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Preface

Year 2015 was the centenary from the proposal of general relativity. So far, not only its
theoretical beauty but also various verification experiments and observations give general relativity
a firm position as the theory describing the gravity at low energies. Modern cosmology and high-
energy astrophysics have been developed based on general relativity. Although the history of
general relativity and gravity is long, recent development of research is still showing new
expanding directions. On one hand, untrapped with the prejudice that physically meaningful target
of research is limited to the one about four-dimensional spacetime, the scope of research has been
widely opened to higher-dimensional spacetime. On the other hand, as a result of rapid development
computer and computational techniques, it has also become possible to study the evolution of less
symmetric dynamical spacetime.

In order to celebrate the milestone of JGRG2S5 as well as 100 years of general relativity, we had
arranged the 25th workshop on general relativity and gravitation (JGRG) at the Yukawa institute,
which is one of the most influential centers of research on general relativity in Japan. We had
invited outstanding lecturers who can give a scope of the long history of research on general
relativity, such as Abhay Ashtekar (Penn State U), Robert M. Wald (Chicago U), Richard Schoen
(Stanford U), Mordehai Milgrom (Weizmann Institute of Science), Takashi Nakamura (Kyoto
University), Hideo Kodama (KEK). In addition to the lectures by such domestic and foreign
prominent researchers, lively discussions following the invited lectures by younger researchers have
been made. Besides the 12 invited lectures, there were 86 contribution talks and 33 poster
presentations. The total number of participants was 198, which exceeded the number recorded by
the past JGRG workshops. We had parallel sessions using Maskawa hall to respond to a large
number requests of oral presentations that greatly exceeded our original expectation.

The workshop was supported by Grant-in-Aid for Scientific Research on Innovative Areas No.
24103006 "Theoretical study for astrophysics through multimessenger observations of gravitational
wave sources" and No. 15H05888 "Multifaceted Study of the Physics of the Inflationary Universe".

We would like to thank all the participants for their kindly help of JGRG25.

Takahiro Tanaka
(on behalf of the JIGRG25 LOC)
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Presentation Award

The JGRG presentation award program was established at the occasion of JGRG22 in 2012.
This year, we are pleased to announce the following six winners of the Outstanding
Presentation Award for their excellent presentations at JGRG25. The winners were selected
by the selection committee consisting of the JGRG25 SOC based on ballots of the
participants.

Keiju Murata (Keio University)
“Turbulent strings in AdS/CFT”

Xian Gao (TiTech)
“Disformal transformation and cosmological perturbations of spatially covariant theories of
gravity”

Naritaka Oshita (RESCEU, The University of Tokyo)
“Black holes as seeds of baby univers”

Katsuki Aoki (Waseda University)
“Relativistic stars in the bigravity theory”

Shinichi Hirano (Rikkyo University)
“Large scale suppression with ultra slow-roll inflation scenario”

Mao Iwasa (Kyoto University)
“Orbital evolution of stars around shrinking massive black hole binaries”



Oral Presentations: First Day
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9:30

10:30

10:45

Reception desk opens

Opening address
[*]

Plenary Session 1 [Chair: Misao Sasaki]

Abhay Ashtekar (Penn State U.) [Invited]
“Gravitational waves from isolated systems: The phantom menace of a positive A”
[JGRG25(2015)I01]

11:45 Short poster talks (1/3)

12:30-14:00 Lunch & poster view

14:00

14:15

14:30

14:45

15:00

Parallel Session 1a [Chair: Naoki Seto]

Yoshio Kamiya (ICEPP)
“Experimental Constraints on Fifth Force Candidates in Nanometer Range”
[JGRG25(2015)1al]

Tatsuya Narikawa (Osaka City U.)
“Model-independently testing gravitational theory with gravitational-wave

observations”
[JGRG25(2015)1a2]

Naoki Tsukamoto (Rikkyo U.)
“Microlens of light rays near photon sphere”
[JGRG25(2015)1a3]

Kazunari Eda (RESCEU)
“All-sky coherent search for continuous gravitational waves in 6-7 Hz band with a

torsion-bar antenna”
[JGRG25(2015)1a4]

Sousuke Noda (Nagoya U.)
“Wave Optics in the Kerr spacetime and the black hole shadow”
[JGRG25(2015)1a5]

15:15 Kazuki Sakai (Nagaoka U. of Tech.)

“Amplitude-based approach to the detection of gravitational-wave bursts with the

Hilbert- Huang Transform”
[JGRG25(2015)1a6]
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14:15 Masashi Kimura (DAMTP)
“On massive scalar field in AdS$_2$”
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14:30 Cristian Martinez (CECs)
“Mass of asymptotically anti-de Sitter hairy spacetimes”
[JGRG25(2015)1b3]

14:45 Yosuke Misonoh (Waseda U.)
“Black holes and Thunderbolt Singularities with Lifshitz Scaling terms”
[JGRG25(2015)1b4]

15:00 Shoichiro Miyashita (Waseda U.)
“Monopole black holes in asymptotically AdS spacetime”
[JGRG25(2015)1b35]

15:15 Keiju Murata (Keio U.)
“Turbulent strings in AdS/CFT”
[JGRG25(2015)1b6]

15:30-16:30 Coffee break & poster view
Plenary Session 2 [Chair: Hideo Kodama]

16:30 Sean Hartnoll (Stanford U.)
“Disordered Horizons”
[JGRG25(2015)102]

17:15 Masaomi Tanaka (NAOJ)
“Electromagnetic Emission from Compact Binary Mergers”
[JGRG25(2015)I03]




“Gravitational waves from isolated systems: The phantom menace of a
positive A”
by Abhay Ashtekar (invited)

[JGRG25(2015)101]



Gravitational waves from isolated systems:
The phantom menace of a positive A

Abhay Ashtekar
Institute for Gravitation and the Cosmos, Penn State

Summary of work with Béatrice Bonga and Aruna Kesavan in the weak field approximation
(CQG+, CQG 32, 025004 (2015); PRD 92, 044011 (2015); PRD 10432 (2015)) (ABK),
and, outline the proposal for gravitational radiation theory full GR AA (in preparation).

We profited a great deal from correspondence and discussions with:

Bicak, Blanchet, Chrusciel, Costa, Garriga, Goldberg, Lehner, Poisson, & Saulson.

JGRG 25, Kyoto 7-11 December, 2015

Isolated Systems and Gravitational Waves

e Confusion regarding the reality of gravitational waves in full GR (Einstein:
1916-18 vs 1936; the Levi-Civita c-metric)

e The Bondi, Penrose et al framework (1960s-1980s):

Notion of null infinity Z. Topology S? x R. Because 7 is null, it is ruled by its null

normals. This structure reduces the asymptotic symmetry group from Diff(Z) to

the Bondi-Metzner-Sachs Group B =S x L.

e 3 admits a unique 4-d normal subgroup 7 of translations.
Used critically in the definition of energy-momentum.

e Gravitational radiation: Curvature of the intrinsic
connection D on Z defines the Bondi News tensor N,;. No
incoming radiation: N,, =0 on Z~. The BMS group naturally
reduces to the Poincaré on 7.

e Bondi 4-momentum and fluxes: Balance laws
Q¢[C2] — Q¢[Ch] = [az+ §|Nap|* &°ZF
Flux is manifestly positive (Bondi: “Gravitational waves are real; you
can boil water with them.”). Positive energy theorem for ()¢ [C]
(Horowitz & Perry; Schoen & Yau).




The menace of a positive A

e None of the rich structure, just discussed, exists if there is
A > 0. We do not have even the basic notions: Bondi news
to characterize gravitational radiation; non-trivial balance
laws; positive Bondi energy and positive energy-flux; ‘no
incoming radiation condition’ on Z—. Don't know what
gravitational waves mean in full, non-linear GR if A > 0,
however tiny! (Some of the Difficulties have been pointed out by

Penrose, Bicak, Krtous, Podolsky, ... over the years.)

e We do not have a canonical positive and negative
frequency decomposition that is needed in the construction of
asymptotic Hilbert spaces.

Organization of the talk

1. Asymptotically de Sitter space-times: Unforeseen Difficulties.
2. Linear Theory: Novel features.

3. Generalization of the Bondi-Penrose framework: Proposal

4. Summary and Outlook.

1. A > 0: Unforeseen Difficulties

Gravitational radiation introduces qualitative differences

e Recall first the notion of Asymptotic flatness. A Physical space-time (M, Jab)
is said to be asymptotically Minkowski if g,;, approaches a Minkowski metric as
1/r as we recede from sources in null directions. In Bondi coordinates:

d5? — —du? — 2dudr + 12 (462 + sin® 0 de?)

e Presence of gravitational waves adds an unforeseen twist: there is no longer a
canonical Minkowski metric that g,, approaches! The possible Minkowski metrics
differ by angle dependent translations (i.e. BMS supertranslations). The
asymptotic symmetric group is not the Poincaré Group P = T x L but the BMS
group B =8 x L. The BMS group B reduces to P if there is no radiation, i.e. for
the class of space-times with N,;, = 0.

e It is not even larger, i.e., Diff(Z1), because there is extra structure: S* x R
topology and, more importantly, the ruling of Z* by its null normal.



The first key difficulty in a nutshell

e One would like to say that a Physical space-time (M, Jap) is asymptotically de
Sitter if g,, approaches a de Sitter metric as 1/ as we recede from sources in null
directions. This condition is indeed satisfied by stationary space-times such as
Kerr-de Sitter. Then the asymptotic symmetry group is just the de Sitter group
D. Allows us to define de Sitter momenta (mass, angular momentum, ...).

e But in presence of gravitational waves, there is an entirely new twist: Now g,
deviates from de Sitter metric (in a controlled fashion) even to leading order! For
example, in the axi-symmetric case, an appropriate generalization of the Bondi
ansatz gives, to leading order, (He, Cao)

ds? — —(1 — (A/3)r?)du? — 2dudr + r? (M d6? + =M sin? 0 dyp?)
where f = f(u, ). The de sitter metric results at infinity only if f = 0. But in
that case, there is no radiation radiation (ABK).

e In presence of gravitational waves, then, the asymptotic symmetry group is not
the de Sitter group D but Diff(Z") (Strominger et al, ABK). No semi-direct product
structure; No notion of ‘de Sitter momentum or angular momentum.’

More precisely ...

e A physical space time (M, §u3) is said to be

asymptotically de Sitter if it admits a conformal - Al i

completion (M, gup), where M = M UT is a el
manifold with boundary Z and ¢,, = Q2G4 s.t. \ﬁ

(i) At the boundary Z, we have Q2 = 0 and Iy

V.2 #£0; 0o+ s

(~||) Jap Satisfies Einstgin's equati~ons VSN

Gap + Agap = 87GNTyy, with T, falling off 4
appropriately; and, P
aaw . . 3 - — \
(iii) Z is topologically S° (minus punctures, e.g. U .

S? x R) and complete in an appropriate sense.

e Field equations now imply that Z is space-like so its normal is no longer
tangential to it. Hence now Z does not have an extra structure like a preferred
ruling. Asymptotic symmetry group is just Diff(Z)! Not clear how to define
energy, momentum, or angular momentum at 7.
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Strengthening the boundary conditions removes gravitational waves!

e Can we strengthen the boundary conditions to reduce Diff(Z) to a manageable
size? A natural strategy, commonly used in the literature is to demand that the
intrinsic metric on Z be conformally flat. Natural because the intrinsic geometry
of 7 is then the same as in de Sitter space.

e Not only is the group reduced but it is reduced precisely to the de Sitter group!
One can define Bondi-like charges Q¢[C f(} F.,£%dSP. Yield expected answers
in Kerr-de Sitter.

e However, the condition is too strong (Friedrich)! Explicitly, conformal flatness of
intrinsic geometry < B, = 0 at Z (ABK). Since 7 is space-like, half the solutions
simply thrown out. Physical restriction: In cosmological perturbations, for
example, it removes by hand the ‘growing mode’, leaving behind only the ‘decaying
mode’! Furthermore, all de Sitter fluxes associated with these remaining solutions
vanish identically! In the full theory, Q¢[C] are well-defined but absolutely
conserved! No flux of de Sitter energy, momentum or angular momentum!

e Contrast with the AdS case: Since Z is time-like there, an additional ‘reflective’
boundary condition is needed to make the evolution well-defined. So absolute
conservation of Q¢[C] is physically reasonable e.g. in the AdS/CFT analysis.

2. Linear fields on de Sitter

e We have a quandary in full non-linear GR. Practical Strategy: Bypass it by
going to the weak field limit; analyze key issues; and return to the full theory using
guidance from the linear analysis. There are surprises already in the linear theory!

e The background de Sitter space-time provides isometries. Straightforward to
define the corresponding de Sitter momenta for test fields, say, Maxwell:

Fe = [ T £9dSP; can take limit  — Z*. But for gravitational waves, we do
not have a stress-energy tensor. Can use symplectic methods instead.

e Covariant phase space I'co, consists of space of regular T+

solutions to Maxwell's equations and is equipped with a s ,

symplectic structure: / . ,
w(A, A" fz JF 0 — Al Fab) dSy,; L7

which is conserved and gauge invariant. PREN

e Infinitesimal transformation A, — A, + eL: A, e N
preserves w and the Hamiltonian Hy := 1w(L¢ A, A) ‘ AN
exactly equals F! -

e These Hamiltonian methods can be applied to the linearized (and indeed, full)
GR, bypassing the need of a stress-energy tensor.



de Sitter momentum fluxes

e To compute energy, momentum and angular momentum carried by
gravitational waves, start with the covariant phase space I'., of linearized

solutions (on a Poincaré patch —with an eye to the quadrupole formula). Then,

w(h, ') = 7= [ haoE'“ — h!, E**)dV, where H = \/A/3.

11

e We can calculate Hamiltonians He = Lw(L¢h, h) correspond to any de Sitter
symmetry £*. A de Sitter ‘time translation’ T'“ yields de sitter ‘energy’:

Hyp = 5o [y B (Lrhay — 2H hay) AV

_1
2Hk

e Note that gravitational waves can carry arbitrarily
large negative de Sitter energy, no matter how tiny A
is. The limit A — 0 is subtle but well-defined and we

recover the standard positive definite answer in
Minkowski space-time. Thus, the lower bound of

energy carried by gravitational waves has an infinite
discontinuity! Same holds for electromagnetic waves

in de Sitter.

e Note also that if B, vanishes on 7T, so does h,;. Hence these gravitational

i

waves in de Sitter carry no energy (or momentum and angular momentum).

The Quadrupole formula

e During 1916-18, Einstein used the first post-Minkowskian, first PN
approximation, to obtain the celebrated quadrupole formula:

E = % fz+ (QabQTT)Ret dz+

The problem of extending it to the A > 0 case has been open for almost a century
because a host of unforeseen difficulties arise no matter how tiny A is!

(i) Gravitational waves can carry arbitrarily large negative energy. Potential for instability!

Physical quantities can be discontinuous in the A — 0 limit.

(ii) For A = 0 one considers energy fluxes across time-like cylinders r=const approaching Z,

and makes a heavy use of the 1/r-expansions. But in de Sitter space-time, these cylinders
approach a past cosmological horizon (across which there is no energy-flux for retarded
solutions) rather than ZT. The familiar 1/r-expansions no longer useful!

(iii) A tail term in the retarded solution already
in the first post-de Sitter order. At 7T, as
significant as the sharp term.

(iv) wave-lengths increase as the wave
propagates, making the geometrical optics
approximation invalid near Z7.

t =const ——

r =const —— g

10/1



Generalization to include A > 0

e Find retarded solution in the first post de Sitter, first PN approximation and
then energy flux using Hamiltonian methods. The final expression has the form:

Er = % fz+ (Rab RQTZZF) dz*

Rap = [0%) + 3HO

(p)

ab

+ 2H2Q

(p)
ab

+HQY + 3H%Q

e We know from the Raychaudhuri equation in

where,

(p)
ab

)
+2H°Q)]

Ret

olzn It
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cosmology that pressure contributes to gravitational

attraction. We now learn that it also sources

gravitational radiation! Lower derivative terms also
for the standard (density) quadrupole. o
SEr
q

e One can show that the energy radiated is positive <
4

definite: Although a neighborhood of Z* does admit
gravitational waves with negative energy of arbitrarily
large magnitude, they cannot be produced by a time

changing quadrupole!

o If LT, =0, then Ry, = 0.
Also, in the limit A — 0 we recover the Einstein formula. Furthermore, there is
full control to systematically calculate the corrections due to non-zero A.

