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Oral Presentations: Second Day

Wednesday 6 November
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10:00 Kei Yamada (Hirosaki University)
“Quantum interferometry in Chern-Simons gravity”
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“Hydrostatic equilibrium of gas distribution in Coma cluster and a test of chameleon
gravity model”
[JGRG23(2013)110603]
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11:00 Yi-Peng Wu (RESCEU/National Tsing Hua University)
“The temporally enhanced curvature perturbation from the shift-symmetry breaking
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[JGRG23(2013)110604]

11:20 Masa-aki Watanabe (Kyoto University)
“An Inflationary Universe in Weyl Gauge Theory of Gravitation”
[JGRG23(2013)110605]
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“Gravitational particle production and modulated reheating after inflation”
[JGRG23(2013)110606]
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[JGRG23(2013)110608]

12:40-14:20 Photo & Lunch (main hall closed 12:40-13:50)
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[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]
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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]



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,

49 *Maryland Un.,

*Helmholtz Cent.-GFZ, Potsdam
*Un. Texas Austin
*Alikhanian Nat. Lab., Yerev
*Oxford Un.

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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Current orbital analyses of
the LARES observations

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

® Using the first few months of laser
ranging data (since 17t 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 x 1013 m/s2: LARES
is a nearly ideal test-particle for

vitational field-geodesic

E P I With highlight in EPJ

and other international
journals

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

Societa
lohas &) Springer

/4" di Fisica
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LARES
(LAser RElativity Satellite)

LARES was_s_uccessfull¥l launched and very
accurately injected in the nominal orbit on

the 13t of February 2012 with the new
launching vehicle of ESA/ASI built by
AVIO/ASI/ELV.
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LARES: the first three achievements

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).

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.

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

Semimajor Axis 7825 km 7820 km
Inclination 69.5° 69.5 °
Eccentricity 0 0.0007
Satellite Site Name Station Start Date End Date No. Passes No. Points
LARES Altay 1879 2012-04-25 15:18:40 2013-10-20 19:46:02 106 1,287 L A R E S
LARES Arequipa 7403 2012-04-02 15:18:08 2013-10-30 18:11:31 408 3614
LARES Arkhyz 1886 2012-09-13 23:03:51 2013-10-31 15:36:06 139 812
LARES Badary 1890  2012-04-02 16:23:28 2013-10-21 18:44:48 140 1458
LARES Baikonur 1887 2012-05-04 19:31:38 2013-10-14 16:04:51 198 2,031 r e u r n
LARES Beijing 7249 2012-04-02 16:17:50 2013-10-29 17:58:38 129 1273
LARES Changchun 7237 2012-02-24 19:41:48 2013-11-01 08:45:50 1041 6,821 u
LARES Concepcion 7405 2012-03-01 05:13:31 2013-10-26 08:09:51 233 1,177 S I n a I S
LARES Grasse 7845 2012-02-21 13:34:21 2013-10-28 22:45:51 162 2,757
LARES Graz 7839 2012-02-17 13:53:12 2013-10-29 00:40:24 831 15,040
LARES Greenbelt 7105 2012-02-17 21:41:37 2013-09-18 13:08:23 653 9354
LARES Haleakala 7119 2012-02-24 01:05:06 2013-11-01 23:48:31 376 5,115
LARES Hartebeesthoek 7501 2012-03-12 22:29:18 2013-11-02 23:44:29 421 5231
LARES Herstmonceux 7840 2012-02-25 15:13:58 2013-11-03 01:17:02 584 7173 (November 2013)
LARES Katzively 1893 2012-02-19 03:55:07 2013-10-21 16:29:27 286 2,646
LARES Kiev 1824 2012-03-23 21:01:25 2013-10-31 23:31:59 198 1,551
LARES Koganei 7308 2012-02-20 05:09:27 2013-09-27 10:46:44 43 464
LARES Komsomolsk-Na-Amure 1868 ~ 2012-05-09 16:15:51 2013-10-24 09:29:42 36 252
LARES Matera 7941  2012-02-18 04:49:34 2013-10-31 15:33:25 806 8,620
LARES McDonald 7080  2012-02-29 10:38:17 2013-11-02 20:58:55 154 1,181
LARES Monument Peak 7110 2012-02-18 01:36:49 2013-11-01 23:58:16 419 6,069
LARES Mount Stromlo 7825  2012-02-17 18:46:03 2013-10-27 03:51:50 736 6972
LARES Potsdam 7841  2012-02-20 06:40:10 2013-10-31 21:30:18 584 8,513
LARES San Fernando 7824 2012-04-22 20:14:12 2013-10-08 05:35:38 134 786
LARES San Juan 7406 2012-04-03 01:20:25 2013-10-29 08:53:24 343 4045
LARES Shanghai 7821 2012-03-13 17:58:21 2013-10-27 18:17:53 188 1231
LARES Simeiz 1873 2012-03-08 00:22:18 2013-10-21 16:24:25 250 2474
LARES Simosato 7838 2012-02-20 07:06:50 2013-11-01 14:55:29 179 2,687
LARES Svetloe 1888 2012-04-01 02:16:19 2013-10-14 20:00:43 61 507
LARES Tahiti 7124 2012-03-07 10:35:53 2013-10-31 12:23:48 92 1306
LARES Tanegashima 7358 2012-03-21 15:22:40 2012-04-17 12:02:29 6 st
LARES Wettzell 8834  2012-02-21 05:33:20 2013-10-19 20:36:55 892 8,010
LARES Yarragadee 7090  2012-02-17 10:34:54 2013-11-03 06:14:00 1,747 25,060

LARES Zelenchukskaya 1889 2012-04-05 20:52:44 2013-10-26 15:04:15 29 322
Zimmerwald 7810  2012-02-20 16:42:49 2013-11-02 17:21:56 983 14,008
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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 fiel
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
rovide a confirmation of Einstein General
elativity, the measurement of frame-
dragging, with accuracy of about 19,.

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

Spacetime curvature is
generated by mass-energy
currents: € u¢

GeB = X TeB =
= X [(e +p) u®uf +p g*?#]

It plays a key role in high thirring 1018

i Braginsky, Caves and Thorne 1977
energy astrophysics (Kerr e

metric) I.C. 1994-2001
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THE WEAK-FIELD AND SLOW MOTION
ANALOGY WITH ELECTRODYNAMICS

Gravitomagnetic Field in General Relativity

From weak field and slow motion limit of G= ¢ T: Electromagnetism

A ho;- = 167 P ’Ui Lorentz gauge AA = —4x j

c

where h = (ho1, ho2 ,hos) is the gravitomagnetic potential

hoi(x) & — 4 f LGN ) 3

P — x|

A(x) = L f A8 gy

=]

h(x) & -2 5% A(x) = o

The gravitomagnetic field is:

H=Vxh’=‘2["_3[;"|;,""] B=VxAz=
A 3% (km)—m
From weak field and slow motion limit of D u=0: - |x|

2 2
mEF =2m(G+ & x H ’mfﬂ—;‘=q(E+%xB)

‘}gs
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local
inertial frames

-

_ 1y _ =J+3(J-%)%
= 2H =

|x‘3
Dragging of inertial frames:
Mach principle in general relativity

GRAVITATION AND INERTIA
I.C. and J.A. Wheleer -1995

QDeSIeT = 6 6 aresecsyT

Telescope Gyroscope
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LAGEOS
Perigee of LAGEOS I

LAGEOS I

Equatorial — T e—
plane T “~
Fixed gtl —
direction QII —
LAGEOS II Node of
LAGEOS
2GJ

By integrating the Lorentz force Q Lense—Thirring =

equation, we get: c2a3(1 — e2)3/2

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, thatis B =y (vx E) ?




THE GRAVITOMAGNETIC FIELD

Geodetic precession 3

NO frame-dragging (de Sitter effecty ~— =V XTI —
r

@>‘ Geodetic precession:
v#0 accurately measured
by LLR and GP-B

(A (B)

>
O

Lense-Thirring effect
(frame dragging by spin)

@ 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 g,
non-diagonal components of the
metric, nor by simply looking
at the magnetic-like components
of the Riemann tensor Ry

THE GRAVITOMAGNETIC FIELD
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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:
Y2 €4pop R, ROV = 1536 J M cos O (ror® - r3r + 3/16 r r)

In weak-field and slow-motion:

*R-R=288(J M)/r" cos 0 +---

J = aM = angular momentum

*R - R similar to *F - F in electrodynamics. Similarly *R - R is different from zero in the case

assive bodies moving with respect to each other (calculated using the P

THE GRAVITOMAGNETIC FIELD

Fog

(A)

’ i Test particles

5\ srelative acceleranom
10_|k 0
usmg geodesic —> Case (A)
devmuon equ.mon *ReR= 0

Riojk # 0

R* B v, Riemann curvature tensor c——> *R R= 0 => Cuse (B)

¢> Case (C)
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ACTION of CHERN-SIMONS GRAVITY

— [atev=|-Lrt Lori— Loe?
S—/dm\/ g[ 2&2R+ fRR 2(60)

12
~V(0) + Lmat] ,

RR = RBQWSRQIB,Y& is the Pontryagin pseudoscalar, 6is a scalar
field, g the determinant of the metric, R the
Ricci scalar, / is a new length parameter, £,
the matter Lagrangian density and k2 = 8 n G.

In Smith, Erickcek, Caldwell and Kamionkowski,

Phys. Rev D 2008 is shown that the 4-D string action

r a type of string theory may reduce to this action.
 also: Yagi K., Yunes N. and Tanaka T.,

The modified gravitational field equation is:

G® +1C* =8nT*,

where C?b is the Cotton-York tensor. Then, in the weak field
approximation, we get a modified Ampere-Maxwell equation:
. o 9E 1
VxB———
ot Meg

OB = 4nGJ,

where:

1- 1-
AN = _Zhlv“/tu = —Zhuo.

Ei = 82A0 —6014,,;,
Bi — EOijkajAk,

Where H of the previous formula is here: H=-4B
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The gravitomagnetic potential A for a sphere rotating with angular
velocity w, including the Chern-Simons contribution, is:

- - 4mGpR3 [ 2R3 R3
Ary = Agr — J
AY GR mesR | 1573 Wt 5r3

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

7 X (7 X &)

d=—E — 47 x B,

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

2

9} a’
SR 15ﬁ32(mcsR)y1 (mcsa),

Qgr

Where j, and y, are spherical Bessel functions and m is the Chern-
Simons mass:

Mes = -3 1 k? &

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-dragﬁintg, 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. Yafi, N. Yunes and T. Tanaka, Phys. Rev. D., 86
(2012) 044037.
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FIG. 1: The ratio ch/QGR for the LAGEOQOS satellites orbit-
ing with a semimajor axis of a &~ 12,000 km. A 10% verifi-
cation of general relativity [16] (the shaded region) leads to a
lower limit on the Chern-Simons mass of |mcs| 2 0.001 km™*.
A 1% verification of the Lense-Thirring drag will improve this
bound on mes by a factor of roughly five.

() DeSiner _ H

6.6 arcsec/yT

Telescope Gyroscope

mg = 2 x 10722 GeV
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RROR: A WORK IN PROGRESS

G.M. Keiser, and J. Turneaure

Quantifying the Error Gyro Torques (1)

Current Limits on
Misalignment torque: Torque proportional to angle subtended by SV EXpe ri me nt E rror

roll axis and gyro spin axis
Cause: Interaction of patch fields on rotor and casing

nsitivity Analysis
itentionally degrade data for one parameter
erform full mission analysis with degraded data

ompare degraded relativity result to original Measured drift rate vs Error Source current Error Mitiga

;feren(e provides experiment error for parameter Induced drift rate ~0.1 to 1.0 arcsec/yr s (marcsec/yr)

Require > 99 % removal for 107 arcsec/yr H
10 t0 gyro consistency H

Current error Impro'

nsgncy increases confidence in result isali - direction i N . h
om| inqy nsistent results decreases error M:;i!lg?.me.nthtorqu&.glredct:oysknOWE . including 100 made
Cross check: Calibration signal amplitude]  MItIgation: phase sensitive detection = : 2 resonance
measure relativity in orth L e —1 observation
ShraiereMe H

Tl et

Error in resulting mitigated drift: Dat
1 N o 0 o e O Uncertainty in torque direction: gives 4 marcsec/yr EMI effects gradin
Changing amplitudes of misalignment, torque coefficient 5 nois

0 >
| : el 1T Radial component of Measured Drift remo'
Wy i since ], 2004) % 3
liategfith the modeling of . fod * b Misalignment Impro'
Onaf hht effed. i £ X patch-effect 4 misali
. S 04 " ¥ torque mer
B ¥ mod
-100 0 100
/\ Misalignment Angle (degrees) Polhode Trapr
A frequency error 25 fluy

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 9% 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 3009%, to 199, by some
modelling of the systematic errors and then
published a measurement of frame-dragging
claiming an error of about 19 9%,.
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QDeSier = 6 6 arvsecyyT

Telescope Gyroscope

Q T]funmgn-g =0.042 arcsec/yr

I.C.-Phys.Rev.Lett., 1986
Use the NODES of two
LAGEOQOS satellites; the orbital plane of these
satellites is a huge gyroscope affected by

frame-dragging. This is called the Lense-Thirring _
et . I

25 years ago in the office of John Archibald
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=8 ool EVEN ZONAL HARMONICS

| AR

We need to
eliminate the
errors due to the
lowest degree even

onal harmonics.

VOLUME 56, NUMBER 4

PHYSICAL REVIEW LETTERS

27 JANUARY 1986

Measurement of the Lense-Thirring Drag on High-Altitude,
Laser-Ranged Artificial Satellites

Ignazio Ciufolini
Center for Theoretical Physics, Center for Relativity, and Physics Department, University of Texas, Austin, Texas 78712
(Received 16 October 1984; revised manuscript received 19 April 1985)

We describe a new method of measuring the Lense-Thirring relativistic nodal drag using

LAGEOS together with another similar high-alf

ellite with

chosen orbital parameters. We propose, for this purpose, that a future satellite such as LAGEOS 11
have an inclination supplementary to that of LAGEOS. The experiment proposed here would pro-

vide a method for experimental verification of the general relativistic formulation of Mach’s princ
ple and measurement of the gravitomagnetic field.

PACS numbers: 04.80.+2

In special and general relativity there are several
precession phenomena associated with the angular
momentum vector of a body. If a test particle is orbit-
ing a rotating central body, the plane of the orbit of
the particle is dragged by the intrinsic angular momen-
tum J of the central body, in agreement with the gen-
eral relativistic formulation of Mach’s principle.

In the weak-field and slow-motion limit the nodal
lines are dragged in the sense of rotation, at a rate
given by?

Q=12/a*(1- )"y, m

where a is the semimajor axis of the orbit, e is the ec-
centricity of the orbit, and geometrized units are used,
ie., G=c=1. This phenomenon is the Lense-
Thirring effect, from the names of its discoverers in
19182

In addition to this there are other precession
phenomena associated with the intrinsic angular
momentum or spin S of an orbiting particle. In the
weak-field and  slow-motion limit _the vector S
precesses at a rate given by' dS/dr = Q xS where

Fvxa+ IvxV U+

7H3(J-m‘v
7

)

where v is the particle velocity, a= dv/dr —V Uls its

nongravitational acceleration, r is its position vector, ©
is its proper time, and U is the Newtonian potential.

The first term of this equation is the Thomas preces-

sion.” It is a special relativistic effect due to the non-
ivity of Lorentz i

It may also be viewed as a coupling between the parti-

Doty ™= =

cle velocity v and the nongravitational forces acting on
it

The second (de Sitter*~Fokker®) term is general re-
lativistic, arising even for a nonrotating source, from
the parallel transport of a direction defined by S; it
may be viewed as spin precession due to the coupling
between the particle velocity v and the static
—8ap,0=0 and go=0—part of the space-time
geometry.

The third (Schiff®) term gives the general relativistic
precession of the particle spin S caused by the intrinsic
angular momentum J of the central body—g;y=0.

