitude

(RR Force) (Coriolis Force) (Advection)- -

Neglecting advection term
(RR Force)

(Coriolis Force)
(e�t � 1)

• No dependence on initial amplitude!
• Dependence on the amplitude of RR force!
• Wider range survey of the amplitude of RR force may be needed

Assuming that the Euler equation takes the dominant contribution

For simplicity
= �⇢ri�� ⇢(vjeq +�vj)rjv

i
eq + F i

3.5PN

@

@t
[⇢(vieq +�vi)] +rj [(⇢(v

i
eq +�vi)�vj + P �ij ]

γ: growth timescale (RR Force)(⇢�vi) ⇡

d

dt
(⇢�vi) ⇡ (⇢�vi)1 (⇢�vi)2
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5. Summary

• We have succeeded in reproducing the features of r-
mode instability in linear regime!

• We have succeeded in extracting the saturation 
amplitude with help of amplification factor, which 
does not significantly depend on initial amplitude!

• Longer evolution (low amplification factor) with help 
of anelastic approximation is needed!

• Application to rapidly rotating (relativistic) stars

!14

We investigate the r-mode instability of a uniformly rotating 
star by means of three dimensional hydrodynamical 
simulations in Newtonian gravity including radiation reaction
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Cosmological Upper-Bound
 for f(R) Gravity

through Redshift-Space Distortion

JGRG 23 @ Hirosaki University

 Akira OKA (Univ. of Tokyo)

 Atsushi Taruya (YITP, Kyoto Univ.)
 Takashi Hiramatsu (YITP, Kyoto Univ.)
 Kazuya Koyama (Portsmouth Univ.)
 Kazuhiro Yamamoto (Hiroshima Univ.)
 Takahiro Nishimichi (IAP)

✓ Modified Gravity (MG) ?

✓ General Relativity (GR) + Dark Energy ?

Motivation

What is the Origin of ‘ Cosmic Acceleration ’ … ?

Constraining (Hopefully detecting/disproving) MG 
 on the basis of observational data is in demand

1
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GR + function of Ricci Scaler (w/o Dark Energy)
Viable f(R) Gravity

Deviation from GR;
Leads to a Different Story of Structure Formation

Ricci Scaler 
at the present time

(Background)

Hu & Sawicki 2007

 Cosmic acceleration

In I.R. limit
T. Kobayashi’s talk

2

Redshift-Space Distortions (RSD)

RSD is a powerful tool                    
  to probe Gravity on cosmological scales 

Intrinsic position 
(Isotropic) 

Observed position of galaxies 
(Anisotropic)

Line-of-Sight 
(z-direction)

Magnitude of anisotropies (      ) reflect 
Gravitational potential via the Euler equation

Gravitational 
potential 

galaxy

3
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Anisotropies are characterized
        with the coefficient of the Legendre expansion

 Anisotropic Power Spectra; Sensitivity to fR0

 0
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 0  0.05  0.1  0.15
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fR0 = 10-4fR0 = 10-5fR0 = 10-6GR

-50
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 0  0.05  0.1  0.15
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k1.5P2

GR

Larger fR0

BAO scales are 
also modulated

Monopole Quadrupole

4

Observation
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SDSS Luminous Red Galaxy Sample

In this work, 

✓ Sloan Digital Sky Survey (SDSS)
• Photometry & Spectroscopy
• Survey Volume ~ 1 [Gpc3/h3]

✓ Luminous Red Galaxy (LRG)

• Selected by color (red and bright)
• Observed out to z ~ 0.5
• Number density n ~ 0.0001 [Mpc-3/h-3] (0.16 < z < 0.36)

✓ LRGs have been widely used in cosmological context
Eisenstein+ 2005, Wake+ 2006, Percival+ 2007
Reid+ 2010, White+ 2011, AO, S.Saito,TN, AT, KY 2013 ... etc.