11/

Why did the A > 0 menace turn out to be phantom?
(i) Positivity of energy:

I+ 0 i+ T+ ;0
.. = 7 energy reaching 7+ can be &~
Y o /;' negative only because 7% is  $ r{ﬁ
v ; past-directed along a portion ¢ 7
Z ! v I of the cosmological horizon ¢ ~
Y E*(i™). But retarded Z G
N solutions have no flux across $
e ET(i7). So the energy-flux
I- i -

through Z7 is positive!

(i) The 1/r expansion is indeed not useful. But one can replace it with a new
late time expansion near Z.

(iii) The retarded solution has a non-trivial tail term. But what matters for energy
loss are time derivatives and their propagation is sharp. But the tail term in the
solution essential to make the flux well-defined.

(iv) Since time derivatives R, in the in the energy loss formula is evaluated at
the retarded time instant, what enters is the wave length at the source, not in the
asymptotic region.

12/



3. Full non-linear GR: Proposal

e As in the development of the A = 0 theory, let us use insights from the linear
theory to develop the A > 0 analog of the Bondi-Penrose framework.

it £ i o Isolated Systems that ¢ Ir i°
NETEh) remain spatially bounded N
N define points i* on 7+, :
r{; System and radiation it :
emits is visible only to the b
men future of the cosmological %//
horizon E*(i7). So we /
i P focus only on this region. i I

e In the quadrupole formula, the ‘no incoming radiation condition’ imposed
across £ (7). Plays a key role in assuring positivity of energy flux at Z. So we
ask that //~ := £ (i) be a weakly isolated horozn: Topology S x R;
non-expanding null surface whose null normal /* is a symmetry of the intrinsic
metric and the ‘extrinsic curvature’ of H . (AA, Beetle, Lewandoswki,...). H~
replaces 7~ of Asymptotically Minkowski space-times.

13/

Symmetries and Bondi-type Charges

e General Paradigm is realized in Kerr-deSitter, Vaidya, and numerical
simulations of collapse and BH collisions (Shibata, Shapiro and Sperhake groups).

e |f H™ is axi-symmetric, it carries a 7-dimensional symmetry group. Can define
energy, momentum and angular momentum using the electric part of the Weyl
tensor, E%° on H~. Absolutely conserved as expected and standard answers in
Kerr-de Sitter. Thus good control on the past boundary that replaces 7.

e Two strategies for analyzing radiation

it Tt i0 at future infinity are being pursued. In
QI the first, One works with Z™ without

b f\:(‘ imposing the condition B,, =0 at ZT.
é} e So the intrinsic +,4,+ metric g, at ZT
4 ~ is not conformally flat. The idea is to

< BHGT) extract a fiducial equivalence class of

® conformally flat metric {G.;} ‘that would

result if the radiation were to be

switched off’ and the de Sitter group it
selects. Only partial results so far.

14/



T+

A Second Strategy: ‘Local’ 7T

T+

7=

7=

e Local Z: Restricting to
the ‘local universe' of 5 GPc
size around us.

Idea: Use

the past cosmological
horizon H* := E~ (i) in
place of Z7. Note the
resemblance to the

conformal diagram of Asymptotically Minkowski space-times! H=:

e Using the structure at the bifurcate horizon, one can drag the Weakly isolated
to H". The symmetries of this fiducial WIH enable
one to define Bondi-like charges and fluxes across H . For example, Bondi-type

horizon structure from H~

energy
— 1
F\?

fc
-
- $c

[\v}
I =~

N2

r[Re(¥s +5(0)om) + 0 (5 =
+ 27| related to the area of C! (as expected of horizons).

HZZ

50,) 4%V

r[Re(Vs + G(p0(m)) | d*V in the A — 0 limit.

e 7[C] would be positive if r < 1/H the cosmological radius.

4. Summary and Outlook

e Primary motivation: conceptual.

discovery quadrupole formula and some 50 years since the Bondi-Penrose framework. For 15

local Z=.

Some 100 Years have passed since Einstein's

years, we have known that the accelerated expansion of the universe is best explained by a

positive A. Now, numerical relativists, observers and experimentalists have taken us to the dawn
of the new era of gravitational wave science. So it is high time that we have a firm theoretical
framework describing gravitational waves in GR with A > 0. (Recall the confusion about reality

of gravitational waves during the first 50 years of GR!)

e The issue of this extension has been open so long because inclusion of A,

however small, introduces novel conceptual issues both in full theory and in the

linear approximation. These arise because the asymptotic space-time structure

changes non-trivially: 77 is space-like rather than null. Hence problems persist if

A were to be replaced by some other form of ‘dark energy’ so long as the

accelerated expansion continues to the future.

e Stability of Z* for A > 0 was established in a pioneering work by Friedrich in
1991. But the problem of extracting physical information has been open: Bondi
news; energy, momentum and angular momentum 2-sphere integrals; expressions
of fluxes of these quantities; relation between the radiated power to properties of
sources in the weak field, slow motion limit, ...

Even a tiny A casts a long shadow!

14
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e These issues have now been resolved in the weak field limit: Post de Sitter, first
post-Newtonian approximation. A priori it is not obvious that tiny A can only
make negligible corrections because the limit is discontinuous in important ways:
Z" changes its character. But detailed analysis provides systematic ways of
calculating the ‘error’ terms and shows why and how the concerns can be
by-passed. For full, non-linear GR, well-developed strategies but further work is
needed.

e Open issues: Examples:

i A i (i) Is the analog of Bondi-energy 2-sphere integral
) positive if the matter satisfies energy conditions and
“:f H~ is a weakly isolated horizon? Recall the
f{ﬁ importance of the positive energy theorem in
X geometric analysis.
R (i) Is the radiated flux positive (since there is no
energy flux across H ) as in the new quadrupole
i = formula? If not, there would be gravitational
instabilities.
Comment: Definitions of de Sitter momenta of Abbott & Deser; Kelley & Marolf; Chrusciel,
Jezierski & Kijowski; ... refer to i°. Positive energy theorems of Kastor & Traschen; Luo, Xie

and Zhang also refer to i° and, furthermore, a conformal Killing field in de Sitter, which is not

an asymptotic symmetry. Szabodas & Tod: Positive charge but interpretation unclear. s

Gravitational Collapse & BH evaporation

r=o r=0 r=x

A = 0 versus A > 0 gravitational Collapse

i+ .
I it It 70

Conceptual problems in specifying asymptotic Hilbert spaces for the Hawking
radiation resolved in the new scenario: incoming states can be specified on H™

and outgoing on " , even allowing for back-reaction due to outgoing-radiation,
18/1



16

“Experimental Constraints on Fifth Force Candidates in Nanometer
Range”
by Yoshio Kamiya

[JGRG25(2015)1a1]



Experimental Constraints on Fifth Force
Candidates in the Nanometer Range

Y. Kamiya, Y. Sasayama, S. Komamiya, and G. N. Kim
The Univ. of Tokyo / Kyngpook Nat. Univ.

supported by JSPS KAKENHI Grant No. 25870160

“Gravity-like”

R
Experimental Constraints on Fifth Force
Candidates in the Nanometer Range

Y. Kamiya, Y. Sasayama, S. Komamiya, and G. N. Kim
The Univ. of Tokyo / Kyngpook Nat. Univ.

supported by JSPS KAKENHI Grant No. 25870160




New Interactions (5th forces)

Start with this Lagrangian for scalar field

AT i Br BV A
L= 2(a¢) 2mq§¢ £M (M) Ez MPl pqu

o mg=—pin=—4,&=N4, n/Mp =1/v
==> Higgs
Y 5 = 0, Mi = 7 (universal)

The equation of motion simply become the Klein-Gordon
equation, and the new interaction is described by the
Yukawa-type scattering potential for massive mediator.

Yukawa-type Scattering Potential

use more friendly notation of the strength of the Yukawa interaction

where m is a fermion mass and g is a proportional constant,
then, scattering potential between two objects is obtained as

coupling charges mass

P

—m¢T'

1
Vo(r) = ——g*mima

4 r
\ coupling strength

The coupling charge of this new interaction is mass.
The new interaction appears as a source which violates the Newtonian,

inverse square law of the universal gravity.
—p called “gravity-like” forces

€




Testing Gravity ~ 10212 m

Verified by analyzing planetary
and lunar movements

(exception) Pioneer Anomaly

The Pioneer 10/11 spacecrafts
were observed to be pulled by the
Sun a little bit stronger than the
expectation on trajectories out of
the Solar System. (1980)

It is now “tentatively" solved by
taking into account an anisotropic
thermal radiation precisely.

--- PRL108, 241101(2012)

Daiki Goto / Zanpa cape




Testing Gravity < 1 m

No significant deviation from the
Newtonian Gravity has been
observed in the interaction range
down to 100 microns.

Many Gravity tests in the shorter
range have been conducted in
several institute energetically.

Yukawa-type scattering potential .l B 1)
coupling charges - ,' |
A e N
« il

Vo(r) = ——g*mime———

4 r
\ coupling strength

paraé?)%tgé . (92, m¢) or (92, Sy 1/m¢) ~_aiihe Eot-Wash-Group; Univ. of Washington

http://www.npl.washington.edu/eotwash/sr 5/15

Experimental Constraints on the
Yukawa-type Parametrization
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Experimental Constraints on the
Yukawa-type Parametrization

coupling strength
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Experimental Constraints on the
Yukawa-type Parametrization
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Experimental Constraints on the
Yukawa-type Parametrization
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New Force Search using
Neutron Scattering

1) measure the angular distribution of 5 A neutrons scattering off
atomic xenon gas

2) evaluate deviations from the
expectations from know interactions 3 s
to set limits on additional, unknown T o
interactions

Pokotilovski (2006) Mohideen et al. (2001)

T

Nesvizhevsky et al. (2008)

T

T T

extra U(1)
*\. gauge boson

T T

this work

T

log(7) [l




New Force Search using
Neutron Scattering

1) measure the angular distribution of 5 A neutrons scattering off

atomic xenon gas

2) evaluate deviations from the
expectations from know interactions
to set limits on additional, unknown
interactions

This experiment have started from 2013
with financial support of KAKENHI No.
25870160

We have finally succeeded to improve
previous constraints for gravity-like forces
in the 4 to 0.04 nm range by a factor of up
to 10.

— Phys. Revw. Lett. 114, 161101 (2015)

This talk is mostly about this paper.

2 . log(u) [eV]1
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Experimental Site

40 m small angle neutron scattering beam line at HANARO research reactor

Colli

Flux Monitor

NS L
AR 1Y

Xe Gas Chamber
Sample Chamber 1
Velocity Selector ;

| Gas/Vacuum System

Getter-based st
Purifier Regulator

Xenon Gas Bottles

Turbo-molecular

Pum)
P Scroll Pump

Wavelength: 5 A

Beam size: 22 ¢

Divergence: ~ 3 mrad

Intensity: ~ 1.4 x 10° neutrons/sec

figs. from Young-Soo Han et.al, The 11th Japan-Korea
Meeting on Neutron Science, 101 (2011)

Velocity Selector




Experimental Site

40 m small angle neutron scattering beal

ol

Flux Monitor

NN NN
17 1Y

Xe Gas Chamber
Sample Chamber 1
Velocity Selector ;

| Gas/Vacuum System

Getter-based L==d
Purifier Regulator :
Xenon Gas Bottles |
Turbo-molecular

Pum)
P Scroll Pump

Wavelength: 5 A

Beam size: 22 ¢

Divergence: ~ 3 mrad

Intensity: ~ 1.4 x 105 neutrons/sec

Scattering Length

Scattering Length is divided into
coherent/incoherent/Schwinger scatt. Length

+ coherent scattering length p
0/2: neutron spin
bc(q) — (ch + bp) — (bF = bI)Z[l = f(q)] I: Nucleus spin

70: unit vector L scattering plane
~-1x101 fm

atomic form factor:

+ incoherent scattering length F(a) = [1+ 3( % 205

bi(Q) =bnil — v I(I =+ 1)9bF(1 - é@) qo~7 A1

~-1x1073
Il i bne: coherent nuclear scatt. length

. q bp: polarization scatt. length

+ Schwinger scattering length by Eoldy et [t &

br: intrinsic n-e scatt. length

bs =brZ [1 o f (Q)]CO'EG bni: incoherent nuclear scatt. length

~-1x10! fm g: magnetic dipole moment ~ 0.9

9/15




Scattering Length

Scattering Length is divided into
coherent/incoherent/Schwinger scatt. Length

+ coherent scattering length P
0/ 2: neutron spim
bc(Q) — (ch + bp) — (bF + bI)Z[l — f(q)] I: Nucleus spin

7): unit vector L scattering plane

atomic form factor:
q —0.
flg) =1 +3(=-)77%°
q0
qo ~ 7 Al

bne: coherent nuclear scatt. length
byp: polarization scatt. length

be: Foldy scatt. length

br: intrinsic n-e scatt. length

bni: incoherent nuclear scatt. length
g: magnetic dipole moment ~ 0.9

JAKS

Scattering Length

Scattering Length is divided into
coherent/incoherent/Schwinger scatt. Length

+ coherent scattering length
be(q) = (bne + bp) — (br +b1)Z[1 — f(q)]

~-1x10"! fm

b b
= (e +5) L+ XL - F@}  x=—3" 5 Z~3x102




Calculated Distributions

[arb. unit]

Scattering Length

Scattering Length is divided into
coherent/incoherent/Schwinger scatt. Length

+ coherent scattering length
be(q) = (bne +bp) — (br +b1)Z[1 — f(q)]

~-1x101 fm

brp + by

= (bve +bp) {1+ X[ = f@I}  x=—5 =7 Z~3x10°

+ coherent scattering length with the new forces

be(q) = (bve +bp) {1+ x[1 - ()]+Xy[( 1)2 1171}

Differential Cross Section

do
dQ

~ (bwe + bp)® (14 2x[1 — f(g)] +2Xy[(%)2 +17Y)

Expected angular scattering distribution to be measured was
derived from this differential cross section convoluted with
the finite beam size, the length of the scattering chamber, and
the thermal motion of the xenon gas.

distributions are clearly
distinguished each other

new forces (range = 1nm)

—_
()

(e}
= III|III|III|I I|III|III|III|III III|II

eyl fitting using the shape is

effective
2nd term

120

o

O [mrad]




Measured Distribution

Top figure is the same one
previous slide and they are the
reference distributions to evaluate
the measurement.

Center figure is measured
scattering distributions w/ Xe gas
sample and w/o sample

By subtracted the empty cell data
and by fitted with the references,
residual distribution from the
known interactions is obtained.

No additional non-Newtonian
forces are observed within this
sensitivity.

dé/dQ [arb. unit] dé/dQ [arb. unit]

Residuals

new forces (range = 1nm)

1st term

2nd term

[

with Xe gas sample

without sample (empty cell)
U U SN NSNS SR SN ST S S NN SR ST S NN ST S R S

}JI'H HhHLH Hiﬁlldu" th 'r T +++T T’r*
H HT+ TR Tt H +++ +++

60 120 g [mrad.]

New Constraints

Limits of g*2 at 95% C.L. are
evaluated using the Feldman
Cousins approach.

We have succeeded to improve
previous constraints for gravity-
like forces in the 4 to 0.04 nm
range by a factor of up to 10.
(Discussions)

* to longer range?

— possible with neutron lenses

21pDF-10 Sasayama (JPS2015 spring)

 for other type of new forces?

— now investigating

5 ; log(w) [GV]1

N
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N
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Y. Kamiya, K. ltagaki, M. Tani, G. N. Kim, and S. Komamiya, Phys. Rev. Lett. 144, 161101 (2015)




New Interactions (5th forces)

Start with this Lagrangian for scalar field

1 i
L= =Y ——pi
> i My Pi®

o m,=—u,n=—4,&=X4, n/Mp =1/v
==> Higgs
° f = 0, i = 7 (universal)

The equation of motion simply become the Klein-Gordon
equation, and the new interaction is described by the
Yukawa-type scattering potential for massive mediator.

Chameleon Fields

Start with this Lagrangian for scalar field

_1 4 9

i
=Y ——pi
=) o P

° mé = 0 7 = 7 (universal) —> Nonlinearity will be of particular note

depends on
vev: quc =M ( ) + fermion surround

M
mass: Mygqe = EM 5 — |2 2+l /




Chameleon Fields

(example) n=—4,&~1,n~1

In the Universe
p=10""*gemr3  1/myqe ~ 100 km
Too short to see the effect by cosmological observations
In usual material
p = 1 g/cmA3 1/mvac ~ 0.1 mm
Interaction charge can not be accumulated (Thin-shell Effect)

—— Chameleon is still alive somewhere
Experiments at shorter ranges are effective

The Chameleon partially contribute to solve
the cosmological constant problem!

