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Weak-field Tests? Strong-field Tests?
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Tests of GR with GWs (based on LVC’s work)

[PRL 116, 221101 (2016); PRX 6, 041015 (2016); PRL 118, 221101 (2017);
PRL 119, 141101 (2017); ApJL 848, L13 (2017); arXiv:1811.00364; arXiv:1903.04467; ... ]

v residual signal-to-noise ratio (SNR) from best-fit template
GR prediction for GW150914 verified within 4% error

v Non-GR polarization

4 )

GW1/0817

Bayesian Model Selection:

(tensor only) vs (scalar only) = 10%! : 1

\(tensor only) vs (vector only) = 10%° : 1/

[Will (2014)]
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Tests of GR with GWs (based on LVC’s work)

[PRL 116, 221101 (2016); PRX 6, 041015 (2016); PRL 118, 221101 (2017);
PRL 119, 141101 (2017); ApJL 848, L13 (2017); arXiv:1811.00364; arXiv:1903.04467; ...

v" residual signal-to-noise ratio (SNR) from best-fit template
GR prediction for GW150914 verified within 4% error

v Non-GR polarization graviton mass bounds

v Propagation speed of GWs Event  [10°
dispersion relation of gravitons eV/c]

scalar-tensor theories after GW170817 2$}§?§}§

GW151226
GW170104

General Relativity quartic/quintic Galileons [13, 14]

GW170608
GW170729
GW170809
GW170814
GW170818
GW170823

quintessence/k-essence [42] Fab Four [15, 16]
Brans-Dicke/ f(R) [43, 44] de Sitter Horndeski [45]

Kinetic Gravity Braiding [46] Guoote” [47], Gauss-Bonnet

Derivative Conformal (20) [18] quartic/quintic GLPV [19]
Disformal Tuning (22) DHOST [20, 48] with A; #0
DHOST with A; =0

Combined

Viable after GW170817 Non-viable after GW170817

[Ezquiaga & Zumalacarregui (2017)] [LVC arXiv:1903.04467 ]
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Tests of GR with GWs (based on LVC’s work)

[PRL 116, 221101 (2016); PRX 6, 041015 (2016); PRL 118, 221101 (2017);
PRL 119, 141101 (2017); ApJL 848, L13 (2017); arXiv:1811.00364; arXiv:1903.04467; ... ]

/residual signal-to-noise ratio (SNR) from best-fit template \
GR prediction for GW150914 verified within 4% error

v" Non-GR polarization

v'. Propagation speed of GWSs
dispersion relation of gravitons

v" Number of spacetime dimension

v" Lorentz violation
v" Equivalence principle

/ Parameterized deviation from GR

N i
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parameterized post-Einsteinian (ppE) Formalism

[Yunes & Pretorius (2009)]
[LVC, PRL 116, 221101 (2016)]
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waveform phase; ~ PPE parameter / nth post-Newton (PN)
' \\ / correction
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PPE Dictionary

Theories

PPE Phase Parameters

: Exponent
Magnitude (/) (22 —5)
Scalar-Tensor | — n*? (a1 — an)? —7
Einstein-dilaton ] (m33BICB ;2 5HdCE )2
—=2( —7
Gauss-Bonnet 7168 SEAGB oA I8/5
dynamical . .
1549225 —14/5 160681 \ . 2 2318087\ .2
Chern-Simons 11812864 /%Cacs [~20mXaxs + (1 — Bosgt) Xa + (1 — “Groset) X3] —1
. . 5 2/5 (SEA—SEA)Q (c14—2)w3—w3
Einstein- Ather [99] =7 [(1—5‘1E%A)(1—233A)}4/3 Cngfﬂ? 1 —7
; __5 _2/5 (st —s5™)? = (Bin =1 (24 Bicp +3Xip) 3/2 _
Khronometric [99] 35821 [ (=573 VUt | " an =) (Bt ) 7
Noncommutative [100] — 2% (2n — 1)A? —1
Varying-G' [92] —ﬁﬁgmcc,o [11mo + 3(s1,0 + 82,0 — 0¢)mo — 41(my 0S1,0 + M2,082,0)]| —13

[Tahura & KY (2018)]
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Constraining GR Fundamental Pillars

[Yunes & Hughes (2010)] ¥

——- PSRJ0737-3039 |  /

[LIGO-Virgo , GW 150914, Bayesian / ov =7 P21 o
Collaboration (2016)] i
[Yunes, KY &

Pretorius (2016)]
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Constraining GR Fundamental Pillars

[Yunes & Hughes (2010)]

[LIGO-Virgo , 2%11.1500793174,3 ]gg?fesian AoV = [ P21 o
Collaboration (2016)] 10§ e—— GW150914, Fisher /
[Yunes, KY & 0 A—.-A GW151226, Fisher /
Pretorius (2016)] 101 |
& 107 -
2 10 -
S

10 . & .. | . .
4 3 -
extra time scalar monopole vector field scalar dipole
dimension varying G activation activation activation
equivalence equivalence Lorentz
principle principle Invariance
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PPE for Modified GW Propagation

[Will PRD57 2061 (1998), Mirshekari et al. PRD85 024041 (2012)]

c—=1
-graviton dispersion relation

E*=p°+Ap wmp vy=1+(—1)AE "