Multipole of Anisotropic Power Spectra (P0,P2) of the SDSS LRGs  

Constraints on fR0 

7

5

Anisotropic Power Spectra of SDSS LRGs

We adopt a flat LCDM model with (Ωm,h) = (0.32,0.67)
when we convert the redshift into distance KY+ 2010

6

@ z　=　0.3

Monopole P0

Quadrupole P2
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Theoretical Template

Modeling Anisotropic Power Spectra

1.Compute ‘ Matter ’ Power Spectrum in Real Space

2.Map it onto Redshift Space (RSD)

3.Convert ‘ Matter ’ into ‘ Galaxy ’ (galaxy bias)

Theoretical template for ‘ Galaxy ’ P0, P2

7
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1. Matter Power Spectrum ( SPT 1-loop in f(R) )
2. RSD ( TNS model ) 

Modeling Anisotropic Power Spectra

AT, TN, S.Saito 2010 AT, KK, TH, AO 2013

Anisotropic Matter P0, P2

are compatible with N-body
simulation at a few % level
up to k ~ 0.15 [h/Mpc]
(quasi-nonlinear regime)

model parameter σv

8

Monopole P0

Quadrupole P2

1. Matter Power Spectrum ( SPT 1-loop in f(R) )
2. RSD ( TNS model ) 

Modeling Anisotropic Power Spectra

AT, TN, S.Saito 2010 AT, KK, TH, AO 2013

Our template

fR0 is correctly recovered
within 68 % errors 
associated with 10 times 
larger observations    
than the SDSS

2 params. (fR0,σv) fit

input 
value

9

Simulation box ~ 10 [Gpc3/h3]
SDSS LRG      ~ 1 [Gpc3/h3]

model parameter σv
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1. Matter Power Spectrum ( SPT 1-loop in f(R) )
2. RSD ( TNS model ) 
3. Galaxy bias  (Scale-dependent Linear bias)

Modeling Anisotropic Power Spectra

AT, TN, S.Saito 2010

c.f. AO+ 2013

AT, KK, TH, AO 2013

10

Empirical model
P0, mock

P2, mock

-100
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 0.05  0.1  0.15
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k1.5P0,2

SDSS LRG

TN and AO 2013

1. Matter Power Spectrum ( SPT 1-loop in f(R) )
2. RSD ( TNS model ) 
3. Galaxy bias  (Scale-dependent Linear bias)

Modeling Anisotropic Power Spectra

AT, TN, S.Saito 2010

c.f. AO+ 2013

AT, KK, TH, AO 2013

The growth rate f is correctly recovered
within 68 % errors associated with the SDSS

11

5 params. (f,σv,b0,A1,A2) fit

input 
value
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✓ Matter Power Spectrum ( SPT 1-loop in f(R) )

✓ RSD ( TNS model ) 

✓ Galaxy bias  (Scale-dependent Linear bias)
 
✓ # of data points：15*2 (Monopole, Quadrupole)

✓ 5 parameters：fR0, σv, b0, A1, A2

Setup for MCMC fitting

b(k) = b0 (1 + A2k2) / (1 + A1k)

corresponding to kmax = 0.155 [h/Mpc]

model parameter σv

AT, TN, S.Saito 2010

c.f. AO+ 2013

AT, KK, TH, AO 2013

12

fitting Result

χ2 /d.o.f = 0.56 

13
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fitting Result

χ2 /d.o.f = 0.56 

13
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P0, LRGfR0 < 1.5 * 10-4 

at 68% C.L.
P2, LRG

Cosmological Upper-Bound for fR0

This Work SDSS LRG
P0, P2 

Perturbation 
Theory

(5 params)
< 1.5 * 10-4

Yamamoto+ 
2010

SDSS LRG
P0, P2

fitting + 
Phenomenology

(6 params)
< ~10-4

Schmidt+
2009

X-ray Cluster 
Number Count N-body simulation < 1.3 * 10-4

A. Terukina’s 
Talk

X-ray Cluster 
Density Profile

Hydrostatic 
spherical model < 0.5 * 10-4

Sample Model Constraint 
on fR0

14
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Summary & Prospects

✓ Sample：SDSS LRG (P0,P2) @ z = 0.3
✓ Model：Perturbation Theory

fR0 < 1.5*10-4 

What we did

What we will do 
✓ Simultaneous Constraints on 
                         Cosmic Expansion & fR0 
✓ With More General Gravity Model
✓ With More Refined Galaxy Samples;
    SDSS-III BOSS, Subaru PFS (Upcoming) ... etc  

15
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“Testing the cosmic censorship conjecture with observations”

by Lingyao Kong

[JGRG23(2013)110613]
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“Microlensed image centroid motions by an exotic lens object

 with negative convergence or negative mass”

by Takao Kitamura

[JGRG23(2013)110614]
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Microlensed image centroid motions 
by an exotic lens object 

Takao Kitamura(Hirosaki Univ.)

with Koji Izumi, Koki Nakajima, Chisaki Hagiwara, 
and Hideki Asada

TK et al. 
arXiv:1307.6637 [gr-qc]
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Summary & Future work

Accelerating universe Dark energy
※S. Perlmutter, Brian P. Schmidt, et al.