Summary

» Searches for new gravity-like short-range forces have been

performed at many institutes.

* We improved previous constraints for the Yukawa-type gravity-

like fifth forces in the 4 to 0.04 nhm range by a factor of up to 10.
Y. Kamiya, K. Itagaki, M. Tani, G. N. Kim, and S. Komamiya, Phys. Rev. Lett. 144, 161101 (2015)

* There are plenty parameter space remaining for new exciting

physics such as the Chameleon field.

* The research field is still active and exciting.

* Please join this experimentally reachable field to your field
and please make any predictions beyond the standard model.




Thank you for your attention.

“We plan to continue our work until defeated by systematic errors.”
— William M. Snow (Indiana Univ.)
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“Model-independently testing gravitational theory with gravitational-
wave observations”
by Tatsuya Narikawa

[JGRG25(2015)1a2]



Model-independently testing
gravitational theory
with gravitational-wave observations

JGRG25, Parallel Session 1a@YITP, Panasonic Hall
14:15-14:30, 2015/12/7
1

Gravitational waves will be detected
within a few years.

Advanced GW detectors, aLIGO, aVirgo, and bKAGRA will
open a new window for GW astrophysics.

One of topics:
Testing GR in the dynamical strong-field regime.

Our recent work on "Gravity-by-GW Test".

[Narikawa, & Tagoshi, in prep.]

We demonstrate that Advanced GW detectors have
potential for new bounds on deviations from GR.

2




Why considering Alternative Theories of Gravity?

- GR passes all tests with flying colors so far.
But, is GR the correct theory of gravity in the entire regime?

- Problems for GR — Motivations for modified gravity theories

- Black Hole singularity <« Unphysical!
- Unification with other forces or Quantization of gravity
- Alternative to Dark Energy and/or Dark Matter
- Useful to contrast their predictions with GR
— evaluate the correctness of GR, e.g., ppN

The Universe is undergoing an accelerated period sk
Unknown components dominate. R s

We do not understand much of the Universe. e
Cosmic Pie Chart

[Planck, 2014]

S //

@ »":,, (/7
f“‘ Inspiral merg'er BH rmgdové///

wime LIME SEriES

Inspiral merger ringdown

frequency  |—=k
domain ner

merger
rmngWr\

strain equivalent noise spectrum [1/iHz)

1000

Expected GW detection rate for neutron star binary:

Rdet — 81_%0 yr_l in advanced detectors.

[Kim, Perera, & McLaughlin, MNRAS 2013 [arXiv:1308.4676]]
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Restricted Inspiral Waveform JEELEC

Solving the energy balance law

|
r“‘w“” .
I Ey = —Laow

““““‘\\‘ ‘
ALt Waveform

C+Z[¢k+¢

k=0
where the inspiral reduced frequency u:(n‘]\/[f)i/3
and the chirp mass FUESEUULIMAIACIER P e

-Point particles: clean system
-Well-known analytic waveform (the small humber of parameters)
-Extracting Binary parameters: {Mc, n, D, tc, ®c, sky location}
-Testing GR and extended models of gravity

5

. T .- [Yunes & Pretorius,
Parametrized post-Einsteinian Framework PRD 2009]

h = har [1 + au?] exp[ifu’]

A generic parametrization which characterizes
the departures from GR through free parameters (a,a,b,B).

The ppE framework reproduces most the models

Theory ) BppE

5 S%2  2/5

Jordan—Fierz— ~ 3584 wpp

Brans—Dicke

. .. —18/5 52
Dissipative . - 715@ (3n /562,
Einstein-Dilaton-

Gauss—Bonnet

Gravity

72 DM,

Massive Graviton TAZ(1+2)

. 1—
w2y P’YLV Mo TV
(1-vLv) Ai\;“mv (1+z)I—7Lv

Lorentz Violation

G(t) Theory — 3 GM, —%GCMC

Modified Gravity Zoo

Extra Dimensions . . —ﬁ %n_4(3 — 261 + 241°)

Non-Dynamical g Bpv
Chern—Simons
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Matched filtering - A pattern matching technique

ise + Sig

template: h

Sn(f): One-sided power spectrum density
of noise

S 7
Bayesian model selection

Which model better describes the data?
the odds ratio for MG over GR

P(MGls) P(MG) P(s]MG)
P(GR|s)  P(GR) P(s|GR)

Analytical approximation of BF [Cornish et al. PRD 2011]

O 6SNR2(1—FF)

O =

Assumptions: large SNR, FF~1,...
Fitting Factor

(hgr(0cr)|hvmc (Ove))
_ _ FEF (6 = -
SNR = |h| = v/(h|h) (Oma) Ben |har (Oar)||hvc (Ome)|

1-FF characterizes the strength of MG corrections.

8
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A analytic Bayesian decision scheme [NELEEaP LN with vy

using the odds ratio as a detection statistic,
with approximation for odds ratio O-exp[SNR?(1-FF)],

setting Otnr by requiring a given FAP:
Owmg,cr>Ortnr for @ FAP = MG detection!

|0910(SNRreq)

Egécfniéf:SO% _ g;SNRreqCX(l-FF)'l/E)
m 100+ false alarm F =10+
| 099 | 275 requredtor 10

MG detection

8§ 7 6 5 -4 3 -2 -1 0
log,,(1 - FF)

SNRreq : the value of the signal SNR required to detect

a given deviation from GR waveform.
9

B. Phase corrections

For BNS (1.4, 1.4)

4 Excluded region by —,
Binary Pulsar

Bounds from binary pulsar
observations
for PSR J0737-3039.

)
&
i

—— Pulsar Constraint

1 1
1 2 3
PN-Order




B. Phase corrections iL . ;L -0 b
: = hgr exp|ifu’]

Detectable Region (SNR>SNRyeq)
For BNS (1.4, 1.4)

4 Excluded region by
Binary Pulsar

Even if a detection threshold
event will be detected, GW
constraints can be stronger
than those of binary pulsar
constraints at high-PN order.

logyo 18I

— Pulsar Constraint

@ BNS (1.4,1.4) 218Mpc |

1 2 3
PN-Order

B. Phase corrections
Detectable Region (SNR>SNR/eq)

h = har expliful]
For BNS (1.4, 1.4)

| Excluded region by
[ Binary Pulsar

Even if a detection threshold
event will be detected, GW
constraints can be stronger
than those of binary pulsar
constraints at high-PN order.

]0810|ﬁ|

— Pulsar Constraint

@ BNS (1.4,1.4) 218Mpc

BNS (1.4,1.4) 50Mpc

B BNS (1.4,1.4) 10Mpc 1

1 2 3
PN-Order

The results demonstrate that Advanced GW detectors have potential
for new bound on phase-deviations from GR.

12
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Model-independently testing gravitational theory
with GW observations

Strategy [Narikawa, & Tagoshi, in prep.]

Parametrized post-Einsteinian Framework
Approximate Bayesian analysis
Detectable regions of ppE corrections to GR

We demonstrate that Advanced GW detectors have
potential for new bounds on deviations from GR.

Our results provide prior information for modified-
gravity search.

Thank you for your attention.
13




“Microlens of light rays near photon sphere”
by Naoki Tsukamoto

[JGRG25(2015)1a3]
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Microlens of light rays near photon sphere.

Naoki Tsukamoto
Rikkyo University
(— Huazhong University of Science and Technology in China)

N. Tsukamoto and T. Harada, arXiv:160x.XXxXXx

December 7th 2015, JGRG25 @ Yukawa Institute for Theoretical
Physics, Kyoto University

Relativistic images near Photon sphere.

Source  Relativistic imag, Primary image
s .

Observer

Virbhadra 2009

e If 3 lens is a black hole, infinite number of images appear near
photon sphere at r = 3ry/2.

e Since these relativistic images are always dimmer than primary
images, we can ignore its effects on microlenses.

40



Retrolen§

Eiroa and Torres 2004.

41

29/\
15 -1 <05 0 05 1 1.5 2
time (days)

Holz and Wheeler 2002.
The lens is BH with 10Mg,, at
0.02pc and the source is the Sun.

e Retrolensed image is brighter by 30 times than relativistic images.

e Retrolensed image and primary image appear at different

direction.

e Retrolensed image is sensitive to the photon spehre.

Microlens of light rays which pass a wormhole

throat.

e Images near photon sphere are dominant.
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Morris-Thorne Wormhole morris and Thorne (1988).
e A static and spherically symmetric WH.

e Two infinities are linked by a throat (two-
dimensional spheres with minimal area on a space-
like hypersurface).

e If we assume general relativity without A, exotic
matters (w = p/pe < —1) are needed to support the
throat because of the violation of the null energy
condition (T, kHkY > 0).

(p: pressure, p.: energy density, k*:null vector.)

e Here, we will concentrate on methods to find

wormholes with gravitational lenses.

Ellis wormhole Elis 1973 and Bronikov 1973.
e The earliest and simplest example of Morris-Thorne class.
By solving the Einstein equations and the wave equation with respect
to a phantom scalar field x(r)
1 1 ) )
v = SR g = =2 (X (P = XM g )+ X0 =0

with the boundary condition lim,—« x(r) = 0, we obtain a static and
spherical wormhole solution as
r2 4+ a2 — m?2

ds? = ’2+ 5 2’{—6—2”2"(’”)&24-6%‘(” [dr2+(r2+a2—m2)d§z2}},
T a< —m

Ry

) = —2 |7 _arctan

a2 — m?> 2 a2 — m?>



e As r — oo, it is asymptotic to Schwarzschild spacetime with the
mass m.
Its gravitational lens effects under the weak-field approxi-
mation are same as Schwarzschild lens.

e AsS r — —oo,

ds?® = — (1 + Qmeaw) d (e—%tf 4+ Lmﬁ + 72 (d0? + sin? 0dg?) .

T 1 + QmiT

It is asymptotic to Schwarzschild spacetime with a negative mass
—me o . This is an example of so-called natural wormhole.

e For m = 0, it becomes the so-called Ellis wormhole.

ds? = —dt? + dr? + (r2 4 a?)(d6? + sin? 0d¢?),

Large impact parameter case. Eiis 1973

e Usual lens configuration.
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Microlens with large impact parameter.Abe, 2010.
6o

e A source go across near a lens
object on the lens plane.

e Ellis WH: characteristic de-
magnification.

e We cannot say the difference
between positive Mass worm-
holes and usual massive ob-
jects.

Red :Ellis WH

.5 8,95
-5 -4 -3 -z - [ 1 2 3 4 s -5 -4 -3 -2 - a 1 2 3 4 5

Microlens of natural wormhole. crameretal. (1995)

Mo 3}

Two peaks can appear.

t/To

10
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Critical impact parameter case. Eliis 1973

e T he photon sphere exists at the throat.

11

Small impact parameter case. Elis 1973

« WWe want to give a method to find positive
mass wormholes!

e Photon sphere, non-existance of horizon, geodesically complete,
e We will investigate this case.

12
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Microlens of light rays passing through a wormhole throat.

Tsukamoto and Harada 2016. ) o
e To distinguish the wormhole with a positive mass

from other massive objects, we investigate the mi-
crolensing by the light rays coming from the an-
other flat region through the wormhole throat by
using the exact lens equation (See Perlick 2004).

e For simplicity, we concentrate on the so-called Ellis
wormhole.

e Our method would be applied for passable worm-
holes with positive masses easily.

13

The configuration of the gravitational lens.

e © is the image angle on the observer’s sky.
e For ¢ ~ mw, two images near photon sphere are dominant.

14
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The difference of magnitude
Am =m — mg = 2.510919 (D?um)

where mg is the magnitude of the primary image at © = 0.
Dim 1S the luminosity distance:

D2 /TS r%-l—a? cos2©® —fr’%sin2 @\/r%+a2\/r2+a2 cos2 @dr
lum = 3
<\/r2 + a? cos? © — rZsin? @)

r2+a r5H + a“sin ©dr
0 N
sin® m\/ + a?cos? © — r3sin?©

e We will assume a = 1072 pc and rg = —rp = 10 kpc.

15

Light curves

e We assume the source velocity & = 3x 1015 rad/s Source
near ¢ = m on the source plain. ~—@
e 3. The closest separation between the source and 0
¢ =m.
=7
B =10"rad]+
B=10""[rad]
24
E L
q‘ &%

22

20 " " " " " " PR
—4x10% —2x10° 0 2 x 10° 4x10°

16



Summary.

e We have investigated the microlensing of the light rays which have
passed Ellis wormhole throat.

e The closest distance 8 between the source and ¢ = w decides the
maximum of apparent brightness of the light curve.

e We would distinguish the light curves from the usual light curves
of mass lenses.

e Our method would be applied for passable wormholes with positive
masses easily.

Thank you.

17
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““All-sky coherent search for continuous gravitational waves in 6-7 Hz
band with a torsion-bar antenna”
by Kazunari Eda

[JGRG25(2015)1a4]



All-sky coherent search for continuous
gravitational waves in 6-7 Hz band
with a torsion-bar alﬁna

Phys. . D90 (2014) 6, 064039

S *@7( e arXiv:1511.08354
- % zunari Eda

University of Tokyo, RESCEU
( earch enter for the arly niverse)

Collaborators: 2015/12/07
A.Shoda, Y.Kuwahara, Y.Itoh & M.Ando JGRG25 @ Kyoto

Motivation

: Phys.Rev.D90,6,064039
’ PreVIOUS WOFkS KE, A.Shoda, Y.Itoh, and M.Ando (2014), A.Shoda (2015)

v" We proposed a new antenna configuration for a torsion bar
antenna (TOBA) last year.

v Correspondingly, we have upgraded the T

v" We operated the upgraded TOBA for abo urs last year.

v The sensitivity reached 10-10 Hz"¥/2 at arou 7.

@ arXiv:1511.08354
KE, A.Shoda, Y.Kuwahara, Y.Itoh, and M.Ando (2015)

€ We search for continuous GW from a rapidly rotating neutron star in
low-frequency regime using the upgraded TOBA.

€ All-sky search for continuous/GWsybelow 10 Hz have yet to be
investigated so far.

€ We put constraints on the GW amplitude.
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What is TOBA ?

0 TOrSion-bar Antenna (TOBA) (Ando et al. PRL 105, 161101 (2010))

which measures rotations of bars
+ formed by two bar-shaped orthogonal test masses

(f=0.1-1 H

thanks to its resenant frequency f.. < 1mH

Compact binary coalescence
Stochastic GW background

-

o
L
-~

%,_Gravity-gradient
noise ) .
Final configuration

10-m TOBA

e o, Shot noise J
n DD

Bar

Seismic noisk\ fhermal|

10" 10’ 1

10 10

=

o,
2
o

=y

o
L
oo

Sensitivity [1/Hz""*]

Frequency [Hz]

Design overview

O Phase_I TOBA Ph.D. thesis, K.Ishidoshiro (2010)

v Single bar suspended by magnetic force with a superconductor.
v Its sensitivity is limited by the magnetic noise below 0.2 Hz.

