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General Relativity

InN1915, Einstein proposed.
,_‘ _..--.,.'...", » -'-' GMV — 87TGT/,LV

gravity matter
(spacetime)

Spacetime is not solid object
but dynamical one.




Test of GR in the solar system

perihelion shift of Mercury
prediction in Newtonian

5557".0/century

observed value

5599".7 /century

GR correctly predicted the
observed value.

(correction to Newtonian is
42".7 /century )




Test of GR in the solar system

deflection of light Shapiro time delay

In 1919, firstly observed
by Eddinton et al.

In 1968, firstly observed
by Shapiro et al.



Observational constraint

Will, LRR (2014)
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Indirect evidence of GW
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Why modify gravity?

The current Universe is accelerating, but the physical mechanism
is still unknown.

G+ Ag, =8nGT,,

® cosmological constant

74% Dark Energy

® |ntroducing a new energy
component in the Universe

(e.g. scalar field)

® Modifying general relativity
at cosmological scales

4% Atoms
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Observation of cosmic expansion

Planck Collaboration 2018

Planck TT,TE,EE+lowE+lensing

+BAO/RSD+WL

wo

dark-energy equation of state
p=wp

w(z) = wy + wq ©

1+ 2z

w = —1

for cosmological constant

The cosmic expansion needs to be close (~10%)

to the ACDM model.



fog

Observation of large scale structure

Planck Collaboration 2018
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Current observational data
from galaxy surveys limit
the strength of matter
clustering in the Universe.

The growth rate needs
to be close (~20-30%)
to the ACDM model.
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GW detector network

LIGO Hanford Virgo Italy
3 km

Livingston
4 km




Observation schedule

LVK collaboration, LRR (20207?), arXiv:1304.0670v8

= O1 O2 wm O3 mm 04 == O5

80 100

LIGO T

1 4-1 30 160-190 Target

iic Mic 330 Mic
|
30

5}) 90-120 150-260
] Mpc M
Virgo o
|

Mi Mi
8-bs 25-130 130+
M

KAGRA SR =
; o

LIGO-India today

l 1 1 L L
+ T T L2 T

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026



Current status of GW obs

GW from 31 BBHs, 3-4 BNSs, e Bems  utare
3.5 NSBHs have been detected so far

( a S O f S e 3 O) Circulars/Notices/Messages.
p * «MS190715n  BNS 99%
S 2019/07/15 13:54:06.2 1/347773 years

* MS190714x

G ra Ce D B (Web pa g e) 2019/07/14 22:58:55.6 ?/e.t;j::ion

« GW190707 BBH 99%
NS B H 2019/07/07 09132:26.1 1/6019 years
L] L]
G raVItatI Onal Wave Terrest”al ;0(1;9\;:)/;/260722:622]41.3B‘I/B1:.1679y8::is

Events (iphone app.) MassGap

Tap an Event for

0 *« GW190701ah  BBH 93%
0 /0 2019/07/01 20:33:06.5 1/1.65 years

« GW190630ag BBH 94%
105

BNS 00/0 2019/06/30 18:52:05.1 1/220748 years

« GW190602aqg BBH 99%

BB H 00/‘0 2019/06/02 17:59:27.0 1/16.67 years

* 5190524q Retraction

The number of events expected (aLIGO, aVIRGO, KAGRA)
~ 100 — 1000 BBH/yrupto z ~ 1
~ 20 — 400 BNS/yrupto z ~ 0.1

GW will be a daily tool to probe for the Universe!



GW waveform

compact binaries (BBH, BNS, NS-BH)
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GW in modified gravity

There are many modified gravity theories suggested to explain
the cosmic acceleration expansion. These theories modify gravity
at cosmological distance and also affect GW propagation.
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 different amplitude damping (variation of G)

e graviton mass

 additional GW polarizations (scalar & vector pols.)



GW in modified gravity

There are many modified gravity theories suggested to explain
the cosmic acceleration expansion. These theories modify gravity
at cosmological distance and also affect GW propagation.

general features of modification on GWs

e different propagation speed

 different amplitude damping (variation of G)

e graviton mass

 additional GW polarizations (scalar & vector pols.)