Norbel prize in physics 2011

Galaxy formation and 
evolution Dark matter

Exotic energy and matter may exist somewhere 
whole our universe. 

Theoretical interest H. Bondi, Rev. Mod. Phys. (1957)
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Exotic energy and exotic matter

These have not been found yet

We consider gravity by the exotic object 
to probe those

References

[TK, K. Nakajima, and H. Asada, Phys. Rev. D 87, 027501 (2013).]

[Y. Toki, TK, H. Asada, and F. Abe, Astrophys. J. 740, 121 (2011).]

[N. Tsukamoto, T. Harada, K. Yajima, Phys. Rev. D 86, 104062 (2012).]

[N. Tsukamoto, and T. Harada, Phys. Rev. D 87, 024024 (2013).]

[F. Abe, Astrophys. J. 725, 787 (2010).]

[K. Nakajima, and H. Asada, Phys. Rev. D 85, 107501 (2012).]

[K. Izumi, C. Hagiwara, K. Nakajima, TK, and H. Asada, to be published in Phys.Rev. D(2013)]

[R. Takahashi, and H. Asada, Astrophys. J. 768, L16 (2013).]

449



Motivation

Gravitational lensing

Amplification

Image centroid

Summary & Future work

I+

I�

�

S

DLSDL

DS

� = ✓± � DLS

DS
↵±

✓+
✓�

↵+

↵�

b+

b�

Configuration 1

Lens equation

L

O

450



Configuration 2

�0
�

✓E L

S
�0 :

� :

✓E :

distance of the closest approach

distance between the lens object 
and the source object

Einstein ring radius

v : the velocity of the source
�E

v
= 1
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Amplification

Image centroid
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Gravitational microlensing

A
tot

= A+ +A�
A± =

���
✓±d✓±
�d�

���

Light curve

Total amplification

We observe time variation 
of amplification

Amplification =
Brightness of images

Brightness of the source
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Convergence
(Surface mass density projected onto the lens plane)

In the Schwarzschild case...

� = 0 (Vacuum solution)

In the Ellis wormhole case...

� =
�a2

2b2
(negative convergence)

Ellis wormhole is one of exotic objects.

“�”

Modified space-time
ds2 = �(1� "1

rn
)dt2 + (1 +

"2
rn

)dr2 + r2(d✓2 + sin2 ✓d�)

static

spherical symmetric

� =
�̄

bn

TK et al. (2013) PRD

N.Tsukamoto, T. Harada. (2013) PRD

TK et al. (2013) PRD

(
���
�1

rn

���&
���
�2

rn

��� � 1, )

asymptotically flat

�̄ = (positive constant) · (n�1 + �2)
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Convergence

�(b) =
�̄(1 � n)

2

1

bn+1

!

"!

""

#

$#$%&'()*(+$,-

-3

-2

-1

 0

 1

 2

 3

 0  0.5  1  1.5  2  2.5  3

!

"!

""

#

#$%&'%()

-3

-2

-1

 0

 1

 2

 3

 0  0.5  1  1.5  2  2.5  3

!!"#$%&'(&)*

!

"!

""

#

#$%&'%()

-3

-2

-1

 0

 1

 2

 3

 0  0.5  1  1.5  2  2.5  3

!!"#$%&'(&)*

!

"!

""

#

#$%&'%()

-3

-2

-1

 0

 1

 2

 3

 0  0.5  1  1.5  2  2.5  3

!!"#$%&'(&)*

FIG. 1: κ, λ+ and λ− for ε > 0. They are denoted by solid (blue in colors), dotted (purple in colors)

and dashed (red in colors) curves, respectively. The horizontal axis denotes the image position θ in

the units of the Einstein radius. Top left: n = 0.5 Top right: n = 1. Bottom left: n = 2. Bottom

right: n = 3.