0 Phase-II TOBA Ph.D. thesis, A.Shoda (2015) .
|

v Two 24-cm bars suspended by tungsten w

v Common ;inoise rejection via a null stream

v Hexapod- ctive vibration isolation system

Active vibration
isolation table

Intermediate mass
and damping mass

\'ZAC.?CJ.Y““

3 = : L 5 L -
. o

Vacuum chamber




Measured strain sensitivity
o Sensitivity curve of the Phase-II TOBA

10'4 Limited by seismic noise l """"" S 1

Limited' by noise caused
by the optical fiber

A |

—i
S
(o]

—i
S
(o]

—

o
4
o

Strain sensitivity [Hz'” 2]

—

o
L
N

Ll
10
Frequency [Hz] We focus on this frequency band

Continuous GWSs

O Continuous GW from a rapidly rotating neutron star (NS)

v GW frequency = 2xspin frequency — nearly constant
v GW duration time >> Observation time

O Ellipticity € Horowitz & Kadau (2009) Line of sight

v NS's non- metry Spin
v' Maximum value € ~ 4x10°
v' 1-cm-high n the 10-km-radius star

k : Bulge on NS
O Typical amplitude

412G Neutron star
2
hO = oor E:IfO

- £ il 0.1 kpc fo 4
- 29
= <1U_6) (1038 kgn]2> ( T ) (1 HZ)

GW 4o NS NS’s moment Distance to GW frequency
amplitude 4eoformation of inertia the NS




Search method: F-statistic

D F_ StatiStiC Jaranowski, Krolak, and Schutz (1998)
v The method of maximum likelihood ratio

v 2F > 2F, = GW detection ._\
4 P (s|h)

In A (s; In R :r=0) = |h)——(h|h)

2F = max [2 InA (s;\) } s : Output
ho, 0,7 h : GW signal
: Inner product

E[2F] = 4+ (S/N)? I

A\
O Threshold of F-statistic

4

v 2F < 2F,, = Upper limits on GW amplitudes

Flow chart of our search pipeline

O LAL ( SC Igorithm Cibrary)
v Useful tool for GW data analysis

Input A(t) data v Developed by LIGO

v Wr|tten in C lang
l MakeSFTs.c
+ ComputeFsta 2.C
+  ComputeFstat pperLimit.c

EIE 9000-S§E '
l t ;ourier ransform
No S
Compute F-statistic >et an upper
limit on h,

Yes

List of candidates

Computations were mainly
conducted on the ORION computer
cluster of the Osaka City University.




arXiv:1511:08354

Data a n a IySIS 1 KE, A.Shoda,Y.Kuwahara, Y.Itoh, M.Ando (2015)

O Preparation for data analysis
v Convert time-series data into GWF (GW frame) format for LAL
v' Make 9,000-sec SFTs from the 22.5-hour TOBA data

(Short Fourier Transform)

O Statistical properties
v’ Statistical properties of our data in 6-7Hz band rest

(a) Gaussianity ¢ (b) Stationarity check
Histogram of an averaged power Histogram of a difference
in a single frequency bin between the adjacent phases
1% P . F-distribution ixio* F Uniform distribution i
e ] 8x10° - ]
< 10° < 6x10° .
ax10° - .
10? 2x10° - .
0 -3

arXiv:1511:08354

Data a n a IySIS 2 KE, A.Shoda,Y.Kuwahara, Y.Itoh, M.Ando (2015)

O Computation of F-statistic
v Employing ComputeFstatistic_v2.c in the LAL code

O Results
v No GW signals = PDF for F-stat. obeys x2-distri with 4 dof.

v For large F—'mall non-Gaussianity appear.

Probability distribution function for F-statistic over 0.01 Hz band

0.2 _ ] 107 oo ]
F Curves predicted in the = i
0.15 —" case of no GW signals. 10 i Non-Gaussianity
S S 108
o a
@ 0.1 . _ g
Measured values 1074
0.05 7 5 -“_“.--u-u-u-l
. N 1T
0 5 10 15 20~ 25 5 10 15 20

2F oF
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Data a n a IySIS 3 KE, A.Shoda,Y.Kuwahara, Y.Itoh, M.Ando (2015)

O Upper limits on GW amplitudes
v 1Hz band is divided in to 0.01Hz sub-band.
v We evaluate the loudest values of F-stat in each sub-band.

O Results
v The threshold 2F,, is set to be 68 correspondin /N=8.

v" The measured values of F-stat in each sub-band are below F,,, .
L

Loudest values of F-statistic Upper limits on A,

50 T T T T T T 8)(10-12 _I T T T T I_
L] ., -
40 * 3 “ - -t
& 30 l-‘..','_ o - * ;' ".: s | £ ‘-‘1.-:',:1-#.1*“‘_.1
ERE LM T " ) * a0 * ¥
4 r‘ ""1"_1-1. L% 0 * 'l"'; o 4x1072 * w.“. .ﬂ"ﬁ'
20 | - : * ]
| 1 1 | 1 1 2X10'12 1 1 1 | 1 1
6 6.2 6.4 6.6 6.8 7 6.2 6.4 6.6 6.8 7
Frequency [Hz] Frequency [Hz]

arXiv:1511:08354

D I Scu SSIO n KE, A.Shoda,Y.Kuwahara, Y.Itoh, M.Ando (2015)

O Expected upper limits on GW amplitudes
v From JKS98 paper, expected upper limits are 4.0x10-12.

v" Our upper limits are typically hy~5 x 1012,
(hia 11. 4\/

obs

O Upper limits on ellipticity € ’
v' The ULs on Ay can be interpreted in terms of UL he ellipticity.

v' Maximum possible value £ ~ 10-¢ (Horowitz&Kadau (2009))
v' Our ULs on far from an interesting parameter region.

4 2
ho = 3 G5[f0

C r

v Distance : r = 0.1 kpc

vMoment of Inertia : I = 1038 kgm?
v Gravitational constant : G

v Speed of light : ¢

v GW frequency : 1,

Ellipticity

Frequency [Hz]




Summary

The Phase-II TOBA was constructed.
We operated the Phase-II TOBA in the end of last year.
The sensitivity reached 10-10 Hz1/2 at around 1 Hz.

o

Using the data.h the upgraded TOBA, We searched for
continuous GWSs in 6-7 Hz for all-sky regions which had yet to be
searched so far.

No significant GW signals are found in this frequency band.

The most strict upper limit onfgwith 95% confidence level is
3.6x10-12 at 6.84 Hz.

Thank you !!




““Wave Optics in the Kerr spacetime and the black hole shadow”
by Sousuke Noda

[JGRG25(2015)1a5]
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Bt R

Wave Optics in the Kerr spacetime
and
the black hole shadow

Sousuke Noda (Nagoya Univ.)

Collaborator
Yasusada Nambu (Nagoya Univ.)
1 7/12/2015 JGRG25 @ YITP

In this presentation:--

D Wave scattering by a Kerr black hole

Kerr BH %%% Observer
photon sphere

@ Image construction from the scattered wave

Interference pattern Wave optical image

-
.=

caustics 2 Black hole shadow




light source

Image construction in wave optics

—-=))))] 3

Square Aperture

Interference pattern

!
10

3

imaging system

Fourier transform

Screen image plane
(x’ y) (.TI, yl)

Image

Image construction in wave optics

source

s >))) °

Kerr BH

Interference pattern

?

imaging system

Fourier transform

image plane
(:C7 y) (mla y[)
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Why Wave Optics ?7?

O Geometrical Optics

BH Shadow

observer

photon sphere

M. Moscibrodzka & H. Falcke,
Radboud-Universitédt Nimwegen

photon sphere < rim of shadow

O Wave Optics
Wave Optical BH Shadow

. ®)))) @ <5 .
photon sphere

Wave optical effects

photon sphere ~ Quasi Normal Modes

e.g.) Diffraction

Beat between modes etc.
5

Set up

Kerr BH

Point source >> ’; Observer
(1,05, Ps)
O Kerr metric - - - Boyer Lindquist coordinates % =0~1
O Source - - - monochromatic, scalar wave short wavelength
Klein Gordon eaq. WM > 1
Od =S Dd~e ™ S~ F-35)
stationary

O Helmholtz eq.
V2G(Z, 7)) = 0¥ (& — 77)

Green function
partial wave expansion

Gl =33 7 Cunl0Te) G, (0)S5 ()00

2 2 2~ 7
ta \/r ta spheroidal harmonics

[¢]




The radial part| short wavelength case wM > 1

O The radial part
~ _ Uin (7s) tup(7)

Glm = w(um,uup) : Wronskian
w(uina uup)

O The radial equation (homogeneous)

d?u(r,)
dr?

[w(r? + a?) — ma]® — A(Apn + a*w? — 2amw)
GEYDE

+Qu(r,) =0 Q=

O Independent linear WKB solutions (r >>1 )

transparence reflection orizo
1 ml T 5 Alm aF (l w
Uiy, ~ SIN | Wry — —
" 2 e Bz incidence
ml Alm + a’w? Horizo
Uyp = €XP wr*_5+5lm

Green function

partial wave expansion radial part
Gl'm (r,7rs) . im(p—¢s) (. — _uin(TS)uup(r)
Gz, xs) ZZ V2t a2 \/7“2 ¥ a? Sim (0)Sim (05)e i W(Uin s Uup)
zw rr4rr) l Ay, +a2w? N ' . 5
G = Al (F+75) 20im G, (0)Sy,, (0,)e (¢t s)
(2, )  2iwrrs lz;mz:_le ‘ tm (6)Stm (Ba)e

(7,
source plane

/r7 97 ¢)

8 observer’s sky



Decomposition of the Green function

etw(r +ry) 20 ! ;AL Ta2w? ) ) ~
o o ; 1287m im(p+ds)
G(.CC,:L‘S = 22607“7“5 E E e’ 2 )6 : Slm(e)Slm(es)e

=0 m=-—1

Poisson’s formula

L=1+1/2

S N S dL €i27rW(L—1/2)

. integer

v

:GWZO + GW;&O
Direct part Winding part

GW=0
) ® <)
GW?so

Decomposition of the Green function

photon sphere

eiw(r ry) ! -
G(x xs _ (r*+r3) Z Z o Azm;; w? % T) z261m5m(0)5«l ( ) im(p+dos)
’ 22wrrs

=0 m=-—1

Poisson’s formula

L=1+1/2

- _ - dL, ¢27W(L—1/2)

: integer

e aQWw=0
eanes GW;éO

photon sphere
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Sum in the Green function & QNMs

O Winding part

ei (T +T ) OO Alm+a w?

GW#0 _ /dL Z 2rW(L—1/2) i (L+ %)ezialmSlm(e)slm(es)eim(¢+q§s)
iwrr = ]
S matrix

O Poles of the S matrix
Quasi Normal Modes

TV v+1/2
Lm) _  2idum _ 1€ —(v
G(tm) — 2id =—(-) N (V+§) e ( +1/2)p(—_yn v=mn n=(0,1,--)

O Sum over m

> o [ [it

m=—1

Short wave length

impact parameter wave length u=1 :prograde

1
bwi > )\N; — > ] uw=0 :polar
w
uw=—1 :retrograde

Interference patterns & images

Mw = 25
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Interference patterns & images

Summary & Future work

O Green function

iw(r*+rl) X ! AL +a2w? ) ) _ o
Gz, z5) = & 33 e G ) e 5 (6) Sy (6,) ) — GWEO

25w0rT o=
B Direct part & Winding part

O Interference & Image

caustics wave optical BH shadow

|Future work|
1. Direct part (W=0) -

-lmage double ring? double cross?
- Beat between direct part & winding part

2. SUper radianCe i~ \We can see it in power spectrum?  w < mQp

angular velocity of horizon

3. Polarization =  electrowave  gravitational wave

4. Mimic BH |t May be possible to distinguish the mimic BH from BHs
14
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“Amplitude-based approach to the detection of gravitational-wave
bursts with the Hilbert- Huang Transform”
by Kazuki Sakai

[JGRG25(2015)1a6]
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JGRG25 1a6 @Kyoto Univ. 7t Dec. 2015

Amplitude-based approach to the detection
of gravitational-wave bursts with the
Hilbert-Huang Transform

Kazuki Sakai, Ken-ichi Oohara?, Masato Kaneyama®,
Satoshi Ueki, Yukitsugu Sasaki and Hirotaka Takahashi

e-mail : k_sakai@stn.nagaokaut.ac.jp

Nagaoka University of Technology, Japan,
ANiigata Univ., BOsaka City Univ.

2
Outline

Background
- Gravitational-Wave detectors will be ready soon
« Difficulty of the detection of grabitational-wave bursts

Method

* Hilbert-Huang Transform : new approach for time-frequency
analysis

 Our proposing detection method

Simulation & Results

« Evaluation with simulated aLIGO noise and simulated
waveform of gravitational-wave bursts from SNe
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3
Background

Advanced ground-based laser interferometer detectors for GWs
are about to be operated now.

-

e

g KAGRA (Japan)
“sadvanced LIGO (USA)

Their main targets are GWs from compact binary coalescences,
whose waveforms are predictable in Post-Newtonian
approximation

GWs from SNe are thought as detectable by these detectors, but
their waveforms cannot be predicted in detail.

Detection method without waveform information is needed

Method 1 : Hilbert-Huang Transform

To examine observed data, Time-Freq analysis is useful.

Hilbert-Huang Transform (HHT) is a new approach of T-F analysis
for non-linear and non-stationary datalfuans etal. 1958]
A characteristic feature of it is a posteriori defining basis.

To validate a possibility of a new approach with this new technique

Essence of IMF
* |#(extrema) - #(zero cross)| =1
* local mean is zero
» These make hilbert transform
well-behaved.

EMD

EMD Empirical Mode Decomposition

[ HSA ] IMF  Intrinsic Mode Function
CIEE DN | e
IA  Instantaneous Amplitude

IF Instantaneous Frequency
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5]
Method 2 : Our Proposing Method

By means of EMD;

 Noise will be dispersed to all IMFs with equal amplitudes

« Burst signals is expected to be decomposed to specific IMFs
If signal exists, significantly high IA exist in specific IMFs

Policy of the method:
1. If average IA in a region doesn't exceed noise level, signal doesn't exist.
2. If the average |IA exceed pre-determined threshold, signal exists.

IA (x102) IMF1 - 1A IA (x10%Y) IMF3 - 1A

1.6 . . . : 1.6 . . . :
08 ! 1 08 I M‘M\,/\/\/\ww

o b sl st 0

-0.25 0.15 -0.05 0.05 0.15 0.25 -0.25 0.15 -0.05 0.05 0.15 0.25
1.6 I IMF2 - 1A 1.6 ”V!F4' 1A
0.8 1 0.8

Leto N b,
0 i 0
-0.25 0.15 -0.05 0.05 0.15 0.25 -0.25 0.15 -0.05 0.05 0.15 0.25

6]
Method 2 : Our Proposing Method

By means of EMD;

 Noise will be dispersed to all IMFs with equal amplitudes

« Burst signals is expected to be decomposed to specific IMFs
If signal exists, significantly high IA exist in specific IMFs

Policy of the method:
1. If average IA in a region doesn't exceed noise level, signal doesn't exist.

2.

g JAGL0T)  IMFL-1A A0 e By ME3-IA
0.8 b 0.8
OWWMM . wmﬂ\w
-0.25 -0.15 -0.05 0.05 0.15 0.25 -0.25 -0.15 -0.05 0.05 0.15 0.25
y , IMF2 - 1A 6 IMF4 - 1A
0.8 | - 08 |

e AW AL A 0

0
-0.25 -0.15 -0.05 0.05 0.15 0.25 -0.25 -0.15 -0.05 0.05 0.15 0.25
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Method 2 : Our Proposing Method

By means of EMD;

 Noise will be dispersed to all IMFs with equal amplitudes

« Burst signals is expected to be decomposed to specific IMFs
If signal exists, significantly high IA exist in specific IMFs

Policy of the method:

1.
2. If the average |IA exceed pre-determined threshold, signal exists.
IA (x1021) IMF1 - 1A IA(x102) |k | IMF3-1A
0.8 | . 0.8 0.224
o it A 0 o] s
-0.25 -0.15 -0.05 0.05 0.15 0.25 -0.25 -0.15 -0.05 0.05 0.15 0.25
1.6 IMF2 - 1A 16 IMF4 - 1A
0.8 f 0.8 0.184
0 P e AN 0
-0.25 -0.15 -0.05 0.05 0.15 0.25 -0.25 -0.15 -0.05 0.05 0.15 0.25

Evaluation 1 : Simulation setup

SIGNAL : Simulated waveforms of GW from SNelPimmelmeier 2008]

2

Assume ! &
. . . S e A FRIT=N BYANA
* GWs enter from optimal direction =
. = h55
* SNe occur in our galaxy £20 V i —
(at most 30kpc apart) 0 10 0 20
Time [ms]

We assigned numbers to 136 waveforms in alphabetical order

NOISE : 1000 colored Gaussian noises based on aLIGO sensitivity

10—22

Simulated

Sensitivity ———

I

Amplitude

100
Frequency [Hz]

1000

|
—
S

—0.2

-0.1 0
Time [s]

0.2



Evaluation 2 : Detection Probabilities

Variations in DP for each waveform with threshold value

In case of window width &£ = 41 samples (optimal value)

30kpc apart from the earth

125
0.8 &
5100 2
z 8
- 0.65
: 75 £
© 045
& 50 4.9
= 3
°
25 0.2 o
0
zrHa(x10%1)
Evaluation 3 : ROC Curve
ROC (Receiver Operating Characteristic) Curve
- parallel : Analyze the same data with different configs.
. 30kpc apart from the earth
>
=095t
2
<
Q
2
~ 0.9
=i
2
3
g 085 ¢ :
k = 22,41,64, in parallel
k = 41, single
0.8 : :
0.001 0.01 0.1 1

False Alert Rate [Hz|
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1
Discussion : Contributions to the trend

xry at DP = 1.0 and A, of each waveform [hrss _ /dt |h(t)|2}

1 24

18

[0 4> T T — ................ xTH at False AIert was 0

12

hrss (X 1021)

zpy (x10%21) at DP = 1.0
—
-

o
[3V]

o (%21
—...................%e ecesescecsccscacpassas
] .
—

:1

?—

o (=}

Waveform No.