We also mention the precession of the periapsis of
an orbiting test particle due to the angular momentum
of the central body. This tiny shift of the perihelion of
Mercury due to the rotation of the Sun was calculated
by de Sitter in 1916.7

All these effects are quite small for an artificial sa-
tellite orbiting the Earth.

We propose here to measure the Lense-Thirring
dragging by measuring the nodal precession of laser-
ranged Earth satellites. We shall show that two satel-
lites would be required; we propose that LAGEOS*1
together with a second satellite LAGEOS X with oppo-
site inclination (i.e., with /¥=180°~/, where I
=109.94° is the orbital inclination of LAGEOS)
would provide the needed accuracy.

The major part of the nodal precession of an Earth
satellite is a classical effect due to deviations from
spherical symmetry of the Earth’s gravity field
—quadrupole and higher mass moments.!! These de-
viations from sphericity are measured by the expan-
sion of the potential U(r) in spherical harmonics.
From this expansion of U (r) follows'' the formula for
the classical precession of the nodal lines of an Earth
satellite:

102
+ 3

2
R 1
2| (Tsint—4) —2—f+ 1 3)
a a

—e?)?

IC, PRL 1986:
Use of the
nodes of two
laser-ranged
satellites to
measure the
Lense-Thirring
effect
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The existence of the gravitomagnetic field, generated by mass currents according to Einstein
geometrodynamics, has never been proved. The author of this paper, after a discussion of the
importance of the gravitomagnetic field in physics, describes the experiment that he proposed in ( 1 ) l S e tW O L AGEO S
1984 to measure this field using LAGEOS (Laser geodynamics satellite) together with another
non-polar, laser-ranged satellite with the same orbital parameters as LAGEOS but a supple-

mill";:rayuix:ﬂirn«;lei::}uuiu the main ions and inties that may affect S ate 1 lite S With

the measurement of the Lense-Thirring drag. He concludes that, over the period of the node of
~ 3 years, the maximum error, using two nonpolar laser ranged satellites with supplementary

inclinations, should not be larger than ~ 10% of the gravitomagnetic effect to be measured. Supp l em ent ary
inclinations
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Use n satellites of
LAGEOS-type

to measure the first
n-1 even zonal
harmonics: J,, J,, ...

and the frame-dragging Fig. 5. The LAGFOS and LAGEOS X orbils‘zl?d their classical and gravitomagnetic nodal precessions. A
effect (IC IJMPA 1989)

—

For J, this corresponds, from formula (3.2), to an uncertainty in the nodal precession
of 450 milliarcsec/year, and similarly for higher J,, coefficients. Therefore, the uncer-
tainty in Qf',’,‘:n, is more than ten times larger than the Lense-Thirring precession.
o~ A solution would be to orbit several high-altitude, laser-ranged satellites, similar to
LAGEOS, to measure J,, J,, Jg, etc., and one satellite to measure QLense Thirring,

Another solution would be to orbit polar satellites; in fact, from formula (3.2), for
polar satellites, since I = 90°, Q" is equal to zero. As mentioned before, Yilmaz
proposed the use of polar satellites in 1959.4%4! In 1976, Van Patten and Everitt*-4’
proposed an experiment with two drag-free, guided, counter-rotating, polar satellites
to avoid inclination measurement errors.

A new solution?*:16:17:21:22.23 ywoyld be to orbit a second satellite, of LAGEOS
type, with the same semimajor axis, the same eccentricity, but the inclination supple-
mentary to that of LAGEOS (see Fig. 5). Therefore, “LAGEOS X” should have the
following orbital parameters:

Per=Fa70. a*=al, fixiel, (33)

With this choice, since the classical precession €*** is linearly proportional to cos I,
Q= would be equal and opposite for the two satellites:

Qgen = —Qftes, (3.4)
By contrast, since the Lense-Thirring precession QL<*¢Thiint js independent of the

inclination (Eq. (3.1)), QUers="Thirrin will be the same in magnitude and sign for both
satellites:
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IL NUOVO CIMENTO VoL. 109 A, N. 12 Dicembre 1996

IC NCA 1996:
On a new method to measure the gravitomagnetic field use the nOde Of
using two orbiting satellites
LAGEOQOS and the

e node of LAGEOS II
e to measure the
| "\[m‘.“l‘\‘.,\‘,'{,‘J,\. \ | LenS e-ThiITing

approach one achi witomagnetic field with aceuracy of
about t in general relativity

PACS 1190 - Other topics in general field and particle theory | effect

PACS 04.80.Cc - Experimental test of gravitational theories

Summar
the Lense

hirring effect, or dragging of ine
detection of the gravitomagnetic field. This method is bas
the orbits of the las n

, or less, of the Lense-Thirring eff

1. - The gravitomagnetic field, its invariant characterization and past attempts

However, in 1996

Einstein’s theory of general relativity [1, 2] predicts the occurrence of a «new» field
generated by mass-energy currents, not present in classical Galilei-Newton mechanics.

This field is called the gravitomagnetic field for its analogies with'the magnetic field in th t d
lctrodynamics € twO nodes were

In general relativity, for a stationary mass-energy current distribution o,,v, in the
weak-field and slow-motion limit, one can write [2] the Einstein equation in the

ng effect is

Lorentz gauge: Ah = 16:10,,0, where h = (hoy, o, hg) are the (07)-components of the not enou h to
metric tensor; h is called the gravitomagnetic potential. For a localized, stationary g
mass-energy distribution, in the weak-field and slow-motion limit, we can then write:

h= —2((J xx)/r), where J is the angular momentum of the central body. In general easure the

consists of a tiny perturbation of the orbital elements of a test particle due to the

angular momentum of the central body. To characterize the gravitomagnetic field gy
Kemerac by e angun momentun. of 3 body. an th Lenee Thirin el amd LGHSC-ThlI’I‘ng

relativity, one can also define [2] a gravitomagnetic field H given by H=V x h
distinguish it from other relativistic phenomena, such as the de Sitter effect, due to the

The Lense-Thir consequence of the gravitomagnetic field and
effect

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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GRACE-S (GFZ 2004)

EIGEN-
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EVEN ZONAL HARMONICS

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.

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

ith respect to the Earth’s
ial plane.

EIGEN-GRACEO2S Model and

Uncertainties
Even Value Uncertainty | Uncertainty | Uncertainty | Uncertainty
zonals on node I on on perigee 11
Im -10¢ node II
20 -484.16519788 | 0-53 * 10710 159 Q, 286Q, 1 117w 1
40 0.53999294 0.39 ¢ 10711 0.058 Q| 1 0.02Q, ¢ 0.082w | 1
60 -.14993038 0.20« 1011 0.0076 Q  t | 0.012Q | ¢ 0.0041 o | 7
80 0.04948789 0.15< 101 0.00045 2, ¢ | 0.0021 Q, 0.0051
0.21 1011 0.00042 €2
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LAGEOS
Perigee of LAGEOS I

LAGEOS II

Equatorial — —_

*—u_,\_\_\
~
Fixed o
direction —
LAGEOS II Node of
LAGEOS

[.C., NCA, 1996
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Figure 2

A confirmation of the general relativistic
prediction of the Lense-Thirring effect

om }\/aturﬂ 431, 958-960, doi:10.1038/nature03007 (21 October 2004)

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

Ohserved 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

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

The result was
published in
Nature Letters in
2004
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inthe frame
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How Earth's rotation
reshapes space and time
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2006-2007 ANALY SIS OF THE
LAGEOS ORBITS USING THE
GFZ ORBITAL ESTIMATOR EPOS

*by adding the geodetic OLD 2004 ANALYSIS OF THE
precession of the orbital LAGEOS ORBITS USING THE

plane of an Earth satellite NASA ORBITAL ESTIMATOR
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Each point corresponds to a different GRACE Earth gravity model
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GRACE Earth gravity model

In 2008 Ries et al. presented independent results for the
surement of frame.draggging by spin using LAGEOS,
' d the GRACE Earth’s gravity models
= d :

Recent Analysis with Geodetic
Satellites Summary

* LT measurements:
Totally ndependent Analysis by GFZ-Potsdam

Model LT (mas/a) Error (%)
EIGEN-6C 449 +0.2 6.9
EIGEN-6C w/o TVG 46.5+0.2 3.3
EIGEN-6Sp.34 445+0.2 7.6
EIGEN-51C 42.1+0.2 12.7
EIGEN-GRACEOQ3S 51.4+0.2 6.6
GFZ
e Second International LARES Science Workshop, # weLmnowrz

Porsoa " Rome, Italy, 17-19 September 2012 | ASSOCIATION



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

LAGEOS orbital plane LAGEOS

Size of largest
error source due to dJy

Lense-Thirring drag

Earth spherical harmonic Jgq
(degree 4 and order 0)

Using LARES +LAGEOS, EVEN ZONAL HARMONICS

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.

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

| —
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Equation describing the classical rate of change of the
node of a satellite as a function of its orbital parameters,
a,l, e, and Earth’s parameters: mass, radius and even
zonal harmonics J2, J4, ...

(1+e2)2

: 3 I Rg\ 2 Re\t |5 . (143 )
OQclass = =3 m (f:z)z {]2 f) + 14 (f) lg (7 sin?1 - 4) #”

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 LAGEQOS, LAGEOS 2 and LARES for a

1 % measurement of the Lense-Thirring effect, apart from the even
zonal harmonics 12, 14, ...,



GRAVITATIONAL ERRORS

Using the Earth gravitational model EIGEN-GRACEQ2S (February 2004),
based on 111 days of GRACE observations, i.e., propagating the
uncertainties of EIGEN-GRACEOQ2S 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.

04r

03r

021

0.1f

Lense-Thining percent error

0.0
0

EIGEN-GRACE02S
TOTAL ERROR 1.4 %

20 30 40 50 60

even zonal harmonic degree

70

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-GRACEO02S 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-GRACEO02S (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 enly evaluate the less accurate model!

Lense-Thuing percent error

0.0
0

08

06

04

02

10

20 30 40 50

even zonal harmonic degree

60

70

In Blue: percent errors
in the measurement of
the Lense-Thirring effect
for EIGEN-GRACEO02S
for each even zonal

In Red: percent errors

in the measurement of

the Lense-Thirring effect
using the difference
between EIGEN-GRACE02S
and GGMO02S for each
even zonal
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12
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08f

06
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02

Lense-Thiring percent error

GRAVITATIONAL ERRORS

0.0 L
0 10

20 30 40 50 60

even zonal harmonic degree

In Green: percent errors
in the measurement of
the Lense-Thirring effect
for GGMO02S for each even
Zonal harmonic

In Red: percent errors

in the measurement of

the Lense-Thirring effect
Using the difference
between EIGEN-GRACEQ02S
and GGMO02S for each
even zonal harmonic

Parameter Nominal value 1-Sigma

GM 0.3986004415E+15 8E+05

C20 -.484165112E-03 2.5E-10

C40 0.539968941E-06 0.12280000E-11
C60 -.149966457E-06 0.73030000E-12
C80 0.494741644E-07 0.53590000E-12
C100 0.533339873E-07 0.43780000E-12
C20-dot 0.116275500E-10 0.01790000E-11
C40-dot 0.470000000E-11 0.33000000E-11
Cr LAGEOS 1 1.13 0.00565

Cr LAGEOS 2 1.12 0.0056

Cr LARES Crp 0.0054

Main parameters of the Monte Carlo simulations
(100 simulations) GFzZ
I. C. et al., Class. and Quantum Grav., 2013
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L1 + L2 +LARES Combination fits

150 |- i

100 -

Milliarcs

100 secular trend fits (straight
50 , lines) of the residuals of the 100
I : Monte Carlo simulations for
LARES, LAGEOS and LAGEOS 2.
In red is the theoretical prediction
of General Relativity.

L L L 1 L L L 1 L L L | L L L | L L L 1 L L L
0 200 400 600 800 1000 1200
Time [d]

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 x
1013 m/s?, 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 x 1013 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 x

10 m/s?. The best drag-free satellite is at a level of the
order of 500 x 10-13 m/s2.

AN NNV NP> Z’]"hermal"

acceleration
A

Cooler

Radiation

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.

LARES LAGEOS  LARES /LAGEOS Starlette
T I 30 | ™ T T

25 7

Distance [m] Distance [m]
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.



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 ratigi
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 versu
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.
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“Quantum interferometry in Chern-Simons gravity”
by Kei Yamada

[JGRG23(2013)110602]
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Contents

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

* Method for Neutron interferometry
* Phase shift by Chern-Simons gravity

* Summary

Introduction

Higgs boson was detected by ATLAS & CMS.

TG

Particle accelerator energy 1s nearly saturated.

‘Non—accelerator Experiments \



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

Path Cy
<X

Area of

interferometer

FIG. 1. Schematic diagram of the neutron interferom-
eter and *He detectors used in this experiment.
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Hirosaki Papers!
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Chern-Simons Gravity

e (Correction to the Einstein-Hilbert action

1 e .
— d T fR*R J: Time-dependent

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

o =

CS GR
G =

I e g
(CS)NQZi[ vAan)——‘g%——Mnil
A

2r% 2 rj

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

What happens to phase shift by CS gravity

Sun-Farth System

A=2 (Solar system)
vg and Jg are zero

JE

\ Interferometer

VE
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Goal of Study

* Quantum interference effects by CS gravity.
* Daily & Seasonal variations
e Latitude effect

* Place a constraint on CS gravity

Contents

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

* Method for Neutron interferometry
* Phase shift by Chern-Simons gravity

* Summary
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Hamiltonian of Particle

* Weak-field approx.
O == Wiy iy h/u/

* Slow-motion approx.

I! pte il (:1:")2
2 3
= <1—|—§h00—|—h0i? 7 ) + O(c™?)

e Hamiltonian

1 N2
H =mc® + e (ﬁ+ mcho) - QmCQhOO

Bl D

Wave Function

i Sl
H = mc® + o (ﬁ—i— mcho) + §m02h00

* Schrodinger Eq.
1

L0 s e
ZhaQﬂ—(%( +mch0> —|—§mc h00>¢

 Wave function

2
w = ¢0 exp [(—Z%/hoodt) -+ (—Z%/Eo : dF)]

Frame dragging




Phase Difference

S G T
)

Path Cq
.

D

Area of
interferometer

A:m—c(/ Eo-df—/ Eo-df’)
h C1 C(2

Analogy in

™mc -
. s e
hfco !