4 )
GW observation can be utilized for

 testing general relativity directly

 resolving the cosmic acceleration problem
\§ J




Gravity test with GW

Sma“ Scale 10-10 L L L L L L L L L L L L L L L Psalti§ _2008
10 F Neutron Stars ¢ ¢ (modified)

~ Black Holes I =

8 10-16 : I :

2 o~ 10" P

S e n 1 g

S 5 102L N7

o — Grav Prob B S —

O % 4B . AGN| T 3

) § o8 ~ Eclipse =

& 5 107 [ Hulse-Taylor 1 5

.-'CI:J & 103 E 13 ]

O — [ [ -

© 103 £ Moon ® -

Q — Mercury | -

? 10 |- -

u l -

T B N YT Y Y

10" 10™ 10° 10° 10° 10°
v e=GM/rc?
large scale gravitational potential

weak > strong



small scale
()]
|
-0
o+
(4]
>
| .
0D
(@)
()]
kS
o+
()]
O
©
o
n
v
large scale

Gravity test with GW

107"° — T T T T T T T T T T T T T T ] T Psalti§ _2008
10 F Neutron Stars ¢ ¢ (modified)
- Black Holes I =
107° |- =
G 107 - : s
£ 1022 F .
o ~ Grav Prob B é 7
O 102 F ° AGN| 0 -
i ~ Eclipse = 7
% 10_28 — . . se-Taylor 1 & —
A quasi-static & weak 13 -
B ] _
B4C M N _
10 - oon Mercury : =
10°" | -
10-40 — I Y Y Y Y Y Y O I I (N I N B
10" 10" 10° 10° 10° 10°
e=GM/rc®
gravitational potential
weak > Strong



Gravity test with GW
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Inspiral-Merger-Ringdown (IMR)
consistency test



|dea

Given masses and spins during inspiral phase, one can
theoretically estimate the mass and spin after the coalescence.

M7 (mi,my, X1, ¥5) , af(mi, my, X1, Xz)

Fitting formula from numerical relativistic simulation.

Hofmann et al., ApJL (2016). LVC, PRL 116, 221101 (2016)
Healy and Lousto, PRD (2017). 0 -
Jimenez-Forteza et al., PRD (2017). I I TTAACY
o o o
On the other hand, the final mass s | Q??"i';&‘;' ________ -
and spin are directly measured g HENDOE R M
from the merger and ringdown R ‘-lmplml --------
(L, . .
phases. I S T A N T I
MR MR | GW] 5091 4
M ’ f 0.0 1 ' ' ' ' ' '
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Final mass My (M)



P(AM; | My)
—_— N W A W N

o

0.5

Aay/ays
-]
]

-0.5

-1.0

Recent results from LVC

LVC, arxiv:1903.04467.
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Combined posterior gives
the result consistent with
GR at ~20% precision.

The second peaks?
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Future prospect

Carson & Yagi, arxiv:1905.13155
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Post-Newtonian (PN)
consistency test



Post-Newtonian expansion

In a binary system, kinetic energy ~ potential energy.

N (E)ZN 2GM :@

c c2r r

m=) v/cis a small parameter in the early inspiral
phase of a binary.

_ (0 (1) 4 ¢24(2) 4 3,0) L ...
guv_g£2+€guy+€guy+€guu+ EZU/C

Einstein eq. at each order can be solved one by one.



Post-Newtonian (PN) waveform

TaylorF2: f-domain waveform up to 3.0PN in amplitude &
3.5PN in phase e.g. Khan et al., PRD (2016)

har(f) o< Ajpg €'9ins U= (7T]\4f)1/3 &=) 0.5PN
—5/3
phase ¢1ns — 27Tft o qbc — 7T/4 = 128 ( Mf Z kau
‘ 1 5/6 r—7/6
[ Ains =A g Ag = M B
amplitude 0 ];)Aku , 0 Jon2/3d; /
_q _ 0 3715 i 95

Yo — 1, ¥1 = Y, P2 = 756 9 1,
323 451

>
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Intuitive understanding

Inspiral

LVC, PRL (2016)

O/‘ e/ [GW150914]
- ow freq
ﬂ =) |arger separation
i =) |ow velocity
| — Numerical relativity =) |ower PN Order

B Reconstructed (template)

IS more important

|| = Black hole separation
=== Black hole relative velocity

O, N WD
Separation (Rg)

0.30 0.35 0.40 0.45



Parametrized-post

Einsteinian (ppE) formalism

Yunes and Pretorius, PRD (2009)
h — (1 a zﬁubh a - 0.5a PN
(f)=(1+au®)e Gr(/f) b 0.5(b+5) PN

Tahura & Yagi, PRD (2018) PPE phase parameters
Theories Magnitude (f) Exp. (b)
Scalar tensor [95,96] 7168 )]-/S(al — (17) =7
(m= sLd(B—m,.sL‘K‘B )2
EdGB [97] —1¢5 CEdGB s —7
25 o 16068 231808 _
DCS [8298] %’7 14/SC.:dCS [_2()1111a)(s (1 - (,19(,9,)/1/ (1 - 61969’) ] 1
Einstein-ZAther [99] 2/ (sEA—sEA )2 (cra— _)“”-n, -7
15847 [(l \L\)(l \E\)}"t 3 (14“()“|
Khronometric [99 5 .2/5  (sih—sih)? /= (Bin=1) (2+Bn+3%n) | 3/2 -7
[ ] ~ 358311 % [(1- \“‘)(1 \x“’)]4 3 akh{ tl(_m /)l:l /th }
Noncommutative [100] —%;]—4/5(2;] —1)A? -1
Varying G [92] 8,‘;';68 ’Io/ GL o[11mg + 3(sy9 + 529 — 6)mg — 41(my 4S9 + My Sz )] -13