12
Discussion : Contributions to the trend

xry at DP = 1.0 and A of each waveform [hrss _ /dt |h(t)|2}

1 , ! , : 24

- h : Correlation Coefficient [

¥ ~
Q : y a
3 ‘ 2
~ 05 § B : 12 X
X =
= 0.25 e L A 6

§

0 0

Waveform No.
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13
Discussion : Contributions to the trend

Focus waveforms which could have DP = 1.0 with FA=0
Table: Parameters in waveform simulation of those
M ={11.2, 15.0, 20.0, 40.0}, A ={50.0, 1.0, 0.5}

prog

coremodel  Mprog [M] A [108 cm] min 2 ; [rad/s] EoS

el5 15.0 - 4.18 LS/Shen

€20 20.0 - 11.01 LS

e20f 20.0 - 3.13 Shen
S11A3 11.2 0.5 10.65 LS/Shen
S15A2 15.0 1.0 7.60 LS
S15A2f 15.0 1.0 4.56 Shen
S15A3 15.0 0.5 5.95 LS/Shen
S20A2 20.0 1.0 6.45 LS/Shen
S20A3 20.0 0.5 5.95 LS/Shen
S40A2 40.0 1.0 3.40 LS/Shen
S40A3 40.0 0.5 421 LS/Shen

T The detection probability in LS EoS with the same parameters is 0.999.

Waveforms whose A = 50.0 (almost uniform) is not contained.
Differential rotation is more important parameter than mass

14
Conclusion

Present Works

» To detect GW Bursts with the detectors, a method which does not
require the information of waveform is needed.

« We have constructed an amplitude-based method with the
Hilbert-Huang Transform, new approach for Time-Freq analysis.

* In our simulation, Detect Probability = 0.934 with False Alert = 0.

« From investigation of waveform dependency, we know that
differential rotation is important rather than other parameters.

Future Works
« Further Evaluation by using real observed data form detectors.

« Considering more efficient feature value (eg. using IF)



“Mimetic Dark Matter”
by Alexander Vikman
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Mimetic Dark Matter

Alexander Vikman

Institute of Physics —— I
of the Czech Academy of Sciences - Y - I P
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Akademie véd CR, v. v. i.

07.12.15

This talk is mostly based on

@ arXiv: 1403.3961, jcAP 1406 (2014) 017
A. H. Chamseddine and V. Mukhanov, A. Vikman

@ arXiv: 1412.7136, jcaP 1506 (2015) 06, 028
L. Mirzagholi, A. Vikman

@ arXiv: 1003.5751, scaP 1005 (2010) 012
1. Sawicki, E. Lim, A. Vikman



Mimetic Matter

Chamseddine, Mukhanov (2013)
@ One can encode the conformal part of the physical metric in a
scalar field:

Guv = Guv (gaﬁ 8a(/baﬁ¢)

physical metric of free fall auxiliary metric, dynamical variable

s 601 = [ a' [v=3 (~3R(0) + 2 (0.00) )

“matter”

Juv=9guv (£~77¢)

Mimetic Matter

Chamseddine, Mukhanov (2013)

@ Juv = g,ul/ (gaﬁ 8a¢85¢)

physical metric of free fall auxiliary metric, dynamical variable

@ The theory becomes invariant with respect to Weyl transformations:

Juv = 0° ( ) G

@ The scalar field obeys the relativistic Hamilton-Jacobi equation:

g’ 0,00, =1

g,u,u - g,UV @afiaa@@gdﬁ)_l
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the Hamilton-Jacobi equation
g 0,9 0,0 =1

corresponding four-velocity
Uy = Oy
1s geodesic

1
a, = u'Viu, = V¢ (VAV,0) = 50 (8¢)* =0

Modification of the Einstein equation

05

55 Guv (9) = T (9) = (G (9) = T (9)) 0u0ud = 0

Einstein equations with dust or DM
G,LW — L v + PU, Uy

p=G-—-T
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Mimetic Dark Matter

Chamseddine, Mukhanov; Golovnev; Barvinsky (2013)
Lim, Sawicki, Vikman; (2010)

@ use Weyl-invariance and fix g, = g Qv

@ constraint via Lagrange multiplier p ((8¢)2 — 1)

Sl 0. 5M) = [ dtay=g (=5t 5 (100 - 1) + 2o
Ly = puyu,

Dark Matter

Lagrange multiplier is the energy density

Uy, = Op@

@ dust / DM via Lagrange multiplier

p ((3¢)2 — 1)

@ Cosmological Constant / DE via Lagrange multiplier

AV, VH—1)

M. Henneaux and C. Teitelboim (1989)
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S [Guvs b P =/d4x [\/__9 (_%R(Q)Jr‘g(g’ q)m)ﬂgwgwm)

with Juv (ga Qb) = guv gaﬁ Oa ) 85¢

is not in the Horndeski (1974) construction of the most
general scalar-tensor theory with second order
equations of motion

But it is still a system
with one degree of freedom
+ standard two polarizations for
the graviton!

Disformal Transformation

Nathalie Deruelle and Josephine Rua (2014), Doménech et al. (2015)

One obtains the same dynamics
(the same Einstein equations),
if instead of varying the Einstein-Hilbert action
with respect to the metric §,v

one plugs in a disformal transformation (Bekenstein 1993)

Juv — F (\IJ; w) @MV +H (\I’, ’lU) 8@1}8,,\1!
with w = ¢#"0, 90, ¥ and wQFi (H—i— E) #+ 0
ow w

and varies with respect to £,,,,, ¥

Mimetic gravity is an exception! And
it does provide new dynamics!
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Mimicking any cosmological evolution

Chamseddine, Mukhanov, Vikman (2013)
Lim, Sawicki, Vikman; (2010)

@ Just add a potential V' (¢) !

T = puyty + gV
Q g““ a,u¢ ay¢ =1 Convenient to take ¢ as time

@ potential provides time-dependent pressure

Enough freedom to obtain any cosmological evolution!

Perturbations I

Chamseddine, Mukhanov, Vikman (2013)
Lim, Sawicki, Vikman; (2010)

Even with potential, the energy
still moves along the timelike geodesics

Cg — 0
Newtonian potential:

= ) (x) (1_ %/adt) +§(12 (x)

Here on all scales but in the usual cosmology it is an
approximation for superhorizon scales
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Next term in the gradient expansion

Chamseddine, Mukhanov, Vikman (2013)

v (Og)?

the unique quadratic term with higher derivatives

There are no new degrees of freedom, because higher time
derivatives can be eliminated by differentiating
the Hamilton-Jacobi equation.

V. V,oVHVY @ is not that useful:

[ ke V=g dom = [dte =g (00 - R"6,0.)
expansion 0 = gb =V qu,u

CHARGE CONSERVATION

no potential ¢ — ¢+ c symmetry

V,J* =0

Noether current:

charge density

nocar,_8



Imperfection

Xy 2
J M Energy flow:

timelike eigenvector of
shift-charge current energy-momentum tensor

Eckart frame Landau-Lifshitz frame

Imperfection
in the Noether current

Ju = puy —0

expansion @ = gb =V ,u’LL’u

81



82

Imperfect Dark Matter

Mirzagholi, Vikman (2014)

(no potential)

Ty =ceuyuy, —p L +quu, + quuy,

L= guw — uyuy
energy flow ¢, = —’yJ_f;V)\@
expansion () =V Mu“

.1
energy density € = p — 7Y ((9 — 592>

0 = u'V 0

1
pressure p=-" (9 + 292)

Vorticity for a
single dof DM!

in the frame moving with the charges (Eckart frame)
JH

VH = e

Joj, 0=0¢=V,u"

Vorticity vector:

1
(V) = 5"V 2 50560 0,5 6,
P

the circulation is conserved up to O (’y2)
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Perturbations I1

2

5é+ Hop — %A5¢+Ha¢:o

with the sound speed
2 B fy 10: V
S 2 -3y

Newtonian potential:

b =6¢

1 10 100
k [h Mpc™!]

C

P(k) [h? Mpc?|

Background cosmology

2
 2—3y

€ n + 36% Pext P = BC%Pext

DM _3

Geff — GN (1 + 36%)

] . 2 2
Gy bounds are mild: 3 (3| . —cd . . ) <0.066%0.039
Narimani, Scott, Afshordi(2014)



mimetic construction and inflation

noca_3

shift-symmetry breaking is needed for mimetic DM!

Generating shift-charge (DM) during
radiation domination €poque

0 =3H

n (te) o< a™® / dt' a>YH? ~ prag (ter) Ay
at DM / radiation equality ppwM (zeq) = Prad (zeq)

Teq
A~y

2 10 GeV

a z
A~y ~~ ( Cr) ~ X <y <1010 T., ~
Qeq Zcr
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Conclusions

@ New large class of Weyl-invariant scalar-tensor theories

@ Unification of Dark Matter with Dark Energy in one degree

of freedom.

Imperfect Dark Matter, with a small sound speed and
vorticity. Only one free parameter for the late Universe.

New class of inflationary models with suppressed gravity
waves and low non-Gaussianity.

(Tharks « @Q alfention!



“On massive scalar field in AdS$_2$”
by Masashi Kimura

[JGRG25(2015)1b2]

86



87

On massive scalar field in AdS2

Masashi Kimura
(DAMTP, University of Cambridge)

w/ T.Houri (Kobe Univ.) in preparation

7th December 2015

= Introduction

Supersymmetric BH : extremal horizon

Near horizon behavior of test fields
~ massive scalars on AdS2

e.g.) massless KG eq on 4Dim
extremal RN BH

(DAd52 —m2)<I> =0 mzzf(f—l—l)
2/11
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== Introduction

Aretakis showed the “instability” of
scalar field on 4Dim extremal RN BH

It is useful to use the Aretakis const.
98 T1® |4 = const.

|f mzzk(l{:+1) (k:0,1’2’3...)

We would like to study massive KG eg
with m® = k(k +1) on AdS2

3/11

== Aretakis constant in AdS2

ds? = —r?du?® + 2dudr
O—m2)®&=0 m>=k(k+1)

000

_ 2 7 2(k+1) qk+1 _
au-l—'r Br] {'r 0, qb} 0

out going null vector

r2tDgktley = f(u+2/7) (= f(v))

4/11




Massless case

ds? = —r?du? + 2dudr
4
= — dudv (vi=u+2/r)

(u — v)?
O =0 —> ®=f(v)+g(u)
oo ¥
dv

This is the Aretakis constant in the
massless case

We may have similar understanding
for general m? =k(k +1) 5/11

== Massive case

0 0
- (k+1) gk+1 —
[8 ] 0, ¢} =0

= (u —v)*9,

—

0 1
u [(u — v)2(k+1)
1
(u — v)2(k+1)

1‘),{3+1<I>} =

D¥1® = f(v)

D, := (u — v)2%8,

o 1
v [(u — U)Z(k+1)
1
(u — v)2(k+1)

Df;‘“cb] =

k—l—l(ﬁ

= g(u)

6/11
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== Massive case

1
(u — v)2(k+1)

(Dst + Dyt @ = f(v) + g(u)

1 N A
(k+1) ._ k41 k+1
L= Tyt (Do T D)
®:= £+

~

=0

(Inversely, we can find & from & )

m® = k(k + 1) massive scalars can be
mapped into massless scalars 7/11

== Aretakis constant in AdS2
(O —m?2)® =0 with m®=k(k+1)

—> O® =0 (®:=FtDy)

® = f(v) +g(u)
df (v)

O, P =
dv

‘const.
on v = const. null surface

3/11
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== Commutator

[Dads, , E(k'l'l)] = —k(k + 1)£(k+1)

+FHD (O aas, — k(k+ 1))

£+t maps m? = k(k+1) massive
scalars into massless scalars

9/11

== Summary and Discussions

-Massive KG eq with m? = k(k + 1)
can be mapped into massless KG eq
by acting (k+1)-th order differential operator

- The Aretakis constant on AdS2 can be
understood as a result of this hidden

conformal symmetry.

\We need to discuss black hole case
without taking a near horizon geometry limit

10/11
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== Ongoing work

-We can also define the operators which
define maps from massless scalar to
massive scalar with m? = k(k + 1)

- Recently, we found more fundamental
operators, mass shift operator, which is
related to conformal symmetry and BF bound

-We can also generalize to the Einstein
spaces /spacetimes in arbitrary dims

11/11

Thank you



“Mass of asymptotically anti-de Sitter hairy spacetimes”
by Cristian Martinez

[JGRG25(2015)1b3]
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Mass of asymptotically anti-de Sitter hairy
spacetimes
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Centro de Estudios Cientificos (CECs)
Valdivia — Chile

martinez@cecs.cl

JGRG25

Dec 7, 2015

In collaboration with
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Outline

. R .
Let us consider Lyipert = 5 with kK = 871G
K

lapse function

XiX; o
ds?y_on ~ — (1 — ﬁ) dr* + (5,-]' + ,ul—3j> dx'dx’
r r
Mass:
4
M=—pu
K

» In the standard asymptotic expansion of four dimensional static
asymptotically flat spacetimes, the coefficient of the first
subleading term of the lapse function can be identified with the
mass of the spacetime.

Outline

» Main result. Using the Hamiltonian formalism we show that, in
asymptotically locally anti-de Sitter spacetimes (ALAdS)
endowed with a scalar field, the mass can read off in the same
way only when the boundary conditions are compatible with the
asymptotic realization of the anti-de Sitter symmetry.

Lapse function for an ALAdS

—gt,:——|—k———|—0(r_2)

where 2k is the scalar curvature of the “angular section” with volume
V(3), then
V(i®)

K

M =

0

only if the boundary condition on the scalar field preserves the AdS
symmeftry.



How it works?

» Since the mass is determined only by the spatial metric and the
scalar field, the above effect appears by considering not only the
constraints, but also the dynamic field equations, which relate the
spatial metric with the lapse function.

» Proper boundary conditions on the scalar field.

» This result implies that prescriptions for computing the mass of a
hairy spacetime —based on g,— are not suitable when the
scalar field breaks the asymptotic anti-de Sitter invariance.

Plan of the talk

» Part 1: Introduction

» Brief review of the scalar fields in asymptotically AdS spacetime.
» Hamiltonian formalism for computing the mass:
Regge-Teitelboim method

» Part 2: Explicit example in 4D for m?> = —2[2

» Inclusion of the dynamic field equations. Mass on-shell.
» Analysis on the boundary conditions and their effect on the mass
and asymptotic symmetry.
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Brief review of the scalar fields in asymptotically AdS
spacetime

Preliminaries: Action and field equations

» A real scalar field minimally coupled to D-dimensional Einstein
gravity with A = —(D — 1)(D — 2)I72/2 and a self-interaction
potential U(¢)

—2A
R—2 - lguyaugbauqb - U(¢)> )

lwn ) = [ @Pxvg (252 -5

where k 1s the gravitational constant.

» Field equations:

1
E, = GMV‘FAg/w_/‘f |:8,u¢81/¢ - (585¢8B¢ + U(¢)) g,uV:| =0,

and

Fixed AdS background and a massive scalar field

Let us consider a scalar field of mass m, i. e. U(¢) = %m2gb2 coupled
to an AdS background

r? 2\ !
ds® = — <1 + 1—2) dr* + (1 + z_2> dr? +r*dQ3_,,
From the Klein-Gordon equation we obtain the asymptotic form of ¢

a b
¢~ R

e

D—1 412m?

are the roots of A(D — 1 — A) +m?> = 0.

where

97



» Both branches are physically acceptable pshibashi, waid, 20041 1f

1
2 2 2
m, <m <m*+l—2

_ (D—1)?

where m2 = pT

(BF mass)

D—1 D—3 D—1 D+1
S A > 7 <A<~
2 = - 7 S8t ST,

Switching on nonlinear interactions and backreaction

Now, consider the following expansion for the self-interaction
potential around ¢ = 0

W@Z%M&+@ﬁ+Qw+Q&+m&y

For the static, spherically symmetric case, the asymptotic behavior of
AdS

the scalar field and the deviation from AdS metric h,, = g — 8
arc [Henneaux, CM, Troncoso, Zanelli, 2007]

TV
nonlinear terms in a

and
nonlinear terms in a
WYY ECTNRNEN
hy =1 “(aqa’r 4+ aydr )+t
r
Ju
hy =—+---
r

where the final dots (- - -) indicate subleading terms that do not
contribute to the mass.