Aharonov-Bohm effect

ocj(ff-df:/(ﬁx/f)-dﬁ
c S

Contents

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

* Method for Neutron interferometry
* Phase shift by Chern-Simons gravity

* Summary

299



300

Phase Shift by CS Gravity

Phase difference of vector part: A = n;;c / (V x ho)|- dS
S

Gl — i SRR LS (L2

cs e 3(Ja-na i
hﬁs)—géz )NQZ [ (va x np)- ‘g+§< 5 )nJ

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

Phase Shift by CS Gravity

mc

Phase difference of vector part: A = - / (V X ho)|- dS
S

Gl — i OSRET LSs (IL21

(CS e 3<JA-7“LA) i
fL/(FS)—g()Z )NQZ [ (va x na)|- ‘g +§ ——

[H. Okawara, KY, & H. Asada, PRL 109, 231101 (2012)]
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Phase Shift by CS Gravity

Phase difference of vector part: A = n;;c / (V x ho)|- dS
S

¥ ;A g . i
X Goi 2§f7“§1 [3(va - na)nly — vy]

Y

hc2frE

IA(CS) D 2f [B(UE : ﬁE)ﬁE T UE] : ]\7]

[H. Okawara, KY, & H. Asada, PRL 109, 231101 (2012)]

Phase Shift by CS Gravity

mGMgS =
A (cs) = QfTZ[?)(UE E)iE — Ug| - Nj

change with time

Interferorneter v E
_)
E
Earth

’U E Orbital velocity of Earth
n E : Vertical unit vector at the interferometer

N; : Normal unit vector of the interferometer
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Time Dependence

3(0g - ig)iip — U5] - Ni = 17E)TE3(ﬁE0 . Nio)figo — NIOD

Initial condition

t = 0 : Midnight of Winter solstice

R(t)™! = (R(v))"'(R(wg)) ' (R(2p)) ' RUE)R(QE)

Ti .o 7 930 27 0 2T
: w e e A yTIeI
ime variation E E il day

Latitude ¥

Time Dependence

R(t)™" = (R(¢)) " (R(wg)) '(R(QE)) "' R(Ig)R(2E)
T\ /\» LSeasonal variation

Latitude effect ‘nB_’é_ﬂy variation |

vertical N; eastbound NV; @Lnd N;

4 NE \
I_| :

Interferometer




Daily variation

Phase difference at the equator ¢ = 0°

vertical Ny

eastbound Ny |

northbound N;

12
t (hour)

Daily variation

Phase difference at ¢ = 45°
vertical N I

2 / eastbound N;

-05
—"northbound Ny \ =~
15
2k 4
0 6 18 24

12
t (hour)
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Seasonal variation

Phase difference at ¢ = 0° for vertical N;

2

“A . i

g

5 6 7 é é 1‘0 1‘1 12
t (month)

Seasonal variation

Phase difference at p = 45° for vertical N;




Possible constraint on f

[ induces the phase shift

CS gravity by Earth| ~ 10727

mc? f GMg vg 5 tiﬂy
|Ags| ~4{ — ] | = el o
h @ G e

S Quantum Effect| ~ 10%* huge

o] x (fgi) <£) (04—sz)

Current neutron interferometry ~ 0(10_3) » fc_l < 10%s

Classical Experiments

Current neutron interferometry ~ 0(10_3) » fc_l < 106

* LAGEOS and Gravity Probe B

* Lense-Thirring effect (No deviation)

[I. Ciufolini and E.C. Pavlis, Nature 431, 958(2004).
C. W. E Everitt, et al., PRI 1065221 1015Z¢ {554

\ 4

fc_l = 10=s

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

3 digits
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Possible constraint on f

Path C2

D

Area of
interferometer

Path C;

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

* Phase accuracy O(107%) => 0(107")
[S. A. Werner, and A. G. Klein, J. Phys. A: Math. Theor. 43, 354006 (2010)]

* Current fc_l g e

Contents

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

* Method for Neutron interferometry
* Phase shift by Chern-Simons gravity

* Summaty
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Summary

Prediction of time variation and Latitude effect.

Possible constraints on CS gravity

by neutron interferometry.

Current f"c_1 < 0%

— | fct < 10735/ in the future

Future Work

* How about Null geodesic?
* Sagnac interferometer

* How about Dynamical CS?



Thank You for Your Attention




Why Neutron Interferometry?

NZf@LL nE)iE — Ug) - Ny

2
he frE

A(cs)

e Phase shift x m
e Atom interferometry 1S advantageous.
* However, atoms have electric charges.

* Other effects (e.g. Lorentz force).

* Neutron 1s affected by only gravitational force.

Michelson Interferometer?

mG ~
A(CS) Pt QfJS) nE = ’UE] NI

2
he 'rE

e Phase shift <« S

* Michelson interferometer (e.g. KAGRA)
S =0 (. L-shaped)

e Michelson interferometer cannot measure that.

e cLISA & DECIGO may be interesting,
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Seasonal variation

Phase difference at ¢ = 0° for eastbound N;

2

D

' b
\
-1

|

L L L L L L L L
0 1 2 3 4 8 9 10 1 12

5 6 7
t (month)

Seasonal variation

Phase difference at ¢ = 0° for northbound N;
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Seasonal variation

Phase difference at o = 45° for eastbound N;

Latitude ®

5 6 7
t (month)

Seasonal variation

Phase difference at p = 45° for northbound N;

Latitude ©

5 6 7
t (month)
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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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nstraint on the gravity mod
immary

"oshima University

Introduction
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Chameleon Gravity Model

» Equation for scalar field
B

V3¢ = Ve + _]\ZDIPGM—M

V() : Potential 3 : Coupling constant P : Matter density

NFW cluster halo
High density region

Chameleon mechanism

0 6= doo

Low density region
Chameleon force

Scalar Field Configuration

NFW cluster halo

£ 0 ¢:¢oo

| Poo

High density region s .
Chameleon mechanism ™\ Low density region
(Newton gravity) — Chameleoh force

0 fo = —BY¢/Mp)
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Pr'eViOUS Wor'k AT & K. Yamamoto, 2012

- )
Assumptions

* Hydrostatic equilibrium .} 0mcleon force

Analytical derivation of the

g ' gravitational force \g v
gas distribution profiles. 4P GME mE
Pgas dr r2 Mp; dr

* NFW dark matter density profile

_* Polytropic equation of state

Gas density profile

e

. \ * Gas density profile decreases

=10 Newton gravity  faster compared with the case
3 / of Newtonian gravity.
Q10—4 \\ |
T * Large deviation from Newtonian
_¢/Chameleon gravity | |\ gravity is not consistent with
10 -2 -1 0 1 2
024 0" (0. [0

an X-ray observation.
r virial radius

> 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

. — 10712 )
=
%7 =
‘E X'r‘ay 5 10_13 X-r‘ay
o ‘remg emmrezoos B  surface brightnes
- jr\t;.w;a. | 2009) 5 (Churazov et al. 2012)
5 <1n102 IK et al. T 10! 102 0
-] r.kpe] :

~

V)

J

SZ effect S 3D density , 3D temperature

—100;(Abe et al. 2012) 1
—— 3D pressure

—200¢

AT [pK]

Weak lensing (NFW) (Okabe et al. 2010)

400 Myir = 8-921_%0 X 1014h_1M®

10! 102 103 +2.56
=300
rL[kpc] = —1.79

—300¢

Reconstruct 3D Profiles

3D profiles projected profiles

Gas temperature X-ray temperature

i fdz)\c(r)ng(’r’)Tgas(T)
Tx(r1) = [ dzXo(r)n(r)

SN

X "\_ s T ‘?9:
I —anal] +:g_1y(, )]

70

Electron number density..

NS
n$(r) =tng: |1+ ;S)
‘.' 1,.

X-ray surface brightness

Sx(ry) = /dz)\c(r)ng(r)

Electron pressure __ E Sunyaev-Zel'dovich effect

IP &
o g AT(r, .
B0 = Gl £ - K0
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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

chameleon force

* Hydrostatic equilibrium Ny o d;ensity
| OB GM(<r) B d¢
pgas > = Mo dr Py : pressure
gravitational force Tgas : temperature/
* Mass Profile (Hydrostatic mass)
X-ray SZ effect
MHE < ’I“ \\r dPgaS md@x <Pgas = @kTgas)
A G)Ogas dr Mpl e
= _kTgasr dlnpgas i @i e . Br? d_
= ,um;;Q dinr dlnr Mpy d
X-ray
We test the validity of hydrostatic equilibrium

A\ 4
My, : Weak lensing mass

Mass Profiles in the Coma Cluster

I T----. Lensing mass (NFW)
' X-ray (density + temperature)

M(<r) [10"M ]
< 3

10—2 . .
102 103 r [kpc]

Hydrostatic equilibrium is good assumption



Mass Profiles in the Coma Cluster

102

o
=

M(<r) [10"M ]
=

1072

Lensing mass (NFW)
X-ray (temperature + density)

hoo = 1.5 x 1074 Mpy

102

Hydrostatic mass becomes small due to the chameleon force.

Constraint on the chameleon gravity model

103 7 [kpc]

Approach 2
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Gas Distribution Profiles

Assumptions - |3D profiles =
Hydrostatic equilibrium Pgas =noTo
1dPps  GM(<r) B dé L (GM B d¢
Peas™ g~ = 72 Mp, dr g —|—,ump/0 ne( 72 Mpy dr ar
Electron number density » Bumy,
pr 2751 Pgas = 2+ e
ne(r) =ng [1+ (r_) ] H
1
EoS of the gas kT g = pmp Paas
E Poas = pgaskTgas/ pmyp )L Peas i )
Projected profiles and cluster mass profile * ~N
X-ray temperature X-ray surface brightness
_ [ dz2e(r)nd(r) Tgas(r) Sx(ry) = /dz)\c r)n2(r
TX(TJ_) = fdz)\c(r)ng(r) X( J-) ( ) e( )
SZ effect Weak lensing (NFW)
AT(r.) — 9L /dzPe(T) = —2y(ry) M(<r)= 47T/ PNFW(T)T2d7’
_ Tcms Me 0 )
Comparison with Observations
9><—r‘c1y temperature _X-ray surface brightness 5Z efteck
g 107 —100f
o % 200
2 &
g <1 -300
S : 400 ]
= 107t 102 103 100 10°  10°  10*
r.[kpc] r. [kpc]
(= 3 = =)
@) =T ) - (Sx (i
2 = ) ) — y 7
Gr=3 gy 0T sy
L% (y(ro,) —y2°)* o U Mwir)? | (c—cwr)®
A (Aygbs)? i (AMwr)? (Acwr)?
= - =

2
XXT+SB+SZ+WL (Mvir7 C, T07 no, b17 r1, Ba ¢oo)

coupling constant, background scalar field
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Constraint on the Model Parameters (MCMC)

321

1 o ‘ I T

= Rejeg¢ted at 2 sigma A

- \ i o NN
2 0.8t ' o, i
~f | </
lC) \ : 'l . |
=" A\ \ |

2 06 ‘ 1 ; .
b \
= 04 \ \ . . \ !
% Accepted at 2 sigma

\ 3 3\ 3

= 2 \ \ \ \\ \ \ | \ \

—

\
0 0, 0.4 0.
7 8l + B
f(R) Model 8 = 1/1/6
e UG < — {05 e

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,  |fro|< 0.5 x 1074
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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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JGRG23 @ Hirosaki University, Hirosaki

The temporally enhanced curvature
perturbation from the shift symmetry
breaking of a galileon field

with Jun’ichi Yokoyama, in preparation

Yi-Peng Wu
Research Center for the Early Universe, the
University of Tokyo

National Tsing Hua University

.
RESCEU T HRRFRERBERMARHMEBE v /N UFEERRRE L2 —

“eescew®  Research Center for the Early Universe

outline

We study the curvaton mechanism of a single
field from a purely kinematic origin and its

cosmological implications.
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[
Vi) = ZM




curvaton in a
kination universe

V(¢) = const.

curvaton in a
Kination universe

V(¢) = const.

Pp X a
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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 curvaton scenario

C = (1 i 7’0) Cr SRl Ca Lyth et. al (2003)

The density fluctuations generated either by inflaton or curvaton are
constant on the large scales

(R = COTIS:

e — B

The evolution of the total curvature perturbation is governed by the weight
function of the energy density, which is monotonic in time

Ta(t) = 3’0‘7(1 e wU) Pr
4p; + 3po (1 + we) Po
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The curvaton scenario

C = (1 i Ta) Cr + 7o Ca Lyth et. al (2003)

The density fluctuations generated either by inflaton or curvaton are
constant on the large scales

G A —comst:

Goai 0 —comsh:

The evolution of the total curvature perturbation is governed by the weight
function of the energy density, which is monotonic in time

Pr
Po

The curvaton scenario

C=(1-75)C +75Co

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

LG >, [ivie e e

.
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The curvaton scenario

C:(l_TU)CT""TGCJ

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

Does not happen in the
single curvaton scenario

A temporlly enhanced ¢ ?

G (Lo Gl o

If there are two curvatons o1, 05 :

C'I’LG’UJ

:

1(Coy > Gr) AN )

=>» Multi-curvaton scenario is essential to realize a temporal
enhancement of the curvature perturbation
=>» Closely related to PBH and GW formations Suyama & Yokoyama (2011)
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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?

A massless and self-interacting free scalar

/:'qﬁ — K(Qb, X) — EXng Deffayet et. al (2010)

Kobayashi et. al (2010)
x K =0 when X =0
x elldp <1 Wu & Yokoyama in prep.

The energy density and pressure :
pp =2XKx — K + 3eH¢?,
pp = K — 26X$.
The Noether current of the constant shift (¢ — ¢ + ¢)
Jp=KxV, 0+ eV, V, 0V’ — 06V ,0)
The equation of motion :
vV, Jh =K, Jo+3HJy =Ky

Jo = (Kx + 3e¢H)



A massless and self-interacting free scalar

Lo=K(p,X)—eXOop Deffayet et. al (2010)

Kobayashi et. al (2010)
x* K =0 when X =0
x elldp <1 Wu & Yokoyama in prep.

The energy density and pressure :
pp =2XKx — K + 3¢H@,
ps =K —2eX¢.

The shift symmetry limit

. 1
K¢:O Jo+3HJy =0 J00(—3—>0
a

Jo = d(Kx +3eHp) =0
The non-trivial solution

Kx +3eH¢ =0

A massless and self-interacting free scalar

£¢ — K(¢7 X) _ €X|Z|¢ Deffayet et. al (2010)

Kobayashi et. al (2010)
* K =0 when X =0
x elldp <1 Wu & Yokoyama in prep.

The energy density and pressure :
P¢:2/W(X—K+3W¢53, ~ 1
ps = K — 28,

The shift symmetry limit

. 1
K(z):O J0—|—3HJO:0 Joo(—3—>0
a

Jo = ¢(Kx +3eHp) =0

The non-trivial solution

Kx +3eHp =0
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In p
inflation

RD

P G-inflation

A )
Ina
To escape from a secondary inflation...
£¢:K(¢7X)_€XD¢ x K =0 when X =0
x el <1
The shift symmetry must be temporarily broken
. X2 1
We consider K (¢, X) = —A(¢)X + A TP
A(¢) = tanh <¢C; ¢>
W
of - - 1
i - >>
05| ¢ = e >>p
0.0 wr=1/3
05!
e — ¢ >> ¢ = ¢
-0y
0.0 0.5 10 1.5 20 25

Ina
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How is the curvature perturbation
generated through this scenario?

The galileon field perturbation:

) D 2 ,
5o + <3+ﬁ> Hi) — 5 V25 + Mizsp = 0

Wang et. al (2012)

We have an additional friction, a time The spectrum is given at the time the
varying sound speed, and an effective cosmological scale leaves the horizon
mass term: during the shift-symmetry regime:
(Qsc - ¢ > p,)
3X ©6H¢
D = —-A+—+4—-
i M* i M3 D =~ 2
4 . . )
@ - ZAM XA 2O+ 2H0) ¢~ Op/M*~ H/M,
—AM*+3X +6MH¢ M2 — 0
eff — .

M = —Ag (6+3HS) — XAy,




The galileon field perturbation:

¢4

56 + 3+?% H5¢-2®V25¢+M%¢=0

We have an additional friction, a time The spectrum is given at the time the
varying sound speed, and an effective cosmological scale leaves the horizon
mass term: during the shift-symmetry regime:
(¢c — o> N)
3X ©6H¢
D = A+ —+ —-,
Mt D ~ 2
@ = “AM X+ 2M(g+2HY) ¢~ O/M* ~ H/M,
S . 4 )
AM* 43X +6MH¢ Mfﬁ — 0
ME = —Ay (6+3HS) — XAy,
H2
= scale-invariant spectrum Ps, = .
P ° = 4r3D

The galileon field perturbation:

. D 2, ,
66+ | 3+ o5 | HOG — 5 V260 + Migbd =0

During phase transition, the effective i
mass becomes important and the field of
perturbation is evolving :  (|¢c — ¢| ~ p) f

5 = A(t)0s S

~

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

Co = O
3pp (1 + wy)
0py = Pg,e09
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The curvature perturbation is temporally enhanced:

T
n
I

C(x) = (1= rg(£))Gr(%) + O()500(x)

TgA Po,é 0.04 - @7
O(t) = ]
W My 3pp(1 +wg) ’

0.03}

Pe(k) = (1 —1¢)*Pc, (k) + ©%Psy (k)

0.02}

0.01f

7)5 ¢ > PC ” 0.007-------.----—";. ‘ !l"-'“----~--T-------T-------.

= The resulting power spectrum:

Pe(t =te) ~0.05 x Psg

Pe(t > te) = Pe(t =to) = P,

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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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 k.= a.H.