TABLE I: The sign of the convergence κ. It is the same as that of ε(1− n) according to Eq. (3).

κ > 0 ε > 0 & n < 1

ε < 0 & n > 1

κ = 0 n = 1

κ < 0 ε > 0 & n > 1

ε < 0 & n < 1

12

The modified space-time 
includes many models

in the weak field.

��	���
	��
���������

� = � � 1

�n

� = � +
1

(��)n

(� > 0)

(� < 0)

Einstein ring radius： |�E | =
�
�̄

DLS

Dn
LDS

�n+1
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Image centroid
Observables of astrometry

Center of gravity

Image centroid

X

G

=
x1m1 + x2m2

M

tot

�PC =
�+A+ + ��A�

Atot

Astrometry satellite “Gaia” & “JASMINE”

Centroid shift
●Remainder between the motion of the image centroid 

and the source motion(on the same time). 

�✓pc = ✓pc � �

One of observables of astronomy

・Source

・Image centroid
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Schwarzschild

Ellipse shaped

 0

 0.01

 0.02

 0.03

 0.04

 0.05

 0.06

 0.07

 0.08

 0.09

 0.1

-0.4 -0.3 -0.2 -0.1  0  0.1  0.2  0.3  0.4

di
sc

re
te

 d
at

a

Ellis wormhole

Oval curve

 0

 0.01

 0.02

 0.03

 0.04

 0.05

 0.06

 0.07

-0.2 -0.15 -0.1 -0.05  0  0.05  0.1  0.15  0.2
di

sc
re

te
 d

at
a

Y. Toki et al. (2011) ApJ

(" > 0, n = 3,�0 = 0.1)

bow tie shaped !?
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(" > 0, n = 10,�0 = 0.1)

Same topology

Motivation

Gravitational lensing

Amplification

Image centroid

Summary & Future work
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○ Possibility to demagnify in the case of general n

○ The light curve in the modified space-times

○ The centroid motion and the centroid shift 
    in the modified space-times.

expect future observation 

Summary

○Non spherical symmetric space-time

○Other gravitational lensing effect

Future works
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P04 K. Izumi “Weak lensing by exotic object”

P05 K. Nakajima “Shapiro delay by exotic object”

P07 C. Hagiwara “Micro lensing by negative mass object”

[110803] R. Takahashi "Observational Upper Bound on the Cosmic Abundances of 
Negative-mass Compact Objects and Ellis Wormholes from 
the SDSS Quasar Lens Search"

Thank you
for your 
attention
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Gravitational lensing effect

Lens
object

Source

Image

Image

Observer

 What is Gravitational lensing effect ??
● Separate the source
● Magnify the brightness of the source as with convex lens.

Gµ⌫ = Tµ⌫

Gravity term Mass or energy term

Einstein’s equation
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●Gravitational lensing
observation

◯ We can observe by 

the optical observations

We consider gravitational lensing effect by 
the exotic lens objects for searching those.

Celestial event by a 
Gravity 

Metric of Spacetime

ds2 = �(1� 2GM

r
)dt2 + (1� 2GM

r
)�1dr2 + r2(d✓2 + sin2 ✓d�2)

Sch & EWH

(R2 = r2 + a2)

Sch

EWH
ds2 = �dt2 + (1 � a2

R2
)�1dR2 + R2(d�2 + sin2 �d�2)
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�̂ = ✓̂ � 1

✓̂

( ˆ =
1

✓E
)

�̂ = ✓̂+ � 1

✓̂2+

�̂ = ✓̂� +
1

(�✓̂�)2

Deflection angle & Lens equation
Sch EWH

�sc =
4GM

c2b
�wm =

�a2

4c4b2

(✓̂ < 0)

(✓̂ > 0)
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Infinite direction

Closest approach

Infinite direction

Closest approach

�0 Infinite direction

TABLE II: Einstein radii and model parameters for Bulge and LMC lensings. θE is the angular

Einstein radius, RE is the Einstein radius, and ε̄ and n are the two model parameters. DS = 8kpc

and DL = 4kpc are assumed for Bulge. DS = 50kpc and DL = 25kpc are assumed for LMC.