Logarithmic branches

» In general, for any dimension, logarithmic branches are present
when % = n is a positive integer. In this case the scalar field
acquires a logarithmic branch of the form

d=ar B+ +hd'r 2t log(r) +br A 4

where / is a fixed constant for each case.
The critical values of the spacetime dimensions and mass for
which this phenomenon occurs are [Henneaux, M, Troncoso, Zanelti, 2007

» D>4 m*=m?,n=1,

*9

D=4,56m=m+ L (n=2),

> D=4,m* =m?+ 25, (n=3),

D:4,m2:mi+$,(n:4).

v

v

Hamiltonian formalism for computing the mass.

» The canonical generator of an asymptotic symmetry defined by
the vector £ = (£ Log ) is a linear combination of the constraints
H 1, H; plus a surface term Q[¢]

HIg = [t (6500 +€) + 0l

» The surface term Q|£] is chosen so that the generator has
well-defined functional derivatives [Regge, Teitelboim,1974].
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> 50€] = 6Q6(€) + 504(€). where

1 s
606(§) = o /dD 28,G™M (¢-5g — £508)

+ / dP28;(26.0m + (2657 — €17 gin),

504() = / P56 5 5191036 + £ 469),

> g;; denotes the components of the (D — 1)-spatial metric, ¥ are
their conjugate momenta, and 74 is the momentum associated to
¢. We have also defined G/ = %glﬂ (g*g! + glg/t — 2gUghh).

» In the static case all the momenta vanish, and there is a
symmetry generated by the vector 0.

» The mass M is the conserved charge associated with this
symmetry.

Mass

» Therefore,

oM = 0Q(0;) = 6Q:(0r) + 5Q¢ ().

» The variation of the mass 0M requires asymptotic boundary
conditions to be integrated.

» As is expected from physical grounds, the mass is well defined
after imposing suitable boundary conditions.



m2
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— —217%2in 4D

» This value of the scalar field mass is relevant for gauged
supergravities in four dimensions. Also, there exist analytic hairy
black hole solutions [cmR. Troncoso and 1. Zanelli, 2004, A. Acefia, A. Anabalén, D. Astefanesei
and R. Mann,2014, A. Anabalén and D. Astefanesei, 2014] .

» In absence of a cubic term in the self-interaction potential, the
fall-off of the scalar field is

a b
=1L 21003
b=+ 5007,

» For static metrics that match (locally) AdS at infinity, the

relevant fall-off 1s
2

_r K -2
—gn—l—2+k—;‘|‘0(” )7
8mn = rzhmny

P A* PB

_ —6
grr—ﬁ+r4+r—5+0(r ),

> Ny (x™) is the two-dimensional metric associated to the ‘angular
section’ > (volume V(3), curvature 2k).

We obtain the gravitational contribution

K
and scalar contribution
V(X
oMy = %[m&l + adb + 2béa + O(1/r)].

oM = V/EZX;) [r(*6A + kada) + POB + k(adh + 2bda) + O(1/r)]

The above expression for M is meaningful only in the case of
vanishing constraints. For the asymptotic conditions considered here,
H,| = 01implies

k+A a*

PR

In this way, the divergent piece is removed and the asymptotic
variation of the mass takes a finite value
V(%)
2

=0.

oM = [POB + k(adb + 2béa)).

K
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To integrate the variations we need to impose boundary conditions on
the scalar field. If we define b = dW(a)/da, the mass of the
spacetime is given by !

M=V(E) [lB e (adw(a) + W(a))] .

P da

» At this point, it is important to emphasize that the coefficient of
the first subleading term, u, in the expansion of g, does not
appear explicitly in the expression of the mass.

» In fact, in static spacetimes gy is the lapse function which is not a
canonical variable and consequently, does not appear either in
the constraints or in the surface terms. However, as we will see
shortly, once we use the dynamic equations of motion the
situation will change.

1[see also T. Hertog, G. Horowitz, 2005]

Inclusion of the dynamic field equations. Mass on-shell

Now, for a given solution with the required asymptotics, we have
additional information since not only the constraints are satisfied, but
also the equations of motion. The E! — EI combination of the
Einstein-scalar field equations, which is not a constraint, is
independent of the scalar field potential and yields

2A + 2k + ka*l~? N —3u + 3Bl + 4kabl—>

E'—FE" =
t r 1’2 r3

+0(r'* =0.

The first term gives the same relation as the constraint H; = 0, but
the second one provides a relation containing ;4 and the parameters of
the asymptotic expansions of g, and the scalar field

4
Bl = pn — g/ﬂlabl_z.

M= V() {% + 112 (W(a) _ %advzc(l“))] |
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Analysis on the boundary conditions and their effect on the
mass and asymptotic symmetry

P 3" da

Therefore, there are only three situations when the mass reduces to
M= V(X))

M = V(5) {“ + 112 (W(a) - 1adW(“)>] |

» a = 0: this is the usual Dirichlet boundary condition and ensures
asymptotic AdS invariance;

» b = 0: this is the Neumann boundary condition and also ensures
asymptotic AdS invariance;

» b = Ca?: this boundary condition corresponds to multi-trace
deformations in the dual field theory [witen, 2001] and 1s also
compatible with the asymptotic AdS symmetry [amsel, Maroit,

2006] . [Henneaux, CM, Troncoso, Zanelli, 2007] .

Logarithmic branches
We are interested in a scalar field with the conformal mass
m?> = —2172. To obtain the logarithmic branch, a cubic term in the
asymptotic expansion of the scalar field potential is necessary [Henneaux,
CM, Troncoso, Zanelli, 2007]
3 ¢
Vig)=-—5-5+ Ao’ + 0(¢%)
so that the fall-off of the scalar field to be considered is
b In(r)

_4a 242
¢(r)—_+ﬁ_3a)\17

0—3
. +0(r7),

and the one for g,, is

? PA PB [PClnr In (r)?
r r r r

6
The Hamiltonian constraint H|; = 0 implies

Clzlﬁ)

A= ~5F k and C = 4x\l*d’
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Now, we have

A B
Mg = [5—r+ M—Clnr—i— &] V(%)
K K K
and
ada adb + 2bda + 32> \da
oMy = [1—21’ — 12)\@*balnr + 7 ] V()

Both contributions contain linear and logarithmic divergences, which
are cancelled out by virtue of Hamiltonian constraint. Thus, we obtain
a finite expression for the variation of the mass,

B ) 272
SM — [15 N aob + b66;2+ 3a°l Aéa} V()
K

Again, we need a boundary condition, a functional relation between a
and b, in order to integrate 0M. We consider the general relation

b= ‘2‘2’, so that the Hamiltonian mass is given by

M=|—+ = — h
[n+12(ada+w+al)\)]w)

B can be related with u by using the E! — EI combination

p 2ak (@A +2b)
B="2 _
[ 38

Thus, the mass can be written as

M=y 2 (w- 228 1 283 | v
Lfﬂ( 3% T3¢ (%)

Therefore, the expression M = ok~ is obtained only for a = 0, or
b=20,or
W(a) = a [Co+ PAInd]

which correspond to AdS invariant boundary conditions [Henneaux, oM,

Troncoso, Zanelli, 2007 ] .
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“Black holes and Thunderbolt Singularities with Lifshitz Scaling
terms”
by Yosuke Misonoh

[JGRG25(2015)1b4]
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Black holes and Thunderbolt Singularities
with Lifshitz Scaling terms

Yosuke Misonoh (Waseda Univ.)
collaborate with Kei-ichi Maeda (Waseda Univ.)

based on YM and K.Maeda, Phys. Rev. D92, 084049(2015) [arXiv:1509.01378[gr-qc]]

JGRG25@Kyoto Univ. (7 Dec. 2015) Y.Misonoh

Introduction

* Horava-Lifshitz gravity :
(power-counting) renormalizable, Lorentz violating gravity

* LV leads unusual dispersion relation :
-1
It becomes instantaneous in UV limit

Question : Can we construct BH without Lorentz invariance?

Instantaneous mode c= should be taken into account.

~-What we done
theory : classical Horava-Lifshitz (HL) gravity (LV theory, with UV correction)
ansatz : static, spherically symmetric and asymptotically flat spacetime

solutions : BH and a kind of singularity “thunderbolt”
(Hawking and Stewart, 1992)

JGRG25@Kyoto Univ. (7 Dec. 2015) Y.Misonoh
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Previous works : theory

* “Einstein-aether” (IR limit of HL gravity)
~The action : effective theory of Lorentz violating gravity

gravitational dynamical fields : 9., aether u# (timelike, fixed-norm, twistless)

1
Si= 53 d*z\/=g [R — c13(Vaug)(VPu®) — c2(Vau®)? + crau®u? (Vau, ) (Veu?)]

ut = V' /\/—(Vap) (Vo) : aether, © :khronon

» spacetime : preferred foliation via khronon ¢
“time"” direction

* Universal horizon : static limit for instantaneous particle with c=cs.

Local structure global structure ———
90° (null) = ,universal horizon ut oc VFop
= Q 1 [ <1
Light cone angle ¢ > 90° (superluminal) § R \T/

= 180° (instantaneous) | 20 :XI\
< o
=l
é : E - f U =
g
| W

any particle cannot escape from UH even if c=c

Lorentz violating BH & solution with universal horizon

* Static and spherical symmetric BH with universal horizon.
(Barausse et al. 2011; Blas and Sibiryakov 2011; Berglund et al. 2012)

JGRG25@Kyoto Univ. (7 Dec. 2015) Y.Misonoh
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~ motivation
Einstein-aether is a effective theory of LV gravity.

previous works  our works
| | |
IR € Dij8 H—— Uv
GR and SM Effectivetheory QG
of LV gravity  (HL?)
if it were exist HL gravity in UV, can we find BH?

HL gravity : “Einstein-aether” + up to sixth "spacial” derivatives

g_ 1 /d4x\/—_g(£m + Lov) power-counting renormalizability of gravity

167G
Lir == R — clg(Vau/g)(Vﬂuo‘) — (V- u)? + cra(t™iy,)
Luv = Luv [Ru, "] ( # of possible terms is over 30 )
where, R,.[g,u] is a 3-Ricci tensor and @* := u*V ut.

Lyuv is regarded as renormalization counter-term

JGRG25@Kyoto Univ. (7 Dec. 2015) Y.Misonoh

our model

~Theory motivated by HL : “Einstein-aether” + fourth “spacial” derivatives
1 .

g 167TG/d41’\/—_9(£IR+£UV) UV correction

£IR =R — Clg(VQUQ)(VBua) — CQ(V . U)2 I C14(’lla1la)

Lyv = —m;f 81 (t1ai™)? + B2 R?]

* Reason why we choose above Lyv

(1) For simplicity

(2) Modified dispersion relation of gravity R2term effect
Wi — 1 L2 Wl — (c13 4+ ¢2)(2 — c14) 12 58(013 + ¢2) P2 <k2>2
G 1—ci3 E 014(1 = 613)(2 + c13 + 362) E 2+ ci13+ 3¢ Ml

scalar graviton becomes instantaneous if R?term joins

-~ method

ansatz : ds* = —T'(r)dv® 4+ 2B(r)dvdr + r2dQ? , u* = (a(r),b(r),0,0)

| Numerical solutions in static and spherically symmetric spacetime with asymptotic flatness |

JGRG25@Kyoto Univ. (7 Dec. 2015) Y.Misonoh
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New solution : BH with UV correction

Black hole solution with regular universal horizon

— Properties

r = 0 : singularity i+

* BH with universal horizon can be found
when Lyv includes (4%, )? without R2 i, _ =7 : r =00
In this case dispersion relation of gravity is

not modified.

* solution is dependent on two parameters :
—: outgoing particle

M (mass), « (aether distribution) with c= -
=00 7

* If we choose large «, aether field around
horizon is collapsed, which generates

physical singularity.

JGRG25@Kyoto Univ. (7 Dec. 2015) Y.Misonoh

Solution with singular universal horizon

— Properties

ryg : thunderbolt i+

* This kind of solution can be found when
R2term is joined in Lyvy , which modify | ZA r = oo

the dispersion relation of scalar graviton.

* Universal horizon always turns to be

physical singularity. Thus it is not BH.
—: outgoing particle

« This singularity has similar properties to with c=eo i

thunderbolt singularity.

JGRG25@Kyoto Univ. (7 Dec. 2015) Y.Misonoh




New solution : “Thunderbolt singularity”

What is Thunderbolt singularity?

* One of the final state of BH evaporation in 2 dim. quantum gravity.
(Hawking and Stewart,1992; Ishibashi and Hosoya,2002)

- t

singular wave T =00

O » T
BH remnant : disappear
- Atthe end, singularity spreads across spacelike or null surface.

“It hit you and wipes you out", as it were, hitting with a thunderbolt. (3

Reconsider our solution

* If UV correction becomes dominant, universal horizon turns to be singular.

* the BH singularity may be captured on the universal horizon.

* Modification in gravitational dispersion relation may leads this singularity.

JGRG25@Kyoto Univ. (7 Dec. 2015) Y.Misonoh

—results
+ Black hole solution can be constructed including only (i%i,)* term as UV
correction motivated by Horava-Lifshitz gravity.

-« However, R? correction term leads singular universal horizon, which means
BH cannot exist if such a correction term is present.

* The solution with singular universal horizon has similar property to
thunderbolt as a final state of BH evaporation in 2 dim. quantum gravity.

* Horava-Lifshitz gravity may reproduce the property of quantum black holes.

— future works
 There are about 30 possible terms left in Luv.
* Although our thunderbolt solution does not violate Cosmic Censorship at

background level, it is unclear that it is also preserved even if perturbation is
considered.

JGRG25@Kyoto Univ. (7 Dec. 2015) Y.Misonoh
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Monopole black holes
in asymptotically AdS spacetime

Waseda U.
Shoichiro Miyashita
Kei-ichi Maeda

JGRG25 at Kyoto U. 2015/12/07

Introduction

Black hole uniqueness
“M,Q.J specify the BH solution uniquely”
in Einstein-Maxwell system, correct

in Einstein-Yang-Mills system incorrect Bizontissa

— Kerr-Newmann + non trivial (Non-abelian BH)

Extention to asymptotically AdS
colored BHiBizon(19521 = AdS colored BH[WinstanIey, (1999)]
Stability unstable stable

Charge M M.Q
JGRG25 at Kyoto U. 2015/12/07
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Infroduction

Monopole BH : magnetically charged non-abelian BH

in SO(3]EYMH sysl'em [Lee et, al 1992]

o o . .. [Breitenlohner et. al 1992]
It exhibits various phase transitions [Ortiz 1992]

in asymptotically flat spacetime. iTachizawa et al. 1995]

In this work,

we extend it to asymptotically AdS spacetime
% BH uniqueness ?
* effect of negative A ?