Saito & Yokoyama (2009)

A for |In(k/ke)| < A,

0 otherwise,

Suyama & Yokoyama (2011)

BrgH
>
T

N

2A

v

v
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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?

e asimplest 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.

§ 0-3.0bservational signatures

e Spontaneous breakdown of the dilation
symmetry (§ 2, Nieh 1982 [2])

—Broken by “dilaton” (¢) # 0

PG + massive vector “conformon”AM
m that is decoupled to Dirac fields

"It will not be physically significant.”

* Our gquestion:
“"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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§ 0-4.0utline

§ 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 x*'
ot = e a? + e + ext
Homogenous Lorentz trans Translation Dilation
* Correspondingly, matter fields, e.g.:

are assumed to transform as

1 %
ox = 5€"S, ., x — €Ax
S, = —S,,:representation matrix of Lorentz group
A:diag. matrix (the At comp.= “dilation class” of X A)
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§ 1-2.Local (position dependent)

Weyl transformation.

* Kibble’s idea to localize” spacetime
transformations: to distinguish...

— (external) coordinate transformation and,
— (internal) field transformation

. Independent variables €#", ¢, e# (global)
= dat = " (2)pax? + () + e(x)a?

M{ :external(Greek index)

|nternaI(Lat|n index)

* Thus, |nf|n|te5|mal local Weyl trans. is defined by
oxt =& (w), dx(x) = €7 (2)Si;x — e(x)Ax

§ 1-3.Covariant derivative
« Out of J(X 2) = (0X) 4 (595 ) LX
( S’LJ — EA) X, 5 uX, u—|— g Sin — E,MAX

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

6(X k) _670 Ssz kE — 'kX;i — G(A + 1)X;k
* Kibble’s idea: to introduce 2 kinds of "gauge fields”

Xk = hl;iXm, Xlp = X,u + %Aijussz — A,LLAX

5Aij = AR+ € A'éku— v AT — €l
_gv €.

5h’“kf =&l h” — € h“—eh’u :Dilation class 1

'



§ 1-4 Weyl-invariant action

 The invariant volume element in PG:
Hd*z = (det(hl))~1)d*z

is no longer invariant in WG, but transforms as:

0(Hd*z) = 4e(Hd )
,hence for action integral | = fL ﬁd‘l
to be Weyl-invariant, Lagrangian must satisfy:

(SL — —46 : translation & Lorentz invariant
but belongs to dilation class 4

§ 1-4.Lagrangian of gauge fields

* For field strengths of gauge fields, we have:
CIMaxwell tensor: dilation class 2

Fr=hhi(Ayu—Auy)

CORiemann tensor: dilation class 2
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Rz" huhu(Az'j . Aij AikuAkjy i AikyAij)

I:ITor5|on tensor: d|Iat|on cIass 1

—h'uh’/( () )

plv vl

(b,

ply

»

kv~ u

We only have to construct dilation class 4
Lagrangian out of them.

=0, + A b+ Aybl, b=h"":inverse matrix)



§ 2.a simple model of spontaneous
breakdown of dilation symmetry[2]

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

2 2
L=%%_1p oDtp— LFWE,, +...

D/ﬁp — (a/u — AM)QO

a, f : dimensionless coupling constants

e Hyposesis: ™ (’0 has a non-zero value”

» Using the gauge d.o.f. of dilation € , we can

choose “unitary gauge” o(z) = \/81T
mTa

§ 2.breakdown of dilation symmetry

n unitary gauge: (x) = m it yields
_ 1 f 1
L= 1677G 2 87TGCLA Al — I Py +

» PG+massive vector field conformon
: 1
with mass M, = Za7 Ml

* However, conformon is decoupled to Dirac fields;

Lbirac = 5 [Yir®hy Dyt — Dy higy)]
is aIready invariant without...

w=0,—3iA% o —5 A,
2 gauge coupling!
p=0,+ 3 zAab ——A
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§ 3-1.inflationary model

* Inflaton-conformon coupling yields any
observational effect?

Ly = [-3D,¢D"¢ — A¢*]
gb  inflaton (dilation class 1) D, = (0, — A,,)¢

* unitary gauge Sp(a’;) — \/81T makes WG->PG.
mwa
 Furthermore 8‘?4le — () makes PG->Einstein

72

Einstein + conformon A ut coupled inflaton gb

§ 3-2.background solution

* Homogeneous isotropic ansatz
ds? = —dt? + 2 dx? A, dat = Ai(t)dt, ¢ = ¢(t)
* Solving constraint

A, — ¢P
t 871’1Ga +¢2

»f)L—ega ——GCKQ—F% 87TGa¢2¢2 )\¢4}

87TGCL
. 2
For 87TGCL < ¢

canonical variable is given by ® = Wrrren
and the quartic potential acts as exponential
(power-law inflation)
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§ 3-3.imprints on the CMB

* Evolution of slow-roll parameters
N: e-folding number(horizon exit -> inflation end)

Power-law infl. Ar = 16e
(-16a,128a)

\

1\‘\
—_\
8a < N
\
\Y
\
\
AY
AY
\\
\Y
A N ns - 1

0 =2n — 6

§ 3-3.imprints on the CMB

* Evolution of slow-roll parameters
N: e-folding number(horizon exit -> inflation end)

Power-law infl. AT = 16e

(-16a,128a)
st NV
* €---¥
N — % \\\\
“‘ > ns - ]_
0 =2n— 6e
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§ 3-3.imprints on the CMB

* Evolution of slow-roll parameters
N: e-folding number(horizon exit -> inflation end)

Power-law infl. \ r — 16¢

A
(-16a,128a)
N =0
5o\ N
S
N =g,
\\“ > ns - 1
0 =2n— 6e

§ 3-3.imprints on the CMB

* Evolution of slow-roll parameters
N: e-folding number(horizon exit -> inflation end)

Power-law infl. AT = 16e

(-16a,128a)
N=0
L\\\< N
.'.,n-n,"‘ (__SG_\. L 015
4 \
Swmap 3 N =g N
+PLANCK 3 ‘\\
95%iC.L. S ng — 1
0 = 2n — 6e

-0.04
e Excluded by WMAP+PLANCK (>95% C.L.)
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§ 3-3.an extension

e e.g.: Inflaton of dilation class 2
Ly = —5¢ °Dyu¢pD o — Xp*, D¢ = (8, — 24,)¢

2 .
D2 infl. Power-law infl. r — 16e
(-2/N,8/N) (-16a,128a)

N — 0NN ‘\‘\\

_ 1%
Nzt 160 TV Lo gs
\‘:":s ------- ’
STWMAP T N
+PLANCK % T~ ]
95%C.L. % T ons — 1
I 7
-0.04 O =2n — be

* Dilaton —EH coupling const. is constrained!
N >bh=a< ﬁ (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. g

Thanks for your attention !‘)
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Yuki Watanabe, Gravitational Modulated Reheating, JGRG, 6 Nov. 2013

Outline

e Introduction: Why study reheating?

e Inflationary models with multiple fields and non-
minimal gravitational coupling

e Gravitationally induced interactions and decay rates

® The role of Higgs boson during gravitational reheating
e Constraints on perturbation spectra from Planck 2013
e Conclusion
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Yuki Watanabe, Gravitational Modulated Reheating, JGRG, 6 Nov. 2013

Why Study Reheating?

Inflation saves the Big Bang model.
By exponentially expanding a small region, inflation solves several
problems not addressed by the Big Bang model:

* [sotropy of the CMB radiation

* Origin of the cosmic structure, 6T/T~10
* Flatness of the Universe, Q, ~1

The Universe is left cold and empty
after inflation.

= It must heat up to have a hot Big Bang cosmology:
Energy in inflaton must transfer to radiation, and heat the Universe
to at least ~10 MeV for successful nucleosynthesis.

Can we constrain this important epoch from observations?

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

Yes, we can (hopefully in the future).

* Inflationary predictions are on lines and have “theoretical uncertainty.”
* Reheating physics tells us a point or shorter line in n-r plane.

Q
S T T N T
Planck+WP
o Planck+WP+highL
S Planck—WP-+BAO

Natural Inflation
Power law inflation
Low Scale SSB SUSY
R? Inflation

V o ¢?/3

V x ¢

V x ¢?

V x ¢3

N,=50

0.94 0.96 0.98 100 | ® N.=60
Primordial Tilt (ns)

0.15

Tensor-to-Scalar Ratio (r0.002)
0.10

0.05

0.00
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Yuki Watanabe Grawtatlonal Modulated Reheatlnq JGRG, 6 Nov. 2013

Standard Lore Slow-roll Inﬂatlon. potentlal shape
1s arbitrary here, as long as it|is flat.

0.8 | —_e |

V(g)
\/ Oscillation Phase: .
Energetics: . around the potential inflaton ¢
4 A 71D x 7O minifnum at thé end ’ ’
g Vo~ g H*M pl of inflation

~ prag ~ T4  What determines “energy—
conversion efficiency
— Ly ~ g/ H My factor”, g?

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

Perturbative Reheating

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

e, oy + 2,00 + 5+

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

1/2
N. g2 A2 ~— Bose condensate
F(¢—>><x):"—g’< <1— X) coth(TT)C

8T mi

Pauli blocking

3/2 .
_ ngimqﬁ 4m12p My \ 4 Thermal medium
F(Cb - ZW) = 8—7T 1— m?b tanh ( AT )Cw effect



352

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

Reheating Temperature from Energetics
¢.+(3H+Ft01)¢+m§'¢= O Hinf > Hosc x a_3/2

3H, . >T , = Inflaton dominates the energy density.
3H,  <TI,, = Decay products dominate the energy density.
ML, A

IOrad(trh) = 3M}2’IH02sc - 3 o= 30 g*(]-;’h)]-:;z

~1/4
\ ML, (g*(Trh))

T =
"ozt 100

Coupling constants determine the decay width, T'.
But, what determines coupling constants and how strong are they?

—>

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

Fine-tuning Problem?

94V ~ 94Hi2nfM§l

~ prad ~ Ty,
— Top ~ g/ Hin g My
IfT,=10""M, and H,, =107 M,, ,
then g ~107°.

To relax fine-tuning, one needs:

(a) High reheat temperature
» unwanted relics (e.g., topological defects),

(b) Very low-scale inflation (H ~ 108 M, ~ 1 GeV for g ~ 0.1)
» worse fine-tuning, or

(c) Natural explanation for the smallness of g.
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Yuki Watanabe, Gravitational Modulated Reheating, JGRG, 6 Nov. 2013
What are coupling constants?
Problem: arbitrariness of the nature of inflaton fields

 Reheating works very well as a concept, but we do not understand
the nature (including interaction properties) of inflaton.
e.g. Higgs-like scalar fields, Axion-like fields, Flat directions,

RH sneutrino, Moduli fields, Distances between branes, and
many more...

* Arbitrariness of inflaton = Arbitrariness of couplings

» Can we say anything generic about reheating? Universal reheating?
Universal coupling?

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

=) What happens to “gravitational decay channel”,
when GR is modified?

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

Conventional GR during inflation & reheating

L=+—g MPIR——thgW@ ¢0,¢" — V(8)| + L

Einstein-Hilbert term generates GR.

Inflaton minimally couples to gravity.

— 22,2
o, 00w + g 050 + X+
Conventionally one introduces explicit
couplings between inflaton and matter.

~p=v+o0
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Yuki Watanabe, Gravitational Modulated Reheating, JGRG, 6 Nov. 2013

Modifying GR during inflation & reheating

Instead of introducing explicit couplings by hand,

L, =W"‘"')

£= V73 |G OR - 3hag 0,606~ V(9)] + Lo

Non-minimal gravitational coupling: common in low-r
inflationary models, e.g. R?, Higgs inflation
In order to ensure GR after inflation, f(v)=M,,

Matter (all standard model particles)
completely decouples from inflaton
and coupled to gravity minimally.

rop=v—+o0

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

Induced decay channel through “scalar gravity waves”

fA A ¢a_¢a

Juv = gﬂ’/ + EMV o Wgﬂl/a vev — o = &AG%
Pl
Fermion matter: Yukawa interaction
_ m
Ly = —eple"*va Dy +myltp+ -+ + 14 gw atyy
2Mg, Y
&
Scalar matter: oo e
1 T
— ——_¢e|lg*” e
ﬁx — 9 9 auX&/X + 2U(X) + Trilinear interactionX
Ja 4 2.2 2 !
T ) ) «..5nd
\
fa(2m? + mi) >

2 7
m2 =U g
X () X AMZ,



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

Magnitude of the Induced Couplings

= 2 1:2)1 mw ...........
o

 For f{¢) = M™E¢?, h(9)=1, g, = E(1+6E) 12(v/M,)(m, /M)
= Natural to obtain a small Yukawa coupling, g, ~10"% ,
for E~1, my ~10*M,,

* The induced Yukawa interaction vanishes for massless

fermions: conformal invariance of massless fermions

9y

* Massless, minimally-coupled scalar fields are not conformally
invariant. Therefore, the trilinear interaction does not vanish

even for massless scalar fields: PR
A g, ¢
fa 6?4 2 2 K eeeeens ;.C.‘
Ix = 2 (mA + zmx) \
4MP1 X\

Yuki Watanabe, Gravitational Modulated Reheating, JGRG, 6 Nov. 2013
Gravitational Particle Production Rate in the SM

Top Quarks M7 = y7h?
Nefaim zyih?
64w M3,

Higgs Bosons h = +/(h?) + X, m% = 3\h?

fam?, 62

A N A

Pa® =)= ey (e
A

F(CVA - @Bt%) =

Weak Bosons (longitudinal modes of W*,W-, Z2) M, = g2 h?

Ny f3m? 2¢°h?
T(a® = W, W)~ — 2 A <1 + =

1287 M3, m%
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Modulated Reheating (0. cruzinoy & Zaldarriaga 2004; Kofman 2003]
The decay rate of inflatons depends on a light scalar field, /4.
I =T(h) =a+bh?
SM Higgs condensate may modulate the gravitational decay rate!

During inﬂation, [Starobinsky & Yokoyama 1994; Kunimitsu & Yokoyama 2012]

H? H

- 2 2\ . —J ~ hh
h=+/(h?) +oh, (h7) 0132\5, oh = VST
0T 160
I'(h) =T((h?)) + 6T T, ocTV/2 = 22 200
Trh 2 F

Reheating time is modulated due to the Higgs.
How does this lead to the curvature perturbation?

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

Curvature Perturbation from Modulated Reheating

PGt bt p
4 (T _3 1 | -3 I'=H

1 —
\X a”* SR ' MD !
1 . . 1 1 |
Inﬂation: Oscilation : | Inflatiom Oscilation 1
1 1

tend tdec trh tend tdec trh

1

v

On flat gauge
—3 —4 4\ 23
(t h) = Qdec Qrh =) Qend
Pl i Qend Qdec ’ arh H,
6p(t)  dagec 26T B 15,0(75) 16 16T

p(t)  agee 3T C_4 p(t) 6T 3T
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' Yuki Watanabe, Gravitational Modulated Reheating, JGRG, 6 Nov. 2013

Curvature Perturbation and its Spectral Properties
[Zaldarriaga 2004; Suyama & Yamaguchi 2008; White & YW in prep.]