D

U =W + B(v/c)" >
B~ ADM'™Y  n=(3y+2)/2
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Constraints on GW Propagation
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Constraints on GW Propagation
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Constraints on GW Propagation

[Kiyota & Yamamoto
(20195)]
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Constraints on GW Propagation
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Tests of GR with GWs (based on LVC’s work)

[PRL 116, 221101 (2016); PRX 6, 041015 (2016); PRL 118, 221101 (2017);
PRL 119, 141101 (2017); ApJL 848, L13 (2017); arXiv:1811.00364; arXiv:1903.04467; ... ]

/residual signal-to-noise ratio (SNR) from best-fit template \
GR prediction for GW150914 verified within 4% error

v" Non-GR polarization

v'. Propagation speed of GWSs
dispersion relation of gravitons

v" Number of spacetime dimension

v" Lorentz violation
v" Equivalence principle

v’ Parameterized deviation from GR
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IMR Consistency Test of GR with GW150914
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IMR Consistency Test of GR with GW150914
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IMR Consistency Test of GR with GW150914
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IMR Consistency Test of GR with GW150914
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IMR Consistency Test of GR with GW150914

[LVC, PRL 116, 221101 (2016)]
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Future Improvement on II\/IR Con3|stency Tests
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Future Improvement on II\/IR Con3|stency Tests
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Future Improvement on II\/IR Con3|stency Tests
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Black Hole / Neutron Star

NS/BH Einstein-dilaton Gauss-Bonnet (EdGB) gravity
S190814
MassGap | <1%
Terrestrial | 0%
BNS | 0%
BBH | 0%
Dy = 267 + 52 Mpc b 2
L C ~J R —+ e RGB
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Black Hole / Neutron Star

NS/BH Einstein-dilaton Gauss-Bonnet (EdGB) gravity

S190814 L L
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Terrestrial | 0% E
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current bound
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[Carson, Seymour & KY arXiv:1907.03897]
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Black Hole / Neutron Star

NS/BH Einstein-dilaton Gauss-Bonnet (EdGB) gravity

S190814 L L

MassGap | <1%
Terrestrial | 0% E

BNS | 0% 'M __________ ) P
BBH | 0% /

current bound

stronger bound when

Dy = 267 + 52 Mpc

0 20 30 40

Mgy, [Mg ]

[Carson, Seymour & KY arXiv:1907.03897]
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Black Hole / Neutron Star (Future Prospect)

Einstein-dilaton Gauss-Bonnet gravity
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Black Hole / Neutron Star (Future Prospect)

Einstein-dilaton Gauss-Bonnet gravity
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Black Hole / Neutron Star (Future Prospect)

neutron star | Einstein-dilaton Gauss-Bonnet gravity
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v" can be applied to specific theories
such as string-inspired ones

v" black hole / neutron star binaries
will improve the bounds
significantly

v various tests of GR with GWs
being carried out

v" no evidence for beyond-GR
effects so far

v model-independent analyses
Include parameterized tests &
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10 [ ==Tpsrioagn - 7 v" various tests of GR with GWs
5 GW150914, Bayesian / = . i
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v model-independent analyses
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L Inspiral-merger-ringdown

- 0 1 2 3 .
n PN consistency tests

101§
v" can be applied to specific theories I
such as string-inspired ones z I A f
v black hole / neutron star binaries * e 107k T B
will improve the bounds 3 ok |
significantly il I &
: x & 3% S Q) O ]

Thank You! T PR
R

Kent Yagi



Back Up




-18

Future Detectors

-19

-20

172
|

-21

=22

noise [Hz

-23

24

A ) L N A 3 N N A Y L A A )
r r r 4 r r r

B-DECIGO \
DECIGO CE /
10_25_ | | | | | | | N
10* 107 107 10" 10° 10" 10
[Carson & KY arXiv:1905.13155]  frequency [Hz]
Kent Yagi




Theoretical Constraints

[Yunes, KY & Pretorius PRD (2016)]

Example Theory Constraints

Example Theories (Theoretical Parameters) GR Pillar

GW150914|GW151226| Others

Einstein-dilaton Gauss-Bonnet (y/|azacs| [km]) |Equiv. Princ. — 4.7 107, 2

scalar-tensor (|¢| [1/sec]) Equiv. Princ. — — 10-°

dynamical Chern-Simons (y/[cacs]| [km]) Parity Inv. — — 10°

Einstein-Ether (cy,c_) Lorentz Inv. | (0.9,2.1) (0.8,1.1) |(0.03,0.003)

RS-11 Braneworld (¢ [pm]) 4D 5.4 x 10" | 2.0 x10° 10-10°

time-varying G (|G|/G [1071? /y1]) Equiv. Princ.| 5.4 x 10*® | 1.7 x 10'7 0.1-1
Massive Gravity (mg, [eV]) my =0 1022 10°%  |107**~10"'®

Modified Special Rel. ST, Lorentz Inv. | 1.3 x 10%% | 3.8 x 10?2 o

(Mdsrt/ L1 < 0) 2.1 x 107"

graviton dispersion relation: E° = (p ¢)* + A (p ¢)®

Kent Yagi

[Mirshekari, Yunes &
Will (2011)]