% phase transition ? (* Holography ?)
JGRG25 at Kyoto U. 2015/12/07

Monopole BH

Monopole BH : “Black Holes in Magnetic Monopole”

[Lee. Nair and Weinberg 1992] \
RN BH t' Hooft Polyakov monopole
-finite size ~elv
. ﬁ inside — non-abelian
transition -outside — U(1)

Phase transition Magneficfigld

- monopole BH < RN BH
- monopole BH = extreme RN BH w1

w-0
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AdS monopole BH: setup

% action i Jansatz
: metric
S = [ d*zy/— : i
f 133 g [EG + Lym + EH] ; E ds? — —u(r)e*%(r)dtz + () tdr? 4 r2de?
L R—2A i A
¢= T6r G( ) ! p(r) =1- —QGm(T) —éfz
i r 3
Ly = —iFl‘ija’“"” i matter fields (Hedgehog)
Ly =—1D,0°Dree — 2(@0ar 07 | = vih(r)
2 4 b b i A? = w‘ceabc,’gbl B ’w(r)
D, %" = 9,0 — ec®° AL @° i =W o
i A? =10
H t

e:coupling of Yang-Mills v:VEV of Higgs

A:coupling of Higgs JGRG25 at Kyoto U. 2015/12/07

AdS monopole BH: equation

Basic equations
2

’ 1, r ’ w? — 1)2
ol =m0 P+ o >2) + Cmg e | e - )2

1,

rr 1
w o= 2—[w(w2 — 1+ 2v?r?h?) — (2m - —Ar

2012 _ 1)2
+ 8rvlrw { 32,2 —I—thQ—I—)\%}]

1 1. 1
h = —2 h + —[Qhw + )\v2r2h (Qm — —Ar )
r2pu

7 w2_ U2T2 h2_1 2
—|—87T’U27"h {(ZGQT —I—thQ—I—A%}]

JGRG25 at Kyoto U. 2015/12/07
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horizon radius

AdS monopole
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BH: solutions

wy = 0.151 »
0.8 wy = 0.301 0. wy = 0.151
— T 2221 wy = 0301
g . —— wy = 0751 K3 Wi = 0451
0.4] ——— wy =0.901 wy = 0.601
o wy = 0.751
0.2) wy = 0.901
radius €VF (l_wz)radius evr
Magnetic field B « ~—;
.
. . 2
Higgs poTen’noLVH x (h? —1) X
(=01, VGv = 0.1, oz = 01 )

BH uniqueness

JGRG25 at Kyoto U. 2015/12/07

0.8

0.6

0.4

0.2

Not able to specify solution

uniquely with M (and Q)

Uniqueness breaks down

even in AdS case

0.6

RN AdS BH
| ' | mos's evGM |
p) A
(5 =01,vVGv=01, o = —01)

JGRG25 at Kyoto U. 2015/12/07
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BH thermodynamics: flat case (review)

[Tachizawa, Torii and Maeda 1995]

First order phase trc:nsition[ei2 s 1)

1

evry

s
Y

N

Horizon radius

s

RN BH

LA
/

o
s

Second order phase t

1

01 02 03 04 05 0.6

ADM mass evGM

s
s

s
2

s
S

Horizon radius éVF'g

RN B

S
g

o1 02 03 0.4 05 0.6

ADM mass evGM

r

Difference from RN BH €YTH=€Yy; oy

0.00:

X 0.004]

ifference from RN BH evrg—evr w
L
g

RN BH
0.
—0.002§
£ 700 790 T (z7:]
ADM mass evGM
a e 0 A
ansition(—; > 1)
e
0.00:.
0.00:
0.00:
0.00:
0.00.
RN BH
0.
—0.00;

.395 0.400 0.405 0.410 0.415

ADM mass evGM
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BH thermodynamics: flat case (review)

[Tachizawa, Torii and Maeda 1995]

First order phase transition[ei2 < 1)

1

s
>

evry

s
S

Horizon radius

RN BH

I7AI

01 02 03 04 05 0.6

ADM mass evGM

Hawking radiation

= RN BH->Monopole BH] 1st ordered

0.00:

X 0.004

RN BH

Difference from RN BH evrg—evr w
\

£ 0400 A0 410 Tils

ADM mass evGM

Mass accretion

0.005

= [Monopole BH->RN BH] 1st ordered

o
' 0.004 x = E 0.004)
5 x &
P o003 e oo
Z x o 'm
5 oo EK oo
ISRy 2R
g 0.001 = 0.001 —
2 N RN BH
= 0.000 : = 0.00
—E —0.001 GOJ —0.001
= .
S oo o o000
5 0395 0400 0405 0410 0415 ‘_‘.,QEJ 0395 0400 0405 0410 0415
E (=)
£ W01 - - o JGRG25 atkyot§¥. 2015/12/07



Difference of entropy

117

BH thermodynamics: AdS case

The cusp structure gets smaller in AdS

2 A A _ - A
(5=01,VGv =01, i =0) (5=0LV6v=01, o = ~01)
0.005| 0.005|
X 0.004 E 0.004
EN 1S
= =
“|> 0.003 L
§ 0.002) ; 0.002)
Y Q
«» 0001 S oo
2 RN BH D RN AdS BH
© 0.000 o) 0.
5 © s
-0.001 Y= 0001
e} (@)
O -0002 8 -om
O cz
QC) é 0.395 0.400 0.405 0.410 0.415 O 0.395 0.400 0.405 0.410 0415
=
e GM
O£ mass evGM 3(]—_) S mass ev
=0 = 0
5 Nt Q 4
=

Let’s see the |A| dependence of the entropy discontinuity

JGRG25 at Kyoto U. 2015/12/07

BH thermodynamics: AdS case

Parameter dependence of cusp structure

0.20

WGv = 0.1, ﬁ =0.1)

There exist critical value

0.15
. Acr ( \/— A )
0.10 GU )
5 (ev)? " e2
|
2005 | where 15t =2 ordered
)
Rt 0.00 \ o
0.0 0.1 0.2 0.3 04 0.5 0.6 /;
Absolute value of C.C.  |Al/(ev)? ="
» = Second ordered
The condition for 15 ordered | A e
. . Q o (en)?| " [(ev)? L
-in asymptotically flat 5
A o) 0.4
251 S .. First ordered
: in asymptOtichIy Ads -‘05) 0‘4{00 0.05 0.10 0.15 0.20
|A| X (s 3 9
(ev)z é |ACT (17, A)l S 0(1) _<C() \/EV (eiz — 0_1)
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Other type of 15t order phase transition
2Gm(r) A
u(r) =1- — 3"
When |A] is small enough, phase transition is first ordered,
and when not, phase transition is second ordered.
However, when || is sufficiently large,

“AdS monopole BH = extreme RN AdS BH” occurs.

I
“1 v RN AdS BH
o.6] T ____
3‘ % 0.2
0.4f VL
0.2 ] 0.1
0. ; y y y y Nl
0‘ 0 0 ] 0 2 0 3 0 4 0 5 0[7.45 0 0.451 0452 0453 0.454 0.455
evr A M
—=0,vGv=01, — = —32
(e2 ! ' (ev)? )

JGRG25 at Kyoto U. 2015/12/07

Stability of AdS monopole BH

“entropical stability” ~”solution’s stability”

~
>

AdS monopole BH is

S
%

RN Ad BH entropically stable.

S
>

S
&

— AdS monopole BH solution

S
S

may be stable...

=
S

=
S

0.1 02 03 04 0.5 0.6

mass evGM (2 = 0.1,vGv =01, - = —0.1)

e (ev)?

JGRG25 at Kyoto U. 2015/12/07
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Summary

%* We show the AdS monopole BH solution numerically.

% As in asymptotically flat case,
BH uniqueness is violated some parameter region.
% The second or first order phase transition occurs.
The type of transition depends on A
% From entropy consideration,
AdS monopole BH solution may be stable.

wHawking-Page phase transition

JGRG25 at Kyoto U. 2015/12/07
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“Turbulent strings in AdS/CFT”
by Keiju Murata

[JGRG25(2015)1b6]



* Turbulent strings in AdS/CFT

Keio University

Keiju Murata
With T. Ishii

"Turbulent strings in AAS/CFT*, arXiv:1504.02190 [hep-th]

Non-equilibrium process in

!L AdS/CFT

Quantum field _ _
h
theories <:> Gravity theories

@ Non-equilibrium process | |

Too difficult... Tractable!

~ /
In this talk,

non-equilibrium process in qq pair in N=4 SYM
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Dynamics of quark-antiquark
pair in AdS/CFT

quark and antiquark pair = fundamental string in AdS

Maldacena,98

x1 Rey&Yee,98
q We give a perturbation on the string
——__ F-string and study its non-linear dynamics
> numerically.
g L . S = —/dQJ\/—h
: —' 3
e —
< g >
z
Non-equilibrium physics of ¢-q pair.
x2,x3

1
ds® = < [—dt* + dz* + d7”]
z

Longitudinal “quench” of
quark position

3d space in the boundary
T3

L2 . £Zr q
I e

4
"'
I
hd q

%

08

a(t)

04

0

2 O.Z/A.zs 0.8
The string motion along (x2, x3)-directions is not induced by this quench.

» The string is restricted in (2+1)-dimensions.  (t,z,x1)
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Numerical solution for
longitudinal quench

€=0.03,At = 2L

12 : snapshots
t=0.000 0.9 T T T
08
1t 1 0Tk
06 )
0s | | i 05 - N ‘ I..f
w04 r 076 | E
03
z 06 1 02 L 074 N 4
0.1 73 44 -o.lza -0‘2 olz
04 | 1 %8 oz 02 0 02 oz 06
1 /L
02 |
Cusp formation.
0

08 06 04 02 0 02 o4k 05 08
x1 \ , 6S|xq,xg
Forces acting on quarks = 05[zq,74]

d0xq
i String turbulence
We decompose the non-linear solution e =0.01,At =2L
into normal modes in the linear theory. — - 'II'— 200
Z(t,2) = ¥, callen(w) 01 =200

| L 1 II \\
' Eigen function in & 0001 e e
os . ! e
z. linear theory ~ €woul AT
: -5 .'-.: ‘A
) 107%} .

Vb
7 Vo
x 3 E Ij'
. . _7 L - y : .: ‘I.’
Energy contribution from the.n2-th modg. ) 107 2 5 10 2 50
En = C, —+ w,C, n

Energy flow from large to small scales.
Weak turbulence.

Bizon&Rostworowski, 11

» The spectrum obeys power law.



i Transverse circular quench

x1

3d space in the boundary

» The string motion is in (4+1)-dimensions.
(t, z, x1, x2, x3)

Numerical solution for
transverse circular quench

t=0.000

e =0.02, At = 2L
/ Dynamics of the “flux tube” in N=4 SYM.

We did not find any cusp
formations.

t=0.000
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Direct and inverse energy

i cascade

odb e . T=2.00 |
e Although we did not find cusp
oy formations, we found the weak
€ 0001t LRV : turbulence.
€total W ‘
10-5} i We also found inverse energy
b, cascade after the direct one.
i
=7 A AREEH
07— 57710 20 50

Field theory interpretation of
i the string turbulence

n-th nomal mode

$

X in the boundary theory.

/ excited state
V) = c0|0) +ci|1) +c2]2) + -+
—

The weight of the highly excited state increases as a function of time.

» The quark-antiquark pair tends to be observed as a heavy state.

n-th excited state of a fluxtube
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i Summary and future work

We studied non-linear dynamics of the string in AdS5.

cusp formations for (2+1)- or (3+1)-dimensional case

energy flow from large to small scales = weak turbulence

|:> The quark-antiquark pair tends to be observed as a heavy state.

Future works

sl

Strong quench € ~ 1 . (in this work, e ~ 0.01) |

Finite temperature.

Confined geometry.
(AdS soliton or Witten geometry).
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“Disordered Horizons”
by Sean Hartnoll (invited)

[JGRG25(2015)102]
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Disordered Horizons

Sean Hartnoll (Stanford)
JGRG25 — YITP, 2015
Based on: 1402.0872 with J. Santos,

1504.03324 with D. Ramirez and J. Santos,
1508.04435 with D. Ramirez and J. Santos.

Motivation: disordered QFTs

| will mainly talk about some new types of black holes in
Anti-de Sitter spacetime.

| would like to convince you these black holes have
interesting properties that we have not fully understood.

Before, | will give a brief dual field theory motivation.
- The motivation has to do with the description of

disordered fixed points, which are an important but also
difficult topic in condensed matter physics.
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Motivation: disordered QFTs

- Let us first remember a basic fact from QFT.

- A perturbation of a scale-invariant theory by an operator
L— L+ hO(x)

is relevant or irrelevant, depending on the dimension Ape.
Relevant if the dimension is < d (spacetime dimension).

- Relevant operators have strong effects on low energies
and long wavelengths. For example, they can cause
confinement or superconductivity.

Motivation: disordered QFTs

- Via the AdS/CFT correspondence, this QFT perturbation
can be mapped into a gravitational problem.

- The operator @ corresponds to a scalar field ¢ in AdS.

- The scaling dimension determines the mass
Liqsmg = Ao(Ao — d)
- Near the AdS boundary (r = 0), the scalar behaves as
ola.r) = 90 (a) r* 20 4 ..

- The effect of the boundary value ¢% (z) grows towards
the interior (r = o) precisely if the operator is relevant.
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Motivation: disordered QFTs

Boundary of AdS

. Boundary value h
Interior of AdS / of scalar field
__/ 'd Source for the
dual operator

¢ — h&
Scalar field /d/\/\/\/\/‘.

Motivation: disordered QFTs

- Spatially homogeneous couplings:
Option 1. Geometry ends (gap).
Option 2. Geometry flows to a new AdS (IR fixed point).

In condensed matter it is often important to consider the
effect of quenched disordered couplings:

L= L+ V(z)O(z,t)

- Here V(x) is drawn from some random distribution (let’s
say, Gaussian + short range, for simplicity).

- The Harris criterion says this coupling is relevant if:

d+1
A< —
<
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Motivation: disordered QFTs

- This talk will be about the search for disordered fixed
points in AdS. We will find spacetimes that look like:

Disordered
IR fixed point

gl | |
IR

RG flow
— Solve Einstein
equations

Disordered _ .ommmmem,
source

200

600 70.0

Motivation: disordered QFTs

- In homogeneous cases, fixed points in the interior of the
spacetime (at zero temperature), are characterized by an
emergent scaling invariance of an extremal ‘horizon’:

: dt?  dr®  di?

ds® ~ — -+ 4 as r — 0o
2 r2 r2/z

- z=1: Poincare AdS horizon
z=oc0: extremal Reissner-Nordstrom horizon
1<z<oo: Lifshitz ‘horizon’

- What does a disordered fixed point look like”?




132

Disordered spacetimes

- We will be finding solutions to the following theory:

S = /dd+1a¢\/— (R + @ —2(V®)” — 2a<I>2)

It is a theorem that Gaussian disorder can be modeled
with a sum over cosines with random phases:

Short . ‘*" N—-1
distance -V E 2V Ak cos (nAk x + 7y,)
cutoff f K
Disorder / T kUV Random phase,
strength Long uniformly drawn
distance from [0,21]
cutoff

Disordered spacetimes: zero T [Hartnoll-Santos '14]

Perturbative analytical and numerical study of 1+1 and
2+1 boundary dimensions.

- Constructed the solutions then looked at the metric
averaged over boundary space dimensions. |.e. take
L2

— (=A(z,r)dt* + dr® + B(x,r)dz?) , &= ¢(z,7)

ds® = 5
-

and then
A(T) - <A(£U, 7n)>disorder ’ etc.

Perturbatively we write: A(z,r) =1+ VQA@)(x, r)+---, etc.
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Disordered spacetimes: zero T

Start with the case of marqginal disorder.

Perturbation theory shows a log divergence:
[First found by Adams and Yaida]

Agy(r) ~ #log(r) +--- as r — 00
Naively, suggests a resummation to get:

72
A(r) ~ V7 = p20=2) as r — 00

Perturbatively we found (in 1+1 boundary)

log 2
Og v+

1—

Disordered spacetimes: zero T

Numerical confirmation:

e V=0.00 o
1 mV=025
1 « V=050
A V=075 1.030
1 vV=1.00

<3
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Disordered spacetimes: finite T [Hartnoll-Ramirez-Santos *154]

- Wanted: a more physical observable that shows scaling.

- The entropy is an integral over the horizon and therefore
self-averaged. Expect, as T — O:;

¢ 0 Tld=1)/2

- In perturbation theory, same z appears. Numerically:

TN
=3

Disordered spacetimes: finite T

- The horizon:

0.075

0.050

ey e 1

0 5 10 15 20 25 30

0.025

Ed
|
(

—-0.050

- It is important to take the IR cutoff on the disorder to be
at an energy scale below the horizon temperature.
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Relevant disorder [Hartnoll-Ramirez-Santos "15b]

So far: evidence that marginal disorder leads to an
emergent disordered fixed point characterized by z > 1.

Geometrized by a highly inhomogeneous ‘disordered
horizon’ for which averaged quantities show scaling.

- Would like to understand the horizon more intrinsically.

Now consider relevant disorder. The disorder grows with
a power of r away from the boundary. Perturbation theory
not useful (no plausible resummation). Do numerics for
1+1 boundary with a particular choice of mass.

Relevant disorder

0.94F

0.94
0.921

0.92- 0.901

T 95 gggf

s dT

T ds
s dT 0.90F
0.861

0.88
0.84

0.86 0.821

0.000 0.005 0.010 0.015 0.020 0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035

T R
P kuv

Oscillations at low temperatures! Fits to:
[ ds Ty
=7 ] i
ST T (b0—|—b1 sin [510g T])

Characteristic of discrete scale invariance. Corresponds to
complex scaling exponent: TV+¢, Find & = 4.5 in both cases.