When instant decay approximation is not valid,
N=N0 Ly (Hm) ) o TR)
2 H(tosc) H(tosc)

~ ~ 2 ~
o iy T 1
SN = ND6ge + NDsprogb + xQ’?héh 4= [gﬁ@“ (%’) + xQ'%] Shoh

2

j—j[ 2 f 2
PC = Pznf +Preh = Néi)Néi)Sab (2—;> + (A(x) h)
1

- (B) (42) ()

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

Curvature Perturbation and its Spectral Properties
[Zaldarriaga 2004; Suyama & Yamaguchi 2008; White & YW in prep.]

n.— 1)@ i 2M?2V,
Boo1— (ns — 1) T df/~dt M hh o
1+7 1+ \ fH, 3H2f
. 2 ONONY [- - - - d¢cdg?
fle— 1D =26 - =4 = [vav V + Rg. ——]
( ) ‘T NeN, | 3H2N.N¢ ’ YA di

85T D AN
" MR (A( )f> ( h. )

P NNV V598 + LN, Ny Lo N goe g
NL — 7
6

~ o~ 2
| NV St LY |

5 T2 B(z) Tlw T 12| he [ h \°
Aw) T T2 Ty m [h(zv) (h(N))) ”

T A1+ 1)
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Constraints from Observations [white & YW in prep.]

ik—zwxlo%ﬁ“;T)G%f(é§;y<g?)Ci?)

o[t (55 () (%))

7 5. r* 408 o bh?
NMZ601+71)2 0 T a4+ bh2
T
Planck: Pr=22x10"° =) 0?~1.07x107°——
1+7
T -2
-89 < fnr < 14.3 (95%CL) - H——T <5.7x 10
©<78x10*
2
(H) <1.1x1072
ma

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

Conclusion

Reheating by gravitational particle production with non-
minimal gravity and non-trivial field-space metric:

O Inflaton quanta inevitably decay into any non-conformal fields (spin-0,
2, 1) without explicit interactions in the original Lagrangian.

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

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

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

The soliton affetcs the scenario of the cosmology.

topological number —> topological defect

U(Il) charge —>  Q-BALL

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

-BALL(OSCILLON)




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)

§<<% —)Iz%fpdq:CONST P

A

feld theory /\1 |
N

) 1 VA
<7 x XK W\

I=.L [dPz¢*: CONST

—> quasi stable soliton |-BALL Kasuya Takahashi and Kawasaki ‘03

13511 A6HKER

Introduction I-BALL

¢—V2p+V' =0
V:%m2+5V

P

Necessary condition for I-ball formation V"' < m?

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

2
V = m7¢2 — %¢4 - %¢6 ’10 M.Amin

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

13411 B6HKEH




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

setting

E.OM. initial value \Y4
X . 2
6+ Hp— Lo+ 55 =0

a oc t2/3  with lattice simulation

13511 A6HKER

RESULT

13411 B6HKEH




lattice simulation

13511 A6HKER

lattice simulation

energy density[ M?]

13411 B6HKEH

t=0[1/M]
Ldx=2.4e-3
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lattice simulation

1-ball

is formed

13511 A6HKER

lattice simulation

0.008
0.007 tt=0[1/M]
0.006 |dx=2.4e-3

0.005 | I -
0.004 | J -'.-rJLlJJ

0.003 |

S:SJP brm S

0

energy density[ M?]

0 05 1 1. ; 35 4 45 5
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We estimate the configuration of the I-ball,
using Lagrange multiplier assuming the | is conserved.

Ew:Eer{I—ﬁfdxﬁ}
0F =0

—» V20 + wMd - V'(®) =0
V(®) ~2M1 — 2/2)®

13511 A6HKER

comparison the ana. to simu.

t=2.4 x 10°[1/M]

A

01 02 03 04 05 06

x[1/M]

13411 B6HKEH



lattice simulation

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

=105 —— |

o BV Jr o | oL 0 W W
0 02040608 1 121416 0 01 02 03 04 05 06
x[1/M1 x1

0.0012
0.001 |
| =~ 0.0008 |
| | ‘ ‘ =, 00006 |
0.0004 |
‘ | & 00002 |

®p=10 &, = 100
=TT ] T =10

|

| | 1
J.lu,‘.ir'\i,“,b| Lkaly,h.’, MN \'M_uﬂﬂ
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13511 A6HKER

CONCLUSION

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

The amplitude of formed I-ball is limited to O(l) 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.

13411 B6HKEH
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Instability mode

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

Sor, + [k2 + (2 — 262 (1)) M?] 6 = 0
Po(t) = ® cos(v/2M1)

——) Mathieu equation

M]ﬁz — %QJVIZ cos(2M)

instability at ~|
Instability mode I o1 1
4 E ™ 3(0) M

gradient pressure is supported by the enhanced flucuations

13511 A6HKER

lattice simulation

t = 34250 [1/M]
dx=5.8e-4

ity[ M
o
()
&)
9,

ﬁ
—
[}
~
)

o
o

1

cene

0.3 0.4
X[1/M]
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lattice simulation

T2 <T1

13511 A6HKER

lattice simulation

T2 <T1

-
o
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-
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CYCLE T[i/M]

'.

10° 10" 102
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lattice simulation

T2 <T1

13511 A6HKER
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“Cosmology in ghost-free bigravity theory with twin matter fluid”
by Katsuki Aoki

[JGRG23(2013)110608]



Cosmology in ghost-free bigre:
with twin matter fluid

Nov. 6th, 2013
@JGRG23, Hirosaki Univ,

Introduction

- Our universe shows accelerating expansion!

Cosmological constant ? — Fine-tuning problem

Dark energy VS|Modified gravity

Dark Energy

Accelerated Expansion

Afterglow Light

Pattern  Dark Ages
400,000 yrs.

Before Planck

t Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years

After Planck
JGRG23, Nov. s5th- 8th, 2013, Hirosaki Univ.




Massless or Massive ?
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))

Main motivation is to explain accelerating expansion

with bigravity.

JGRG23, Nov. 5th-8th, 2013, Hirosaki Univ.

Cosmology in bigravity

@ This theory involves two metrics g, and fuv .
The interaction between two metrics gives mass term.
@ There are two type solutions in cosmology

Reference metric is

(1) Isot ro p | C CQsSe Koyamaetal.'11, Chamseddine etal ‘11, D’Amico etal. a1, Gumrukcuoglu et al. 22
Volkov '11,'12, Gratia et al. ‘12, Kobayashi et al ‘12.

Cosmological constant is mimicked (same as GR).
(2) HomogeneOUS and iSOtrOpiC CASe  Volkov 11, von Strauss et al. ‘21, Cristosomi et al. ‘21.
Y. Akrami et al. 23

Although cosmic evolution is difference from GR

in general, this shows acceleration

JGRG23, Nov. 5th- 8th, 2013, Hirosaki Univ.




Cosmology in bigravity

@ This theory involves two metrics g and fuv .
The interaction be;
@ There are two typ However these solutions are assumed

Reference metric = the matter couples only 9. .

BlgraVIty theory Supposes tWIn metrlcs. tosomi et al. ‘11.

So, do you think the bigravity theory

with twin matter is more natural?

JGRG23, Nov. 5th-8th, 2013, Hirosaki Univ.

Cosmology in bigravity with twin matter

€ 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?

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

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

» We can get constraint from observation!

JGRG23, Nov. 5th- 8th, 2013, Hirosaki Univ.




Outline

1.Introduction

2.Review of bigravity

3.Cosmology in bigravity with twin matter
-Example solutions
-Details

4.Observational constraint

5.Conclusions

JGRG23, Nov. 5th-8th, 2013, Hirosaki Univ.

Outline

2.Review of bigravity

JGRG23, Nov. 5th- 8th, 2013, Hirosaki Univ.




B | g raVIty theory (S. F. Hassan and R. A. Rosen, 2011)

@ The action K2 = K2 + K3

ey gR(9) + 5 / dta/=FR(f)

ﬂ%z

2&

o e A s

1
@ Interaction term Uo(vy) = — L1 Crpa€

f$2,

nyvpo
’

avpo _ 1t
7 a?

1
A Z b Wn(y) U = g Cueat
D

U2(v) = __EuupafaﬁpU’Yua'Yuﬁa
v, =tvgis B8 2
: 02/_ = Gaﬁ’YC" 2 v P
Coupling constants 3(7) g1 HrePT g

L 1 afByé v P o
bo, b1, b2, b3, b4 . T all gD

JGRG23, Nov. 5th-8th, 2013, Hirosaki Univ.

B | g I’aVIty theory (S. F. Hassan and R. A. Rosen, 2011)

& The action k2 = K2 + K3

@y gR(9) + 5y /)d“w\/—_fﬂ(f)

2f<,

e e x\/ — g(g, ) + S" (g, 1)
@ Interaction term Wealsouse ¢co, €1, €2, €3, €4
4 € Normalization
02/('7)_261«02/ co = bs + 2bg + by = —1
€ Minkowski space is vacuum solution

H NYAPTS.\
’}/y_j: g# _C]_ZO

Coupling constants 31 T .

af3~6 v o
bo, b1, ba, ba, by = —ySeet 1S

JGRG23, Nov. 5th- 8th, 2013, Hirosaki Univ.




EOM for twin matter bigravity

Contribution from interaction (= dark energy?)

.

The | 4+ T[mhg)
g 9

g

2

’{9

2 (7] [m]
w3 \ Ty " +| T “L)

)

Contribution from matter

@ Assuming g-matter only couples g, similarly fy..

(g) [m] () [m] e
v}.lT;g“l B D._. b v/ ;.LTJ&‘ F - D._.

14 14

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

JGRG23, Nov. 5th-8th, 2013, Hirosaki Univ.

Outline

3.Cosmology in bigravity with twin matter
-Example solutions

-Details

JGRG23, Nov. 5th- 8th, 2013, Hirosaki Univ.




Set up

€ Both metrics are homogeneous and isotropic
2

dr
2 _ 2 2
ds; = —dt” + a (1) (1 -

dr
dS? = —Az(t)dtz —|— a?(t) (1_—
@ Because we concern present universe, we assume

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

l_ The matter coupling g,..

a
i
L = The matter coupling f..

JGRG23, Nov. 5th-8th, 2013, Hirosaki Univ.

2

ds? = —dt* + a2 (t) ( + r2d92> .

P

1 — kr2

Basic equations @ =—wwar +ao (7

2 2
g—mﬂ/n ymy =m qu/n

@ EOM for scale factors (" = d/dt)

>k r2dﬂz>

3

(b0—|—3b1——|—3b —f—}—b a—f)

2 3
a
Qg g g

a2 3
m by + 3133— 4 36255 —|- D1 = 3
Interaction term

@ Bianchiidentity

0,2
A) (bl + 2b2— + b3—2) =8
Qg a

|—> Interaction term = constant

—> Interaction term = dynamical

JGRG23, Nov. 5th- 8th, 2013, Hirosaki Univ.




Cosmological solutions: examples

Two examples are chosen same coupling constants,

only difference is the matter ratio rm = ¢fm/€q.m

2, _ S
KoPg = ;
g a3
g
JGRG23, Nov. 5th-8th, 2013, Hirosaki Univ.

Details

@ 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
B?% + Vg = 0,V, = Vy(Bi Ky /b

Where B = af/afgarn’l — C‘fgln/cg,n’l

JGRG23, Nov. 5th- 8th, 2013, Hirosaki Univ.
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Potential for scale factor’s ratio

- ¥with singularity
- I'lltalk later

3 4

kg = 1,00 = €1 = cq = U5 = GEE .

®EOM B?+4V,=0,V, = V,(B;Kks/kgsbisTm)
Cg,m
where B = af/ag, 'm = Cg,m/CoNN H.-;pg = "B ’i?epf =

g
JGRG23, Nov. 5th-8th, 2013, Hirosaki Univ.

Two metrics are
W = Kzg,u,y, K = const
at this point.

:0,(52:(53:—1

’ EOM 32 —+ Vg — Og Vg = Vg(Bs H'.f/ﬁ'ga b'ia 7')1'1'1)

Coo
_ p 2 — il .
where B = af/ag, 'm = Cf,m/Cg,m RoPg = — oINS
1
g

JGRG23, Nov. 5th- 8th, 2013, Hirosaki Univ.



HomOthEtiC SOlUtionS (K. Maeda and M. S. Volkov 13, Y. Akrami et al. '13)

@ If two metrics satisfy fur = K g, K = const,

EOM is the same as GR with a cosmological constant Ag.
.‘4,2

Ag =m2(bo + 361K + 3b2K? + by K7),m; = 5;2

€ K is given by a quartic equation Ca(K;kg ks, b)) =0

m2

‘ K; ‘ Ay | vacuun ‘

—0.523476 —22.0323m§ AdS
1 0 M

1.67319 —0.394464m2 AdS
6.85028 12.4267m> ds

Kifhg =1,c0 = c1 = cqg = 0, c3 —ci=

@ Inthe A, > 0 branch,

the vacuum solution is de Sitter spacetime.

JGRG23, Nov. 5th-8th, 2013, Hirosaki Univ.

Homothetic.cnluitinne
@ | two metricc Our question is whether or not

EOMisthesa the cosmological solution approaches

2
Ag = my(de Sitter branch.
€ K is given by

K; & | vacuum ‘

[ —0.5237 -22.0323m2 AdS
y 0 M
1457319 | —0.394464m? | AdS
6.85028 12.4267m2 ds

Kffhg =1,c0 = c1 = cqg = 0, c3 = cl= .

@ Inthe A, > 0 branch,

the vacuum solution is de Sitter spacetime.

JGRG23, Nov. 5th- 8th, 2013, Hirosaki Univ.
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Does accelerating solution naturally exists?

r(M)(AdS), (cr)

m

EOM: B2 4+ V, = 0

B =aj/ag,™m = c¢fm/cqm

|

|

|

I

2 Cg,m !

g 2 '

(I/g ; R )
AN

|

|

|

|

|

|

|

|

Red line = Big Bang singularity

|
|
1
|
1
|
|
|
|
|
|
|
|
|
|

fuvissingularat A = 0

9pv issingularat A = oo

Ki/kg = 1,c0 = €1 = ca— NUSEEEE .
JGRG23, Nov. 5th-8th, 2013, Hirosaki Univ.

EOM: Bz—i—Vg =0

B = a’f/a’gﬂ 'm — Cf,ln/cg,ln

Cg,m 2 Cfm
= K 0

fuv issingularat A = 0

9uv issingularat A = oo

dsg = —dt> ...
ds?e = —A%dt? + ...

Kf/kg = 1,c0 = €1 = cq — HISEE N1
JGRG23, Nov. 5th- 8th, 2013, Hirosaki Univ.
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Does accelerating solution naturally exists?

r(M)(AdS), (cr)

m

EOM: B2 4+ V, = 0

B =aj/ag,™m = c¢fm/cqm

A

Cg,m 2 Cfm
= K0

|
|
I
|
|
!
|
|
|
1
}

fuvissingularat A = 0

9pv issingularat A = oo

Ki/kg = 1,c0 = €1 = ca— NUSEEEE .
JGRG23, Nov. 5th-8th, 2013, Hirosaki Univ.

EOM: Bz—i—Vg =0

B = a’f/a’gﬂ 'm — Cf,ln/cg,ln

Cg,m 2 Cfm
= K 0

fuv issingularat A = 0

9uv issingularat A = oo

O !
Solutions with singularity

Kf/kg = 1,c0 = €1 = cq — HISEE N1
JGRG23, Nov. 5th- 8th, 2013, Hirosaki Univ.
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Does accelerating solution naturally exists?

EOM: B2 4+ V, = 0

B =aj/ag,™m = c¢fm/cqm

Cg,m 2 Cfm
= K0

fuvissingularat A = 0

9pv issingularat A = oo

Ki/kg = 1,c0 = €1 = ca— NUSEEEE .
JGRG23, Nov. 5th-8th, 2013, Hirosaki Univ.

EOM: B2 . .
+ The cosmological solutions are
B =ays/ag,1

. determined by the matter ratio.
~ tgm

K

" Accelerating solution does not require

[}
.

any fine-tuning.

So we can conclude it naturally exists !  EJe]lVidle]a}}

Kf/kg = 1,c0 = €1 = cq — HISEE N1
JGRG23, Nov. 5th- 8th, 2013, Hirosaki Univ.




Outline

4.Observational constraint

JGRG23, Nov. 5th-8th, 2013, Hirosaki Univ.

Can we get any observational
constraints for f-matter? «2p, = 22 x2p, =
Qa (If

g

€ We will focus only accelerating solutions. "™ = ¢f,m/€gm
If the matter ratio is fine-tuned as rp, = {49,

the cosmic evolution is exactly same as ACDM model.

L Two metrics are always proportional. BB
= exact homothetic solution '&

= GR solution V ds

In non-fine-tuning case, how difference of cosmic
evolution from ACDM model is there?

JGRG23, Nov. 5th- 8th, 2013, Hirosaki Univ.