Tahura & Yagqi,

PRD (2018)
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Current constraint on
phase modification

Yunes, Yagi, Pretorius, PRD (2016)
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Current constraint on
amplitude modification

Tahura et al., arXiv:1907.10059
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10°L | | I I | 1
o for GW150914 Chamberlain & Yunes, PRD (2017)
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Future constraint




Generalized IMR (gIMR) formalism

phase modification on GW waveform

coefficients for

h(f) — ¢'0PeIMR hGR(f) # each PN order
p; — (1 + 0p;) p;

e for inspiral PN part Li, Pozzo, et al., PRD (2012)

0PgIMR = ZSO (mM f)=3) 36,

128

e for merger-ringdown part  Meidam et al., PRD (2018)

IMR PhenomPv2 waveform &g, - ,a5, 8o, -+ , 33
Khan et al., PRD (2016)



LVC, arxiv:1903.04467
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Current constraint
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are absolute values of deviation.

Low PN orders are better
constrained.



Open problems

e Modification on GW is not limited to the “known” waveforms

in GR, e.g. PN expansion up to 3.5PN or parameters in the
IMR Phenom waveforms.

e The ppE and gIMR parametrizations have a problem
when multiple GW events are combined to constrain their
deviation parameters.

h(f) = (1 + au®) €% har(f)
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GW speed and
modified dispersion relation



Constraints on GW speed
before GW1 70817

From the observations of ultra-high energy cosmic rays (UHECR)
Moore & Nelson 2001

If graviton propagate with subluminal speed, it looses energy
due to gravitational Cherenkov radiation.

v _ applied only to subluminal case
=1--Z2<2x107%
%9 — at ~ 10%° Hz

From arrival time difference between LIGOs
Cornish et al. 2017

GW150914 6.9 4+ 0.30 ms

GW151226  1.1+0.18ms == —0.42 <9, <0.45
GW170104 3.0 £ 0.30 ms




Measuring GW speed

Nishizawa & Nakamura (2014)

arrival time difference between GW and short GRB

te ty t,
% I —> 1
Tg Tobs
GW e,

U1 O | I
(photon)

Tint Tu
5 Cc ATint 5 — €~ Y
| g | < D g — C

ATing : uncertainty of intrinsic time delay

ATy = 10sec, D =200Mpc = |5,] <5 x 1071'°



Event rate (counts/s)

Event rate (counts/s)

(counts/s)

Event rate

Frequency (Hz)
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LSC + Fermi + INTEGRAL, ApJL 848, L13 (2017)
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The arrival time delay between
a GW and a sGRB was ~1.7 sec
after propagating the distance
of ~40 Mpc.
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More details

measured values T, s = 1.7sec, Din = 26 Mpc

C—
O, = -
I C
e superluminal
GW
photon

~7x 107" < §, <0

e subluminal

o
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Tint < 10sec
photon
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Wave effect of lensing

lens plane Takahashi, ApJ (2017)
Ny source

——————
observer L § |---- "9
___________ lens S

The geometrical optics breaks down for GW lensed by

1H
mass of < 10° Mg ( fz>

GW with frequency f can arrive earliar than EM wave by

1 Hz — relevant to space-baced
f detectors (LISA, DECIGO)

time lag of 0.1sec (



Massive graviton

E? = m}c® + p’c? Will, PRD (1998)
v 1 dw m?c?
mm) propagation speed <4 =-"F—~~1—- 2
Propag P C c dk 2F?>
2 DM,

mm) GW phase shift  AY(f) =

_ 7Tsz -
(at 1.0 PN) AZ(1+ Z)( )

From the observation of BBHs,
mg $5.0 x 1072%eV  LVC, arxiv:1903.04467

Stronger than recent one from the Solar system
my < 6.8 x 1072°eV Bernus et al., PRL (2019)



Other constraints

Galaxy cluster m, < 107%?eV  Goldhaber & Nieto 1974
Weak lensing  m, < 107°' eV Choudhury et al. 2004

CMB mg < 10739 eV Dubovsky et al. 2010

The above is static bounds based on the modification of
Newtonian potential (background level).

Th new bound obtained from BBH is dynamical and for the
tensor pol of a GW.

Mass constraints on scalar and vector pol modes of GW are
NOT so strong and graviton mass could be quite massive.
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Modified dispersion relation
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Interpretation of the result
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Attheorderof n = a —2, FEgg ~ Ay |/ (2=2)

For a=3 or n=1, Eqg > 10" peV =10"eV

Forao=4 or n=2, Eqc >10°°peV =10""eV

Constraint from GWSs is so weak because of low freq of GWs.

For some special theories, the constraint may be useful.