Bulge LMC

θE (mas) RE (km) ε̄
Rn

E

RE (km) ε̄
Rn

E

10−3 6.0× 105 1.0× 10−11 3.7 × 106 1.0× 10−11

10−2 6.0× 106 1.0× 10−10 3.7 × 107 1.0× 10−10

10−1 6.0× 107 1.0× 10−9 3.7 × 108 1.0 × 10−9

1 6.0× 108 1.0× 10−8 3.7 × 109 1.0 × 10−8

10 6.0× 109 1.0× 10−7 3.7× 1010 1.0 × 10−7

102 6.0× 1010 1.0× 10−6 3.7× 1011 1.0 × 10−6

103 6.0× 1011 1.0× 10−5 3.7× 1012 1.0 × 10−5

TABLE III: Einstein radius crossing times for Bulge and LMC lensings. tE is the Einstein radius

crossing time. DS = 8kpc and DL = 4kpc are assumed for Bulge. DS = 50kpc and DL = 25kpc

are assumed for LMC. vT = 220km/s is assumed for Bulge and LMC. In this table, the Einstein

radius is calculated by RE = vT × tE from the definition of the Einstein radius crossing time. Here,

the input is tE ∼ 10−3 − 103(day), namely 1(min.) − 3(yr.).

tE (day) RE (km) ε̄
Rn

E

[Bulge] ε̄
Rn

E

[LMC]

10−3 1.9× 104 3.1× 10−13 5.0× 10−14

10−2 1.9× 105 3.1× 10−12 5.0× 10−13

10−1 1.9× 106 3.1× 10−11 5.0× 10−12

1 1.9× 107 3.1× 10−10 5.0× 10−11

10 1.9× 108 3.1 × 10−9 5.0× 10−10

102 1.9× 109 3.1 × 10−8 5.0 × 10−9

103 1.9× 1010 3.1 × 10−7 5.0 × 10−8

21
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TABLE II: Einstein radii and model parameters for Bulge and LMC lensings. θE is the angular

Einstein radius, RE is the Einstein radius, and ε̄ and n are the two model parameters. DS = 8kpc

and DL = 4kpc are assumed for Bulge. DS = 50kpc and DL = 25kpc are assumed for LMC.

Bulge LMC

θE (mas) RE (km) ε̄
Rn

E

RE (km) ε̄
Rn

E
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10−2 6.0× 106 1.0× 10−10 3.7 × 107 1.0× 10−10

10−1 6.0× 107 1.0× 10−9 3.7 × 108 1.0 × 10−9

1 6.0× 108 1.0× 10−8 3.7 × 109 1.0 × 10−8

10 6.0× 109 1.0× 10−7 3.7× 1010 1.0 × 10−7

102 6.0× 1010 1.0× 10−6 3.7× 1011 1.0 × 10−6

103 6.0× 1011 1.0× 10−5 3.7× 1012 1.0 × 10−5

TABLE III: Einstein radius crossing times for Bulge and LMC lensings. tE is the Einstein radius

crossing time. DS = 8kpc and DL = 4kpc are assumed for Bulge. DS = 50kpc and DL = 25kpc

are assumed for LMC. vT = 220km/s is assumed for Bulge and LMC. In this table, the Einstein

radius is calculated by RE = vT × tE from the definition of the Einstein radius crossing time. Here,

the input is tE ∼ 10−3 − 103(day), namely 1(min.) − 3(yr.).

tE (day) RE (km) ε̄
Rn

E

[Bulge] ε̄
Rn

E

[LMC]

10−3 1.9× 104 3.1× 10−13 5.0× 10−14

10−2 1.9× 105 3.1× 10−12 5.0× 10−13

10−1 1.9× 106 3.1× 10−11 5.0× 10−12

1 1.9× 107 3.1× 10−10 5.0× 10−11

10 1.9× 108 3.1 × 10−9 5.0× 10−10

102 1.9× 109 3.1 × 10−8 5.0 × 10−9

103 1.9× 1010 3.1 × 10−7 5.0 × 10−8

21
Bulge

DL = 4kpc

DS = 8kpc

LMC

DS = 50kpc

DL = 25kpc
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