Can we get any observational
constraints for f-matter? «ip, =

FL2 P_f e cf,m
b) f o 3
=

cg,m
-

@ EOM for scale factor (in flat) Tm = Cr,m
Contribution from interaction term (= dark energy?)

PR
9 _ g v 4 T
22 3P Tl
g

@ The dark energy has

Energy: py", Pressure: Pl

e.0.s. parameter : wl¥l =
@ Present value
wo = w[v]‘ wao I

t=to dag

JGRG23, Nov. 5th-8th, 2013, Hirosaki Univ.

Radiation dominantin fuv ?

There is no reason that
the f-dust also dominates the universein f,,,.

1.0

Analysis is very complex... radiation > dust

But we can get same figure

@ The dark energy has

Energy: pl)

@ Present value ~1.0 |
-16 -14 -12 -10 -0.8 -=0.6

t=to dag

JGRG23, Nov. 5th- 8th, 2013, Hirosaki Univ.
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Conclusions

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 ACDM model
and get the observational constraint for f-matter.

@1t would be important to investigate other phenomena
with twin matter fluid. «— get other constraints?

Homothetic solutions (= GR solutions) exist only in twin
matter case in non-vacuum. (—Stable or Unstable?

JGRG23, Nov. 5th-8th, 2013, Hirosaki Univ.
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“Numerical relativity: Application to gravitational-wave science
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by Kenta Hotokezaka (invited)

[JGRG23(2013)110609]



389

Numerical relativity:
Application to gravitational-wave science
and astrophysics

Kenta Hotokezaka (Kyoto U.)

Collaborators:
K. Kiuchi, T. Muransushi, H. Nagakura, Y. Sekiguchi, and M. Shibata (YITP)
K. Kyutoku (UMW), H. Okawa (CENTRA), and K. Taniguchi (U. of Tokyo)

M. Tanaka, S. Wanajo (NAQJ), and K. loka (KEK)

Outline

1. Introduction

2. Gravitational waves from compact binaries and EOS
v’ Inspiral phase and tidal effects and EOS
v’ Post-merger and massive neutron star and EOS

3. Electromagnetic signals from compact binary mergers

v’ A golden event: the short GRB 130603B
v' Kilonova emission

4. Summary
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Gravitational-wave Astronomy

Expected event rate

Compact binary Several times /yr

Abadie et al 2010

N

/Progress in

Theory of gravity
Astrophysics
High-density physics

Compact bmaryl%

optical
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Multi-messenger Astronomy

Numerical Relativity

—

Gravitational-wave signals

Neutrino Signals

Electromagnetic signals

CEEE——

High density

Outline

Low density

2. Gravitational waves from compact binaries and EOS
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Why NS Equation of State ?

Neutron Star (NS)

(-, . .

Nuclear Physics Astrophysics
v Supernova

v" Hyperons v o

7, Quarks v' Magnetar

v’ Superconductor .

\_ : -/

nuclei + e~ +n
V
nuclei + e
H ~°° Fe

Finite-size of NS and equation of state (EOS)

Nuclear physics solving TOV equation
O : Neutron Star (NS)
le+38 3 \ :
APR4 APR4
le+37F ALF2 1 = 25f ALF2
3 /I c 2 R
8 le+36 MS1 E ,_:,s, 2F MS1
A les3st 1 g 15F
5 i
Q. lerdy &7 Constraint! g i
le+33} / ; 0sf
le+32 le‘+14 le‘+15 0 lb 15 20
Mass density Radius(km)

v'One-to-one correspondence:  tindblom(1992)
Equation of State (EOS) <=> M-R of Neutron Star (NS)

A big challenge to measure EOS by gw observation
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Binary Neutron Star Merger

Late inspiral Merger => Black hole & torus

Early Inspiral
Hypermassive NS & GRB?

( Torp == IQNS ) (’;rb ~ IQNS)

orb

©
© E>0°E>”'E>0

Point mass phase Tidally dominated phase

Post-Newton Post-Newton NR
with tidal coupling or NR

S L R—

0.05 r

-0.05

-0.1 |

-0.15 ‘ ‘ ‘ ‘ ‘
500 1000 1500 2000 2500

/M

Inspiral Stage of NS-NS binary:
measuring tidal Love number
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How to measure the finite size of NS?
=>Tidal interaction in the late inspiral

Mz ~ —%(M +%+0(r-6))
r r

—— Linear response of NS to tidal fields ——

A 2
Q ~ 3 A=§kaVS

N\ :tidal deformability

k: Love number depend on EOS

=> Leading terms of Tidal effects on the GW phase (5PN order)
=> Prepare waveform with (M1, M2, A1, A2)
=> EOS can be known through A Flanagan & Hinderer (2008)

Analytic Computation (Effective One-Body)

1.35-1.35 Msun, EOS: MS1 (C~1.38)
without tidal effects

=0ms with tidal effects
60 [ T
40 ¢ y 04 .
20| I 02
£ o + 0|
> 0 | ] 02 |
40 | - .04 L ‘ . ‘ l ,
. | 0 10 20 30 40 50

] t (ms)
-60 -40 -20 0 20 40 60
x (km) See e.g.,Pan et al., (2011)
Damour et al., (2012)

Two waveforms can be distinguished for NS-NS merger at D=200Mpc.



Post-merger stage of NS-NS binary;
measuring NS radius

Evolutionary path of NS-NS merger

Hot-rapidly-differential rotating NS
|

~»

Uniformly rotating NS
(stable)

Casel
1
\ -

0 Case 2
Case 3

Black hole & Accretion torus

Binary Neutron Star

Case 2 : Hypermassive neutron star (HMNS) formation

395
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HMNS/MNS formation

€ Existence of Heavy Neutron Stars

v PSR J1614-2230 : 1.97 (0.04) Msun Demorest et al., (2010)
v PSR J0348+0432 : 2.01 (0.04) Msun Antoniadis et al,. (2013)

EOS of NS is very stiff

:".DNS

€ Average mass of NSs in o
NS-NS binaries

Likelihood

HMXBs +

slow PSRs Recycled

*
= ’ \\
= = _1 I
0.8 1.0 1.2 1.4 1.6 1.8 2.0
Mass (M)

1.33+0.05M

Ozel et al, 2013

Numerical relativity computation

density EOS : APR Hotokezaka, et al. (2013)

tzoms  log(density g/cc)

M =14M_ M,=13M,,

t (ms)

-50-40-30-20-10 0 10 20 30 40 50
% (km)
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First remnant of NS-NS mergers

Hotokezaka et al. PRD 2013
m(MO )‘
2.9 TdyrBH Thyd,s SMNS
“““““ Tdyn Thyd,s D | i
2.8 | Thyd Tmag/
cool
___________________________ T
2.7 &l i Uh = MNS
cool ﬂ
————————————————————————————————————————————— Total mass
2.6 SMN| tmag/ | Tmag/ | Tmag/ SMNG| . evereee)
cool cool cool
>

APR4 SLy ALF2 H4 MSI1 Shen

Small radius Large radius

Massive Various Gravitational Waveforms

Hotokezaka et al. PRD 2013

0.1 'APR4-140140

: ] ' . T ALF140140 ir " " T MSI-140140 ]

58 0.1 1 1F 1
. Msun ~ 4 } } V\/\W E } i f f f ElS + + + t } ]

< 2 ] ]

— rl‘ : ‘ ‘ ‘ ‘ 1 - i ) ) ) ‘ ‘ ‘ ‘ ‘ 1

o1 ) J " APR4-135135 3 j ALF-135135

MST-135133 ]
=0 H o (W\M/\/\/\/\/\NV\MN\/\NW‘NWWW
-0.1 ¢ 3 K ‘ ‘ ‘ ‘ ‘ El
27Msun| | 5 % WA | f
< 2 ]
et 1 E E
n L L L L L L L L L L L L L L L
o1 [ ‘ ‘ " APR4-130130 T ALF-130130 1t ‘ ‘ " MST-130130
=0 D0 tnsnonsnomsomsrmsamod TV TITITIVIYEIVIYSAVRORRIRUSINS: [ I y
0.1 F E El E
2.6M5un . 4F t y t t t 5 + + + + t t t + + t
E 3 \/\/V\AVY—W
— 1 E E :
0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘

0 5 10 15 20 25 300 5 10 15 20 25 300 5 o 15 20 25 30
;¢ (MS) to (MS) treg (MS)

Larger Radius
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Fourier peak & NS Radius

Bauswein & Janka, PRD 86, 063001 (2012)
Hotokezaka et al, PRD 2013

3e-21

APR135135 equal mass
25e21 | ALFEI35135 R 4 unequal mass
H4-135135 oo ,
2 Shon 139133 35 [ o
[ n- s i B 1 . B o
2 2e-21 eadeIGO e i : @ %E
f 1.5e-21 )
a e E " . ]
= le2l | : 25 | S SN
G [5) u
5e-22 s A\\\ 2 e B
W"l'.; \A\\ """""
o L. N Ao SR G b S ‘ ‘
1000 2000 3000 4000 10 12 14
f (Hz) RI.S (km)

If we could measure the peak frequency,
we can know the NS radius with 1km error.

Measurability of finite-size of NS
with gravitational wave signals

Analytic(tidal) NR hybrid waveform
Measurability ~ 200Mpc ~ 100Mpc ~ 300Mpc
(10-50% accuracy) Damour et al., (2012), Read et al., (2013)

»¢Horizon distance for NS-NS ~445Mpc

But, many uncertainties prevent the measurements.....



399

A tough way to “EOS”

!

500 1000 1500 2000 2500
/M

0.15

0.1

0.05

A
A

-0.1

-0.15

4 Analytic computation (higher order)

v 4PN and 5PN of point-mass should be computed.
(Favata 2013, Yagi and Yunes 2013)

\_ v"Non-linear finite-size effects. (Read et al, 2013, Hotokezaka et al 2013) )

" NR computation (control numerical error) )
v’ Longer and longer waveforms are needed.
v’ Residual eccentricity has to be reduced as small as possible.
v’ More and more accurate formulations are need.

\_  (beyond BSSN, higher order hydrodynamics) -

Outline

3. Electromagnetic signals from compact binary mergers
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Long/Short Gamma-ray bursts

Kouveliotou et al (1993)

30 - L | Illllll r ri llllll | L lllllll __l__.l lllllll LI} llll[_l'
_25F E
% E  Short GRB Lﬂng GRB =
5 20 =
@ - :
° 15F 15
'B: :
€ 10 1
3 —~ -
Z ~ .

5 g
O - (. '1”1."1.uu| NN RTIT] B IR TTY! BT | ; ““5

0.01 0.10 1.00 10.00 100.00 1000.00
duration Ty, sec.

Long GRB => Death of Massive star because of discovery of supernova.
Short GRB => Compact binary merger ? No direct evidence.

A Golden event: the short GRB 130603B
~ Discovery of a “kilonova” ~

v" This could be direct evidence of
compact binary merger hypothesis of short GRBs.

v" The time scale, brightness, and color of Kilonova
are quite consistent with the NR prediction.

v’ Origin of gold is found.
This event may produces 70 Earth-masses of gold!



The short GRB130603B: Swift BAT/XRT
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http://www.swift.ac.uk/burst_analyser/00557310/

BAT-XRT data of GRB 130603B
BAT: Black —— XRT: WT: Blue; PC: Red
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A Kilonova associated with the short GRB 130603B ?

@ Hubble Space Telescope imaging

9 days after the burst

== 30 days

Tanvir et al.,Nature,2013

Berger et al., ApJ, 2013
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These straight lines are

Observed Light curves

a model of a GRB aftergIO\év1
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Tanvir et al.,Nature,2013
Berger et al., ApJ, 2013
de Ugarte Postigo et al 2013
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What is “kilonova”

A kilonova is proposed by Li & Paczynski in 1998

o

as an observable consequence of NS-NS mergers.

Ejected matter of an NS-NS merger

\
o

Beta decay of radioactive nuclei
=> Keep ejecta at high T

Y



A brief summary of Kilonova emission

At peak luminosity (diffusion time = expansion time)

Hydrodynamics Microphysics
1

M ( ) )i
001M_ ) \0.1c

1 1 1

2 - 2
t ~Sdays M ( Y )2 %
0.01M ) \O.lc 10cm”g~

L~5x10%erg/

—

- /

To specify these parameters, detailed computations are needed.

Computation of Kilonova light curves

Numerical Relativity NS-NS merger . )
8 w=> Mass ejection

simulation BH-NS merger
Radiative transfer Photon propagation in expanding ejecta
simulation with heating due to radioactive decay

Y

Light curve and spectrum of kilonova

g

Observed light curves of kilonova
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Zoom out: Mass ejection at merger

Model : 1.2Msun — 1.5Msun, APR

y (km)
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Zoom out: mass ejection at merger

Model : 1.2Msun — 1.5Msun, APR

t=9.1854 ms log(density g/cc) £=9.1854 ms
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Mass ejection : Mej ~ 0.01Msun, v ~ 0.2c
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Mass ejection on the Meridional plane

(x-z plane)
Model : 1.2Msun — 1.5Msun, APR
300 km x 150 km 2400 km x 1200 km
t=0.1854 ms log(density g/cc) t=9.1854 ms
150 v - 14 1200 ¢ T - T T v 11
= n |
100 p e ' 1 8 Z
10 E [ X
( 1200 800 400 ) (:]m) 400 800 1200
Mass ejection on the Meridional plane
(x-z plane)
Model : 1.2Msun — 1.5Msun, APR
£=9.1854 ms log(density g/cc) £=9.1854 ms
150 14 1200 11
13 10
ol | 2 I o
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ol l ¢ oo Ll
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0 5 0
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NS-NS Ejecta is spheroidal.
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Mass fraction

10*
: => Opacities of ejecta are

” significantly enhanced ~ 10 cm”2/g

P I
220 24

]0'57\‘”\‘ I I [
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A

*For SN la, Opacity ~ 0.1 cm”2/g

Bauswain, Goriely, & Janka (2013)
See also Korobkin et al. (2012) see Kasen et al. (2013), Tanaka & KH (2013)

Transitions of Lanthanides

Kasen, Bandell, and Brase (2013)

250r

B Ndll (f-shell)

Heavy element mm Fell (d-shell) Photon
3 Snll (p-shell) | |

200f

150F

=

o

o
T

number of levels

50f

Absorption due to

0 10 15 bound-bound transition
excitation energy (eV)

Many transition levels in UV-Visible-IR band
=> We include this bound-bound opacity to solve radiation transfer
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Radiation transfer of NS-NS merger ejecta

Opacity @ 3 days after the merger
Tanaka & KH 2013

< UV--Visible > Inflared See also Kasen + 2013

1000 MM
100 g

‘|| l

Heavy elements
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10 b .
= = [ = =7 = =] Thomson opacity
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1 p & e matter

K (cm2 g'1)
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0.001 b———
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0 Wi

Huge opacity of bound-bound transitions of many elements
=> Photon cannot escape

The first direct comparison of NR results to observation!!
Hotokezaka et al (2013)
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Implications for the progenitor of GRB130603B

10

Allowed region of

a progenitor

0

Hotokezaka et al

(2013)
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Summary

Neutron Star equation of State can be measured through
v’ tidal effects in the late inspiral stage and

v’ fourier peak frequency of gws from HMNS.

However, to succeed in measuring the EOS,

v" higher order PN corrections and
v' longer and more accurate NR computation are needed.

GRB 130603B is a golden event

v" This could be direct evidence of

compact binary merger hypothesis of short GRBs.

v' The time scale, brightness, and color of Kilonova are
quite consistent with the NR prediction.

v" For NS-NS merger models, soft EOSs are favored.
For BH-NS merger models, stiff EOSs are favored.