136

Relevant disorder

- Discrete scale invariance is often associated with
instabilities (e.g. field below BF bound in AdS). Related to
fact that CFT operators have real scaling exponents.

- Disordered fixed points are not CFTs. Perturbative
computations in condensed matter also found discrete
scale invariance at disordered fixed points. It was
believed to be an artifact of certain approximations in
those computations. Our results suggest it is real.

- Again, would like to understand these solutions better.

Thermal conductivity [Hartnol-Ramirez-Santos *15b]

- Finally, there is another very natural observable to obtain.
The thermal conductivity of the dual field theory:

Cj = —rVT

In the spacetime, it is the rate at which the horizon
absorbs certain gravitational radiation. It is given by

57 —1
1 / " (O ®(ry, 7)) [cf. Donos-
La: L\/gm(m,w) Gauntlett]

Nice quantity because it is infinite if the horizon is
homogeneous (because momentum does not relax).
Direct probe of disorder.

2T
T 20N

K
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Thermal conductivity

Weak disorder, marcunal Case V 0.01.

1x108

5x10°

/605 0.010 0.050 oﬁ'o\ 0.500 1
T

ko k~const. as 1T —0

Analytic perturbative

result using ‘memory matrix’

/ dk k_QImGgO(w,k)
( w '

li
= 2m)d d

ST w—0

[SAH-Herzog ’'08]

Thermal conductivity

- Stronger disorder, marqginal case. V = 1.

0.00 0.02 0.04 0.06 0.08
T

Kuv

See oscillations on top of constant behavior. Evidence
for discrete scale invariance in the marginal case too!
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Thermal conductivity

Relevant disorder.
v=0.5 ..°
o,

0.7

V=1

.3 B
/ 0.01 0.02 0.03 0.04
T

Both well fit by: Discrete scale invariance!

. TO — Complex scaling
k ~ TY3 sin (4.5 log I / exponent

Summary

- AdS spacetime with a disordered source on the boundary
leads to new classes of horizons.

- These horizons are inhomogeneous. Want to understand
them. Looked at three observables:
() Disorder-averaged metric.
(i) Entropy as a function of temperature.
(i) Thermal conductivity as a function of temperature.

- All show evidence for an emergent scaling.

Needed: better analytical technigues to get a handle on
the near horizon geometry of these solutions.
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“Electromagnetic Emission from Compact Binary Mergers”
by Masaomi Tanaka (invited)

[JGRG25(2015)103]



Electromagnetic Emission from
- Compact-Binary Mergers

(NS;NS—mergeﬁBFl-'l\TS merger]

Masaomi Tanaka
(National Astronomical Observatory of Japan)

C: NASA (Artist’s movie)

Electromagnetic Emission from
Compact Binary Mergers

® Why electromagnetic emission?
® Radioactively powered emission

® Prospects for observations
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New astronomy with Advanced Virgo
gravitational wave (GW) |

Neutron star (NS) merger
within ~200 Mpc
=> ~30 (0.3-300) events/ 1 yr

2 o

leose-sar!"apgd Oohara-san
Hidacity <

Famicka
Ikenoyam =t

ADVANCED LIGO

LIGO O1 started on Sep 18, 15:00 UT (24:00 JST)

Friday September 18, 2015 quietly marked the start of the first observing run (O1) of LIGO's advanced detectors,
heralding a new, more sensitive than ever search for gravitational waves. (Photo: K. Burtnyk)

The Newest Search for Gravitational Waves has Begun

News Release « September 18, 2015

On, Friday, September 18th 2015, the first official 'observing run' (O1) of LIGO's advanced detectors in Hanford WA
and Livingston LA quietly began when the clock struck 8 a.m. Pacific time. While this date marks the official start of
data collection, both interferometers have been operating in engineering mode collecting data for some weeks
already as technicians, scientists, and engineers worked to refine the instrument to prepare it for official data-
collection duties. What /S different about today is the scope of the search for gravitational waves. Today, the
broader astronomical community has been added to the team. From now on, LIGO will be able to notify any
number of 75 astronomical observatories around the world who have agreed to, at a moment's notice, point their
telescopes to the sky in search of light signals corresponding to possible gravitational wave detections.

For some, the start of O1 is just another day at the office. Nevertheless, it is still a day to celebrate as it comes after
a grueling over 5-year complete redesign and rebuild of the interferometers at both Hanford and Livingston, work
performed by hundreds of skilled staff and engineers at the two observatory sites, at Caltech, and at MIT. LIGO
staff are excited about this new phase in LIGO's mission.

"It is incredibly exciting — and satisfying — to see the planning, designing, building, testing, installing, and
commissioning of Advanced LIGO come together so successfully. Kudos to the whole team!", said Dr. David
Shoemaker, Director of the MIT LIGO Laboratory.

S— T
d ~ 80 Mpc

Expected event rate ~ 0.1 events / 3 months (0.01-1)
Electromagnetic follow-up campaigns also started




~ 100 galaxies / 1 deg?
(< 200 Mpc)

GW alert error
e.g. 6 deg x 6 deg
(not box shape in reality)

GW detection

¥

Search for electromagnetic (EM) signals

¥

Source identification

1 deg
)

Astrophysics with NS merger
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+INDIGO.”

. / . /-.
/.

/ /+aVIRGO

I.

2 aLIGO

Specific Detected Binary Fraction

100 1000
Area (sq deg)

Kasliwal & Nissanke 2014

EM signature from NS merger

® On-axis short GRB
strongly beamed e o el /q
@ Off-axis radio afterglow jf ?takziﬁﬁfmih°c“

isotropic
long delay (~> 1 yr)

Merger Ejecta

. SOft X'ray Signal . TidalT;&(DiskWind

isotropic (probably) <> Corane
' ~
short delay (< min)

® Radioactive emission
“kilonova” or “macronova” Metzger & Berger 2012, Ap) 746, 48

isotropic
short delay (~ days)
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=0 ms
150 ¢ - t T T T 14 o .
13 Mass ejection
00 = 4 12 °
— " in NS mergers
iy Y (numerical relativity)
0 R S— j
0 100 50 0 50 100 150
(km)
150 . b . PR . T e o¥%s o l Y . 14
100 |1 13
so [ R M~ 107 - 10 Msun
. 11 VNO.l'O.ZC
5ol EERSERSURTEEEEERIRRRIRRINEE | WA Hotokezaka+13, PRD, 87, 4001
[ Rosswog+13, MNRAS, 430, 2580
00 1 g
150 -100 50 0 50 100 150 Kyutoku-san, &
X (km) Kawaguchi-san

10_2 T T T T T T T T T T T T | T T T T | T T T T
o solar r-abundance
1073 mass-averaged

[E—
<
N

1
W

abundance
[E—
o

p—

| IIIIIII| | IIIIIL|,| | IIIII|,|,| | IIIIu_|_| | IIIIIL|,| L

100 150 200 250
mass number

Wanajo et al. 2014,
AplJ, 789, L39

NS merger can be the origin of r-process elements
- Rate ~ 10 events/yr/Galaxy (<= GW)
- Mej ~ 102 Msun/event (<= Opt/IR)

<=> Supernova
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Electromagnetic Emission from
Compact Binary Mergers

® Why electromagnetic emission?
® Radioactively powered emission

@® Prospects for observations

r-process nucleosynthesis => EM signal

1020
1018
1016
1014
10'?
10'°

Beta Decays
Fission

Total Heating

10 100 |

o
]

Radioactive Power E (ergs g7 s7)

o
]

M 1 M 1 M
1078 107" 1072 10°
Metzger+10, MNRAS, 406, 2650 Time (Days)

Thick against gamma-rays => optical emission




“kilonova/macronova”

Li & Paczynski 98, ApJ, 507, L59 energy
Kulkarni 05, arXiv:0510256 deposition
Metzger+10, MNRAS, 406, 2650

Timescale

10% . e
. " I ~ 1042 —1 g ( '
Luminosity 10 erg s~ (0.01]\{@) .

Opacity of r-process elements

K~10cm?g!

- Kasen+13, ApJ, 774, 25 (for Nd)

- MT & Hotokezaka 13, ApJ, 775, 113
(for mixture of r-process elements)

Opacity of Fe

3D radiative transfer simulations for NS merger
MT & Hotokezaka 2013, Ap). 775, 114L I

———————————————— 600,000 b-b transitions
Time = 1.1 days for 90-elements




Log flux (F,) + constant

—

o
N
N

—

o
N
—

L’

UVOIR Luminosity (erg 3'1)

—

o
N
o

constant]
opacity
(cm?g?) |
K =0.1
K=1

K=10 -

1
Days after the merger

10

Fainter by a factor of 10!

(see also Kasen+13, Apl, 774, 25, Barnes & Kasen 13, ApJ, 775, 18)

near-infrared

H

N —
1.5 days
5.0 days
10.0 days

5000

10000
Wavelength (A)

15000 20000

- Red spectrum (peak at near-infrared)
- Extremely broad-line (feature-less) spectra
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Time since GRB 130603B (d)

GRB 130603B 1 10
(short GRB -X-raly |

<= NS merger) * F606W
* F160W

June 13, 2013

»

NIR source

AB magnitude

(z-wo |_s Bis) xn|} Aes-x

75,000 light-years
23 kiloparsecs 3”9

\
\ N
\
1 1 IIIIIII 1 \ IIIIIJI

Tanvir+2013, Nature, 500, 547 10° 106
Berger+2013, ApJ, 774, L23 Time since GRB 1306038 (s)

Consistent with expectation (faint and red)
==> ejection of ~0.02 Msun

Observations <=> NS radius
(NS merger: smaller R => more mass ejection)

larger R smaller R

' |APR4 A
[ SLy

ALF2 &
H4
MS1

Ris

Mej (102 Msun)

014 0.15 016 0.17 0.18 0.19
Compactness (M/2R)

Hotokezaka, Kyutoku, MT, Kiuchi, Sekiguchi, Shibata, Wanajo 2013, ApJ, 778, L16




BH-NS Mergers

N(<800 Mpc)
~ 10 (0.2-300) / yr
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—

o
N
)

APRA4 (soft)
H4 (stiff)

—

o
n
—

| v=0.5¢ Kyutoku+13

UVOIR luminosity (erg s
S
8

—_

o
w
©

Days after the merger

Mej ~< 10" Msun Can be brighter than NS merger

(but depends on spin, inclination,
and mass ratio)

MT, Hotokezaka, Kyutoku, Wanajo, Kiuchi, Sekiguchi, Shibata 2014, ApJ, 780, 31
see talks by Kiuchi-san, Kyutoku-san, and Kawaguchi-san

Observations <=> NS radius
(BH-NS merger: larger R => more mass ejection)

larger R smaller R

Mej (102 Msun)
o

ALF2
H4

MS1
ALF2(7,0.5)
H4(7,0.5)

MS1(7,0.5)

0.01
0.13

014 015 0.16 0.7
Compactness (M/2R)

Hotokezaka, Kyutoku, MT, Kiuchi, Sekiguchi, Shibata, Wanajo 2013, ApJ, 778, L16




Electromagnetic Emission from
Compact Binary Mergers

® Why electromagnetic emission?
® Radioactively powered emission

@® Prospects for observations

GW_detecti
'

EM search
'

trigger

- NS-NS or BH-NS - Mass of ejecta
(chirp/reduced masses) - NS radius

- Event rates (w/ help of
numerical relativity)

Origin of r-process elements
High-density EOS
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m = —2.5log,,(F,) — 48.6

Expected brightness i
@ 200 Mpc = ~2:5log <3631 105 org o1 T cm2>

— Telescope size
- Optical (red, i-band) 1 1m-class
B * (~20 in Japan,
> 100 in the world)

small R
(consistent with

GRB 130603B) ' 4m-class
(~30 in the world)

Magnitude (AB)

8m-class
(~14 in the world)

Time (days) * 10 min exposure

=> Need large and wide-field telescopes

Disk wind (at later phase)

Additional components (Fernandez 2013, Metzger+ 2014,
Just+2014, Kasen+2015)

] Log {s [kg/nuc]}
Eﬁ:eCt Of neutrlno/shock 05 1 15 2 25 3 0 0. 0.4 0.6

(Wanajo, Sekiguchi+2014)
50 ms
kusum
Higher Ye Y M3A8m3as, t = 50 ms

2
. . -10 -8 6 -4 -2 0 2 4
=> synthesis of lighter elements (b) X [107 cm]
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Expected brightness @ 200 Mpc

Magnitude (AB)

—— Telescope size
" Optical (red, i-band) I 1m-class
B * (~20 in Japan,

. > 100 in the world)
lighter r-process

=> lower opacity

4m-class
(~30 in the world)

8m-class
(~14 in the world)

Time (days) * 10 min exposure

Big impact on observing strategy
=> More realistic simulations are critical

Field of view (degz)

' lssT!

(202%
DECam

Subaru

HSC
typical
8-10m

HST

-J---—

o

0.01 f ~gm

~1-2m
0.001 | | | |
18 19 20 21 22 23 24 25 26 27

Limiting magnitude




GW alert error box

e.g. 6 deg x 6 deg Su?asrlé/HSC
.5 deg

D S—
Typical >8m

telescope
~0.3 deg

Kiso 1m 8m LSST
2 deg Gt jighs

o AR IS =5 B
T 1 g B o e ean

J-GEM

Japanese collaboration for Gravitational-wave Electro-Magnetic follow-up

Okayama 0.91m pkayama 1.88m Hiroshima 1.5m Kiso 1m (wide field)

3] »
/fi\f&) 4

MOA-II 1.8m IRSF 1.4m
(wide field, south) (south)

J‘
= \
« \

R




Subaru/Hyper Suprime-Cam

./- ‘An lll\l"\ f/ ik
_‘ im T %J_‘l \\Eim

3t!

104 CCDs

* ~ 900 Megapixel

2 GB/image
~300 GB/night

Transient sur'véy wuth S,ubaku/ HSC (2014-)

Nozomu Tominaga; Tomoki Morokuma, Masaomi Tanaka,

Naoki Yasuda, Hisanori Furusawa, and many others-...

35 deg
"'300 000 sources

— SO

C———
——
—




Realtime transient selection
The Astronomer”s Tellegram
First supernova candidates discovered with
Subaru/Hyper Suprime-Cam

20 14 J u I ATel #6291; Nozomu Tominaga (Konan U./Kavli IPMU, U. Tokyo), Tomoki Morokuma (U.
Tokyo), Masaomi Tanaka (NAOJ), Naoki Yasuda (Kavli IPMU, U. Tokyo), Hisanori Furusawa

(NAOJ), Jian Jiang (U. Tokyo), Satoshi Miyazaki (NAOJ), Takashi J. Moriya (U. Bonn),
Junichi Noumaru (NAOJ), Kiaiug Sc NAQ D, and Tadafumi Takata (NAOJ)

o
Candidate selection in ~10 hr after the observation

Supernova candidates discovered with Subaru/Hyper
Suprime-Cam
ATel #6763; Nozomu Tominaga (Konan U./Kavli IPMU, U. Tokyo), Tomoki Morokuma (U.
20 14 N ov Tokyo), Masaomi Tanaka (NAOJ), Naoki Yasuda (Kavli IPMU, U. Tokyo), Hisanori Furusawa
(NAOJ), Jian Jiang (U. Tokyo), Nobuhiro Okabe (Kavli IPMU, U. Tokyo), Toshifumi

Futamase (Tohoku Univ.), Satoshi Miyazaki (NAOJ), Takashi J. Moriya (AIfA, U. Bonn),
Junichi Noumaru (NAOJ), Kiaina Schubert (NAOJ), and Tadafumi Takata (NAOJ)

onl27 Nov 2014; 18:03 UT

~1 hr after the observation

Issues for GW follow-up

- Wider field (~10 deg?==> ~100 deg?)
- Fields without pre-images

=> Need bigger surveys

Summary

® Why EM emission from NS merger?
® Crucial for identification of GW sources
® LIGO O1 started in 2015 Sep

® Radioactively-powered emission
@ r-process nucleosynthesis
® Fainter and redder than expected, but detectable
® GRB 130603B => possible constraints on EOS (NS radius)

® More realistic simulations are critical
(wind components, BH-NS mergers, and ...)

@® Prospects for observations
® J-GEM: Japanese EM follow-up network
@® Subaru/HSC is important (transient search started)