Multi-Messenger 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]



ABUNDANCE RELATIVE TO SILICON = 108
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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

BB - ALl 7 ~ =1 » Basicfeature:
Pagel (1997) exponential decay
with mass number
+ constant tail

fure

» Characteristic
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(=)

» Peakin iron-group

» Deficient of D, Li, Be,
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rd 1
peak 3" peak » Enhancement of a-
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Ba &b‘ » Peaks in heavier

L\KM N region associated
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Neutron capture processes

n+ (ZN)= (Z N+1) (ZN+1) = (Z+1,N) + e +V,
n-capture versus [B-decay

r < Tﬂ/ \Tn > Ty

rapid neutron-capture process slow neutron-capture process
(r-process) (s-process)

large neutron densities moderate neutron densities

» Can synthesize all heavy nuclei » does not synthesize all heavy nuclei

> terminates at Pb, Bi

» Neutron capture : packing neutrons
into ‘seed’ nuclei | . (zN) = (ZN+1)

» Large neutron/seed ratio required
» A(gold) — A (seed) ~ 100

» Low electron fraction Y@

» 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
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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+v — p+e
» = only weak r-process (up to 2" peak, no gold (3™ peak)!) (Roverts et al. 2011)

Electron capture SN : does not produce nuclei with A >~ 90 (Hoffiman 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 (4rgast et al. 2004)

» delayed appearance of r-process element (long lifetime to merge)
» large star-to-star scattering (low event rate (~ 10-3/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)

» 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)

v -1/2 M 1/2 K 1/2
toeac ~ 10 days ( j ( j 5 1 day = 10 days
0.3¢ 0.01M:solar 10 cm /g
1/2 1/2 -1/2

L., ~10"erg/s ( f_6 j( Y j ( M j KZ 1/10 dimmer

P 10 0.3¢ 0.01M:solar 10cm /g_.

1/4 -1/8 -1/8 -3/8

1 ~2x10K | Lo | [ M . Opt-UV = NIR

P 10 0.3¢ 0.01Msolar 10 cm /g

» 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):

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Hotokezaka et.al. (2013)

» Less massive NS is
tidally deformed

» Angular momentum t=11 6756 ms 11135916 ns 11145077 me
transfer by spiral arm
and swing-by

» A part of matter is
ejected along the
orbital plane

©=11.54238 ms 1=11.63336 ms 1=11.72253 ms

» reflects low Ye of cold
NS (B-eq. at 7~0),
no shock heating,
rapid expansion
(fast 7' drop), no time
to change Ye by weak
interactions

1=12.00041 ms

t=11.8171% ns 1=11. 90880 ms

3 Density contour
[ log (g/cm3) |

Mass ejection from BNS merger (2):
Shock driven

» 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)

1=13.91619 ms t=14.09692 ms 1=14. 27765 ms

-4

0 20 40
Haotaokgraka et al. (2013)

=40 -20 0 20 40 -40 -20
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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 2" (A~130; N=82) and
34 (A~195; N=126) peaks are produced : almost no production of 1t peak

» They adopted only one ‘stiff’ EoS (Shen EoS) : dependence on EoS is not explored

» Newtonian SPH simulation: GR effects are not explored

0.5 T T T T T 10 ——— 77—
Yo — — o Solar B 135-135M NS
c 04 M i . . 3 %J;Q e 120-1.50M NS E
g || eep - vl pedk = g
Soaf T=0,B-eq.. | | |5 L )| g - 1, ;
@ 0.1 | B g w0t L o . P x g - -
8 : ’ — g whoa, & Nl - .
Eoaf oL~ . @ m“i_""“w X .
8 H 10' 10 s ;-fl w
) 107 [ on'sy| 2 ]
®o1f p lg/em’] - f:" : :
10°L |49 E
0 1 —I_l_l —_ 1 _ { ‘Iu“’ i
107 L S T S T S T EN S T S S EN S S S
- 0 005 01 015 02 025 03] 0 - o o 00 %0
> Ye A
Korobkin et al. (2012) MNRAS 426 1940 Goriely et al. (2011) ApJL 738 32

‘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 MM, ]
T T T N TN ™ Figure by Evan O’Connor

» Shen EQS: ‘Stiffer’

» Larger NS radius:
Mass ejection is driven ~
mainly by tidal force S TS50 L~ swesty ‘90
» Adopted in Korobkin et al. '

- LS375 H. Shen+'98,'11

1.5 . = == HShen
» Steiner EQS: ‘Softer’ E—r
ESSS% .~ G.Shen+'11ab
» Smaller NS radius: k& ) :
i ) Ozel et al. (2010) FSU2.1 Hempel+ ‘12
Tidal effect less important HSDD2
Shock dri t Hebeler, K. et al. L IS'IFSEEIA Steiners ‘12
> . ocC riven com ponen S 0‘5 | (theory) (2010) SFHO(/ elner
Increase Steiner, A. et al.
(2010)
[ R Ry[km]
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 8 10 12 14 16 18

10
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Full GR Radiation-Hydrodynamics

Einstein’s equations: Puncture-BSSN/Z4c formalism

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

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

EOS : any tabulated EOS with 3D smooth connection to Timmes EQS
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 Vv’s

O e-captures: thermal unblocking/weak magnetism; NSE rate
O Iso-energy scattering : recoil, Coulomb, finite size

O e=annihilation, plasmon decay, bremsstrahlung

O diffusion rate (Rosswog & Liebendoerfer 2004)

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

» Lepton conservation equations

Steiner EOS: shock driven
Higher temperature, more e+

S Steiner

€
= 400
N
0
800
400
E o
>
-400 Higher T : more e*
due to Shock heating
-800 more positron capture
. 800 -400 0 400 800 -800

X [km]

Tine [ns]
1 2 3 4 5 6 7 8 9 18 11 12 13

Shen EOS: tidal driven

lower temperature
=10

Temperature [MeV]

LowerT : less e*
Mass ejection mainly
B driven by tidal effects

-400 0 400 800
X [km]
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anti-electron neutrino emission

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

33

10

1 032

Z [km]

Y [km]
anti-v, emissivity [erg/s/cm3]

-100 ‘ -
Higher T : more e* lowerT:less e*
200 L lager ¥ emissivity J L smaller ¥ emissivity J

> 200 -100 O 100 200  -200 -100 O 100 200
X [km] X [km]

x-y 8
I
I

Ye in ejecta depends on EOS

S Steiner

400

Z [km]

800

400

electron fraction

Y [km]
S

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

-400 Higher T : more e*
higher Ye region :
-800 less neutron rich

. -800  -400 400 800 -800  -400 400 800

0
X [km]

0
X [km]
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Impact on r-process nucleosynthesis

» 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 EQS
» BNS mergers as the origin of heavy elements (The alchemist ‘s pot to make gold) ?

nsns Lv.2; Y, (NSE) 1 0-2 ET T T T LI B LA B B Y B B A
0 8 oo - solar r-abundanc
103 L 5’ — unchanged
c c Y — Ye—optimized
2 A 4 f ! -
g gl0* =
S . :
"2 e1o R
2 5 »
0 0.1 0.2 03 0.4 os || ©10 o Z
Y, ]
107 -
'IO-8 1 1 1 | 1 1 1 | ‘ 1 | | | ‘ | | | 1 ‘ | 1 1 1 :
0 50 100 150 200 250
mass humber

» 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 vield 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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Nonlinear &wmode Instability in Rotating Stars:

Hydrodynawmical Treatment
Wotoyule Sacje Waseda University)

CONTENTS
1. Introduction
2. Newtonian Hydrodynamics including Radiation Reaction
3. R-mode instability in Linear Regime
4. Saturation Amplitude of R-mode Instability

5. Summary

The 23rd Workshop on General Relativity and Gravitation in Japan
6 November 2013 @Hirosaki University, Aomori, Japan

1. Introduction

Various Instabilities in Secular Timescale
CFS instability (Chandrasekhar 70, Friedman & Schutz 78)

® Fluid modes (f, p, g-modes) may becomes unstable due to gravitational
radiation
® Instability occurs in dissipative timescale

r-mode |nStab|l|ty 6Z(mg0—w2nplify Rotating  Inertial
(Andersson 98, Friedman & Morsink 98) N }”215 3”'22

® Fluid elements oscillate due to Coriolis force N - _

e |nstability occurs due to gravitational radiatio +m°°°““ when 71$2>

g-mode instability Ve 40 J>0

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

Kelvin-Helmholtz instability

® Instability occurs when the deviation of the velocity between the different
f|Uid Iayers exceeds Some Critical Value The 23rd Workshop on General Relativity and Gravitation in Japan

Ne 2 6 November 2013 @Hirosaki University, Aomori, Japan
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Dynamics of r-mode instabilities

Saturation amplitude of r-mode instability
3D simulation “

e Saturation amplitude of o(1) 10"

® Imposing large amplitude of radiation reaction
potential in the system to control secular 107 - - m
timescale with dynamics (Lindblom et al. 00) VR

1D evolution with partially included 3 wave interaction

e Saturation amplitude of ~ 0(0.001), which depends on interaction term

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

3D simulation
e Evolution starting from the amplitude o(1) I
® Imposing large amplitude of radiation reaction potential
e Energy dissipation of r-mode catastrophically decays to”,|

differentially rotating configuration in dynamical '

timescale

1D evolution including mode couplings network o % W 60
e After reaching the saturation amplitude ~0(0.001), e

Kolmogorov-type cascade occurs (Gressman et al. 02, Lin & Suen 06)
]gi Qestruction timescale iS SeCUI ar The 23rd Workshop on General Relativity and Gravitation in Japan

6 November 2013 @Hirosaki University, Aomori, Japan

Amplitude of r-mode instability J(R[cloR[o)]

® |solated neutron star in the supernova remnant
Cassiopeia A

e Compelling evident that the central compact
object is neutron star

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

a~0.14 — 0.005

Possibility of gravitational wave source J(GEEULEICETREE: )

e Possibility of parametric resonance by nonlinear mode-mode
interaction

e Amplificationto o ~ 1

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

The 23rd Workshop on General Relativity and Gravitation in Japan

No. 4 6 November 2013 @Hirosaki University, Aomori, Japan
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2. Newtonian hydrodynamics including radiation reaction

Minimum requirements to go beyond acoustic timescale

e Timescale which cannot be reached by GR hydrodynamics
P> Need to separate the hydrodynamics and the radiation
e |nstability driven by gravitational radiation

P Need to impose gravitational waves

“Newton gravity + gravitational radiation reaction” are at least
necessary

Hydrodynamics including radiation reaction force

0 Includi h h ti ivative i
dp -V, (pAv) = 0 ncluding 5th and 6th time derivative in

%t inertial frame in radiation reaction term

8t[ (v + sz)] + Vj[(p(véq + Afui)Avj + Pdij]

= —pV*'® — p(vl, + Av!)V, 08, —I—-

assuming P = (I — 1)pe

The 23rd Workshop on Gen
No. 5

ral Relativity and Gravitation in Japan
6 November 201 3 @Hirosaki University, Aomori, Japan

: : s ' (e.g. Rezzolla et al. 99)

1 1 1 1
a=1+— </5+ 4a+ 604+ 7704+804+(010)
C 1 C C (& 1 =
Bt = 0—35 + C—54ﬁZ + 6—665Z + g?ﬂl +
1 1 1 _
Yij = 0ij (1 - C—2¢> + ahij + Fshij + Gehi; + (0™%)
3.5PN term : Lowest current quadrupole radiation reaction term

(Blanchet 97)
9O — 0
;16 3
86 45€'ij:xjxlsk;l S’Lj = d €T Ekl(ixj)xkpvl
7hij =0

Reaction Force from current multipole moment

=1 (2vjejil:pmSl(fn) + vjejkla:kSl(f) — Ujfiklicksl(j) - eikzwkxmsl(i))
amplification factor

o, fo r ‘th e rad i a‘t i O n re aCt i O n fo rce The 23rd Workshop on General Relativity and Gravitation in Japan

6 November 2013 @Hirosaki University, Aomori, Japan
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Treatment of Time Derivative in Radiation Reaction Force

Current multipole moment
Jim = /d3x priv - Y,B*

Introduce characteristic frequency
1 dJ22
| J22]

N.B. time derivative is computed in internal frame

Wchr = —

Time derivative of current multipole moment

S( n) __ (ch r)nS( ) e.g. 51(]5) _ chrS(l) S(G) chrS(O)

The 23rd Workshop on General Relativity and Gravitation in Japan
No. 7 6 November 2013 @Hirosaki University, Aomori, Japan

3. R-mode instability in Linear Regime
Equilibrium configuration of the star

« Slowly rotating neutron star rp/Te | T/W

» Uniformly rotating, n=1 polytropic 0.975 |0.00576
equation of state

Impose perturbation

Eigenfunction of the velocity
"\ 'yA(B)
v = aQR (E) Y,

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

The 23rd Workshop on General Relativity and Gravitation in Japan
6 November 2013 @Hirosaki University, Aomori, Japan
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Characteristic Frequency of R-mode Instability
r-mode frequency
(incompressible star)

0.12

2m
I w=+———0 — mf)
m J(I+1)
BRI —

o =

\_1_3’& numerical resulté

8_1_4 analytical treatment

- (I=m=2) .
150 4 =
, w = —— _
-1 6: | ‘ | | | | ‘ | | 3 | .
-0 0.5 1 1.5
t/P
C
Extracts the dominant part of r-mode iNSYARIILY, . cuw riis s corisionn e
No. 9 6 November 2013 @Hirosaki University, Aomori, Japan
- 55 Amplitude
Growth Time of R-mode Instability 2| Joa|
_ 22

Analytic treatment of growth time “ = Famsa,

1 dE | dt| g 256 éf | / 5. 4
T Ew g [ 250 MR*Q® J=——— | &’z pr
Tyw °F " (405) 7 MEAL MR? 4r P

020 | | | -
- numerical n
0.18—
N value
016 analytical
CSN L trgatment
0.14/— o O)et/Tgw

o
—_
W
O\\\\‘\\

0.10 H

|
tivity and Gravitation in Japan

» w Fairly good agreement for the growth timescalet s i
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4. Saturation Amplitude of R-mode Instability

Initial amplitude dependence

1

10°E | | 3
- - ’
' 20 =10 Little dependence on
= the initial amplitude
L N
S 0E a0 =102 5
10.2: Saturation ampli@de may depend
- L0y — 100 ON the nonlinear efiect of the velocity
L 2 - . ] c
B in Euler equation
10—3 | ‘ | | | | ‘ | | |
0 0.5 t / P 1 1.5
C
o o O ovben 2013 @irsai Unvesiy domor Jopn
Amplification factor dependence
101: T T T T | T T T T | | | | —
Ce=10x10" e=50x10"Y ¢=25x10"
5N 10° Dependence on-
- the amplification faetor
- does not work for € < 1.0 % 101°
-1 | | | | | | | |
109 0.5 1 1.5

t/P
C

The 23rd Workshop on General Relativity and Gravitation in Japan
No. ]2 6 November 2013 @Hirosaki University, Aomori, Japan
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Rough Explanation of Saturation Amplitude

Assuming that the Euler equation takes the dominant contribution

Uéq + AvY)] + Vl(p ( + AvY)Av! + P§Y]
= —pV'® —p(fu-7 + Av?)V ;0 eq -
For simplicity

d . .
o —(pAv') =~ (RR Force) - (Coriolis Force)(pAv?)’- (Advection)(pAv')?

a[ﬂ(

Neglecting advection term

(pso) R THEE (ot
(Coriolis Force)

— 1) y:growth timescale (RR Force)

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

The 23rd Workshop on General Relativity and Gravitation in Japan
No. 3 6 November 2013 @Hirosaki University, Aomori, Japan

We investigate the r-mode instability of a uniformly rotating
star by means of three dimensional hydrodynamical
simulations in Newtonian gravity including radiation reaction

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

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

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

e Application to rapidly rotating (relativistic) stars

The 23rd Workshop on General Relativity and Gravitation in Japan
No. |4 6 November 2013 @Hirosaki University, Aomori, Japan



“Cosmological Upper-Bound for f(R) Gravity
through Redshift-Space Distortion”
by Akira Oka

[JGRG23(2013)110612]
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JGRG 23 @ Hirosaki University

Cosmological Upper-Bound
for f(R) Gravity
through Redshift-Space Distortion

& 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)

Motivation

 What is the Origin of * Cosmic Acceleration ‘ ... 2

¥ General Relativity (GR) + Dark Energy ?

¥ Modified Gravity (MG) ?

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




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

Ricci Scaler
. at the present time
%4 (Background)

Hu & Sawicki 2007

In LR. limit

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

N :

Redshift-Space Distortions (RSD)

Intrinsic position |
(Isotropic)

Line-of-Sight ..—g

v
(z-direction) Los

Magnitude of ani.so'rropies (V1,69) reflect
Gravitational potential via the Euler equation

RSD is a powerful tool
to probe Gravity on cosmological scales




Anisotropic Power Spectra; Sensitivity to fro

Anisotropies are chqrac"’rerize'd
with the coefﬁcienf of the Legendre expansion

— 3" Ro(k)Lo(p) + Pa(k)La(u) + -

:k/kw

kl'SPO Monopole

o Larger fro

BAO scales are
also modulated

Observation
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SDSS Luminous Red Galaxy Sample

¥ Sloan Digital Sky Survey (SDSS)

® Photometry & Spectroscopy
® Survey Volume ~ 1 [Gpc3/h3]

v Luminous Red Galaxy (LRG)

® Selected by color (red and bright) ‘ |
® Observed out to z ~ 0.5 - : ' sttt o
® Number density n ~ 0.0001 [Mpc-3/h-3] (o 16 < z < 0.36) 0

¥’ 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.

In this work,
Multipole of Anisotropic Power Spectra (Po,Pz) of the SDSS LRGs

Constraints on fro

hrisolrapic Fower Spectrd LROS

155 ’ )
kK"Pyr @2z = 0.3

Monopole Po ! sty

)

Quadrupole P |

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




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 ’ Po, P
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Modeling Anisotropic Power Spectra

1. Matter Power Specffum (

2. RSD ( TNS model ) ar 1N, s.

model parameter o

Kk3/2 P{)(k)

10 Monopole Po;
1r{ Quadrupole Pz

w/ AXB (TNS) (%,=1.08) | [ f_w/ A&B (INS) (&s=1.07) |
o w/ A&B (xf,‘—l 97) 4 H-_ w/o A&B (x",d 1.94) A 1

—
~
=%
[ 2]
[s¥)
~
—
~
<
&
[a¥

SPT 1-loop in f(R) )

Saito 2010 AT, KK, TH, AO 2013

| Anisotropic Matter Po, P2

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

 (quasi-nonlinear regime)

Modeling hnisolropic Fower Specira

1. Matter Power Specffum ( SPT 1-loop in f(R) )

2. RSD ( TNS model ) at 1N, s.

model parameter o

fro is correctly recovered
within 68 % errors
associated with 10 times
larger observations

than the SDSS

Simulation box ~ 10 [Gpc3/h3] |

SDSS LRG  ~ 1 [Gpc3/h?]

Saito 2010 AT, KK, TH, AO 2013

2 params‘ (fRo, Tv) Fn‘ '

2x107*

!w/A&B(TNS)
© w/ A & B of GR |

Our fempla’re Doene s

X w/o A, B & Dy |
.EEI%
x 5ﬁf

1.5x10°*

1 ' input
. 1
. valyg

I\
i
2




Modeling Anisotropic Power Spectra -

1. Matter Power Spe_cffum ( SPT 1-loop in f(R) )
2. RSD ( TNS model ) A1, TN, s.saito 2010 _ AT, KK, TH, RO 2013

3. Galaxy bias (Scale-dependent Linear bias)

L5 c.f. AO+ 2013
k Po,z

. . Empirical model
Po, mock : e = 5

Pz, mock

TN and AO 2013

Modeling Anisotropic Power Spectra -

1. Matter Power Spec'rfum ( SPT 1-loop in f(R) )
2. RSD ( TNS model ) A1, TN, s.saito 2010 _ AT, KK, TH, AO 2013

3. Galaxy bias (Scale-dependent Linear bias)
. c.f. AO+ 2013




Setup for MCMC fitting

v Matter Power Spectrum ( SPT 1-loop in f(R) )

_ AT, KK, TH, AO 2013

v" RSD ( TNS model ) At T, s.saito 2010

model parameter o,

v Galaxy bias (Scale-dependent Linear bias) . ao: 2013
b(k) = bo (1 + Azk?) / (1 + AK) :

Y # of data points : 15*2 (Monopole, Quadrupole)
corresponding o Kmax = 0.155 [h/Mpc]

| ¥ 5 parameters : fro, Oy, bo, A1, Az

. 15 P (kz) i Pthcory(ki) 9
=), Z{ g APg(Eki) }

(=0,2 i=1

fitting Result

P2, Lre
x2 /d.o.f = 0.56

0.05 0.1
k [h/Mpc]




fitting Rsul'r
o]
fro < 1.5 * 104
at 68% C.L.

P2, Lre
x2 /d.o.f = 0.56

0.05 0.1
k [h/Mpc]

Cosmological Upper-Bound for fro

- This Work: . Theory
: i : - (5 _params) .

: Yamamoto+ : SDSS LRG ;.  fffina+
. Fe i - Phenomenology -
(6 params)

¢ X-ray Cluster
. Number Count

X-ray Cluster .  Hydrostatic
: Density Profile : spherical model :
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Summary & Prospects 2.
oo e M e What we did J
¥ Sample : SDSS LRG (Po,Pz2) @ z = 0.3
¥ Model : Perturbation Theory

-» fro < 1.5*10-4

| What we will do
v Simultaneous Constraints on
Cosmic Expansion & fro
v’ With More General Gravity Model
¥’ With More Refined Galaxy Samples;
SDSS-III BOSS, Subaru PFS (Upcoming) ... etc
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“Testing the cosmic censorship conjecture with observations”
by Lingyao Kong

[JGRG23(2013)110613]
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Testing the weak cosmic censorship conjecture with
observations

Lingyao Kong

Fudan University

JGRG23, 6 Nov. 2013

This talk is based on a work with Cosimo and Daniele Malafarina.
[1]. arXiv:1310.8376
[2]. arXiv:1310.1320

1/13

Motivation

o Naked singularity

» Quantum gravity phenomena in high curvature region
» Strong gravity
» New physics...

o Distinguish Naked Singularity from Black Hole by observations

o Radiation emitted from astrophysical collapsing

2/13



Introduction

Schwarzschild spacetime LTB spacetime
@®
@
o F—m—m
Boundary™.,_
Observer Collapsing object

Solution Exterior: Geodesics in Schwarzschild Spacetime

2M

-1
&2:—<1—f?>w0+<1—3y> dR? + R?d¢?

oM\ -
E=(1-2)T=1
(%)

L=R?p=5b

and

are conserved along geodesics

dR\? _ (L _2M\® (0 2MP L2 1
dr) ~\" R) ' R ) RE2

440

3/13
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Solution Interior: Dust LTB Model

A sphere Dust LTB model with pressure is 0.

ds? = —dt* + p?dr* 4 p*dQ?

dr _ |F
dt — \l p
Homogeneous case M2 inhomogeneous case
F(r,t)=r*My F(r,t)=r*My+r°M,
3 5 3 3
3
p(r, t)zr(l—2 M0t> o(r, t):r(l—zx/M0+r2M2t)

where, My > 0, Mr, <0

5/13
Solution Interior: Dust LTB Model
ingularity: ts)=0
singuarity p.(r, 5) Homogeneous case
apparent horizon:
p(r.tan) = F (1) e 2
5 ’ 3v/Mo |
tah = ts — §F(r)
event horizon: M2 inhomogeneous case
p (rps ten) = F (rp) = 2M ) 2
ts (r) = —F/——
3v/ My + r’M
teh = tan (1b) 0 2 /

6/13



Homogeneous case

Black Hole

Singularity

IApparent horiz

%Event horizon

Singularity

O

Interior

{rt}

e

Pp(t)= p(ry,t)=Ry(t)

EEvent horizon

Solution Interior: Dust LTB Model

M2 inhomogeneous case
Naked singularity

Apparent horizyn
Pp(t) Pb(t)
=} =2 = = = 9QQ
7/13
Matching the Metric on the boundary
; dt 2M
Exterior - 127
T 'R, )
{R,T} Ry [ . oM o
dT R Ry
ﬁ — ﬂ + 1\/WdR ( )
dr dr  C(R)V R dr
dr 1 di\?2 2
- T J- ] T 2 (5)
dr p dr R;
=] =

442
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Luminosity
(T, Vobs) = /27rb2db/g3jdl (6)
gl
_ Vobs _ kuVgps _ E
Ve kovg 4t
dx’ dx/
dl =\/3gj————dr =dt
85 dr dr
delta function emissivity exp function emissivity
. 2 . 2 2 Ve
JZE(S(Ve_V*) j:€ Veexp(—m>
=} =2 = E = AP N G4
9/13
Result: Luminosity
delta function emissivity exp function emissivity
0 T T T T T T T | T
Black Hole | a1k Black Hole i
-1 Naked Singularity - Naked Singularity ----- :;’5
2F N 5 |
B i -
S 4r : &3 .
L L
5k 4
6L 7 -4 ]
-7 - * -5 —
-8 | | | | | | | :
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
T T
o & = = z 9ac

10 / 13



Gravitational blueshift: Spectrum for delta emissivity

T T T T T T T T
ok T=0 Black Hole | ol T=40 Black Hole |
Naked Singularity - Naked Singularity -
[ - _ -l 4
> >
@ &
2 2
2t i ol
3t sl ; |
L | | ‘ | | |
0 0.2 0 0.2 0.4 0.6 0.8 1 1.2
Vobs/V
T T T T T T T T
ok T=50 Black Hole i ok T=55 Black Hole i
Naked Singularity - Naked Singularity -
. 1. 1
s / .
) . )
KS) O )
2r o [N b
|
\ 4
3F i i
1 L 1 1 il
0 0.2 0.4 0.6 0.8 1 1.2 1.2
Vgbs/Vs
11/13
Summary

We use a toy model to calculate the observation of the gravitational
collapsing which can birth a black hole or a naked singularity.

o We can not distinguish them.

» When Naked Singularity forms, the region is too small and the time
before event horizon forms is too short.

o Observational tests of the cosmic censorship conjecture may be very
difficult.

More realistic model ...

12 /13
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Thanks!
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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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Takao Kitamura(Hirosaki Univ.)

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

TK et al.
arXiv:1307.6637 [gr-qc]

CONTENTS

s Motivation

s¢ Gravitational lensing
s Amplification
% Image centroid

% Summary & Future work




st Motivation
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Accelerating universe —_ Dark energy

%S. Perlmutter, Brian P. Schmidt, et al.
Norbel prize in physics 2011

Galaxvy formation and
Y  — Dark matter

evolution

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

[F. Abe, Astrophys. J. 725,787 (2010).]
[Y. Toki, TK, H. Asada, and F. Abe, Astrophys. J. 740, 121 (2011).]
[N. Tsukamoto, and T. Harada, Phys. Rev. D 87, 024024 (2013).]
[N. Tsukamoto, T. Harada, K. Yajima, Phys. Rev. D 86, 104062 (2012).]
[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)]
[TK, K. Nakajima, and H. Asada, Phys. Rev. D 87,027501 (2013).]

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



s Motivation

s¢ Gravitational lensing

Lens equati
quation P
B =0+ —

450
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Conhiguration 2

B :distance of the closest approach

-->
f3 : distance between the lens object

and the source object

QE . Einstein ring radius

— = 1 v : the velocity of the source

NA
K\

R
NN

A
ZIN

Al

A
[\




Gravitational microlensing

Brightness of images

Amplification =

4:= |53

We observe time variation *
of ampliﬁcation

Brightness of the source

01 db+ I Total amplification

Atot = A_|_ —|— A_

Light curve

A\pJ

1.35 - SBH -
e - EWH
1.25 50:1-0

a

O

Olor e

3]

=

5“_:1 1.15

(oF

i f

3 E. Abe (2010)

HC> 1.05 i
Tis ns emeveew

Demagniﬁcation




¢, .7
Convergence "R

(Surface mass density projected onto the lens plane)

In the Schwarzschild case...

b= O (Vacuum solution)

In the Ellis wormhole case...

—a?

2b?

Ellis wormhole is one of exotic objects.

oo fpes

(negative convergence)

Modified space-time

ds? = —(1— 5)dt2 + (1 + Z2)dr? + r2(d6? + sin? 0do)
T.n T’n

. . & &
spherical symmetric ( T—H&‘r—i‘ <

asymptotically flat I TK et al. (2013) PRD

static

(Vo=

{ £ = (positive constant) - (ne; + €3) }

=
bn

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

TK et al. (2013) PRD
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Convergence

E(l—n) 1

Fb=

B0 b =08&n<]

2

bn+1

e<0&n>1

ra— W=k

Bl s a1

The modified space-time
includes many models

in the weak field.

Modified Lens Equation

|
f=0-
B

(6 > 0)

(0 < 0)

Einstein ring radius - |9E| = (

: DLS )n—I—l
D7 Dy



Numerical calculation

n=1]

By = 0.1 7,:

T b e

.
MRS S S ST

n =

By = 0.1

EWH|

Total amplification

0 5 5 5
i n = t n=10 |
& Bp=0.1 © Po=0.1"
"5 0 5
E Demagniﬁcation time

KA

% Motivation

KA

% Gravitational lensing

N/

% Amp]iﬁcation

% Image centroid

S
2

% Summary & Future work
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Image centroid

Observables of astrometry

----------- r1Mi1 + oMo
lCenter of gravrtyl Xg = M
----------- tot
----------- 0. A 0= A
.Image centroid O — mihoir
""""" Atot

Astrometry satellite “Gaia” & “JASMINE”

Centroid shift

® Remainder between the motion of the 1mage centroid

and the source motion(on the same time).

* Source

* Image centroid

S =0,. =0 =

Al

(¢ ]
2
- i
5 ﬁ

04
' 0.3

Ohe Of observables Of astronomy
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discrete data

Schwarzschild

Ellis wormhole

0.1 0.07
0.09 |
0.06
0.08
007 0.05
0.06 £
£ oo04f
el
Q
005 | 3
2 o003}
0.04 - = 3
003 002
002
001
001
o ; ‘ ; ; ; ; 0 : : ;
EOT AR e S 0 0.1 02 03 0.4 £ ROt B0 0 05 0 005 01 0.15 02

Ellipse shaped

(5>0,n:3,50 :Ol)

Oval curve

Y. Toki et al. (2011) ApJ

4444444444

vvvvvvvvvv

bow tie shaped !?
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Summary

O Possibility to demagnify in the case of general n

O The light curve in the modified space-times

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

¥

expect future observation

Future works

oOther gravitational lensing effect

o©Non spherical symmetric space-time



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”

[1 10803] 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

= >
Q AAROEEERE & vlE Source
. 4
Observer j

® Magnify the brightness of the source as with convex lens.

What is Gravitational lensing effect ??

® Separate the source

Einstein’s equation
/ -

Gravity term Mass or energy term
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Celestial event by a
Gravity

® Gravitational lensing (O We can observe by

4

We consider gravitational lensing effect by

observation the optical observations

the exotic lens objects for searching those.

Sch & EWH

Metric of Spacetime

Sch
ds* = —(1— QGM)dt2 i 2G—M)—ldr2 + 72(d6? + sin® 6d¢?)
r @
EWH

2
ds® = —dt? + (1 —;®)_1dR2+R2(d02+sin2 0d¢?) (R2 == 2 —|—a2)



Deflection angle & Lens equation

Sch

aSC

c%b)

_ 4GM

> 0:n=05

-002

L
015 -0.1

EWH

025 |

-0.015 [

002 -

-0.025 L
-0.05 -004
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Closest approach

{ Bo

Infinite direction Infinite direction

ttttttt

Closest approach

00000000

0.002 |-

o
7
T
R T

nfitfite dirdetio \A
+++L ’&ﬂﬂ

-
+++++++++
. . . .
001 002 003 004 005
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Bulge LMC

Og(mas) Rg(km) += Rg(km) RL%
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tg(day) Rg(km) RL;E [Bulge] = [LMC]
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Bulge LMC

Dy = 4kpc D= 25kne

Ds = 8kpc Dg = 50kpc



