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Direct GW detection, at last!
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Strong/Dynamical Nature of GW Sources
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Strong/Dynamical Nature of GW Sources
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Model-independent Tests of GR with GWs

in @ model-independent way
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[probing extreme gravity with GWS]
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PPE Formalism




Where to start...?
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Matched filtering more sensitive to phase than amplitude
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Inspiral Waveform Phase in GR
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PPE-modified Inspiral Waveform Phase

[Yunes & Pretorius PRD80 122003 (2009)]
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(Simplest) Full PPE Waveform

uw= (nMf)/? [Yunes & Pretorius PRDS0 122003 (2009)]
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GR limit: (cv, 8) = (0, 0),
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PPE Dictionary: Inspiral

R (Laatexp (i u”)

Theories GR Pillars Theoretical Mechanism |PPE a|PPE b|PN Order| PPE (a,f)
time-varying G Strong Equivalence Principle| Anomalous Acceleration| —8 —13 | —4 PN (e, Be)

RS-II Braneworld 4D Anomalous Acceleration| —8 —13 —4 PN (agp, Bep)

Scalar-Tensor (including Brans-Dicke) | Strong Equivalence Principle|(Monopole) Scalar Field| —2 -7 —1 PN (ast, Bsr)
Einstein-dilaton Gauss-Bonnet Strong Equivalence Principle|(Monopole) Scalar Field| —2 -7 —1 PN |(agacs, Bracs)

dynamical Chern-Simons Parity Invariance (Dipole) Scalar Field +4 -1 +2 PN | (oacs,Bacs)
Einstein-Ather, Hofava-Lifshitz Lorentz Invariance Vector Field - - —1 PN <agE 1)7 gl))

0 | -5 | 0PN (aSEO), §§>)
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(Simplest) Full PPE Waveform

uw= (nMf)3 [Yunes & Pretorius PRD80 122003 (2009)]

hm (f) (14 au®)exp (z B ub) (inspiral)
RIMR) (£ = 1 yuexp[i (0 + eu) (merger)

C Tdamp
1 + 47T2 Tc%amp (f - fRD)d

(ringdown)

GR limit: (cv, 8) = (0, 0), (c,€) =~ (—2/3,€egr), d=2

v, 0 & ¢ determined from continuity of the waveform at each interface.

No known mapping of merger PPE parameters in non-GR theories (due to
the lack of numerical simulations).

d = 2 in well-behaved theories [Vitor]
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PPE for Modified GW Propagation

[Will PRDS57 2061 (1998), Mirshekari et al. PRD85 024041 (2012)]

-graviton dispersion relation
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PPE Dictionary: GW Propagation

h(IMR)(f) (1 +au’)exp (i Bu’)

Theories PPE a|PN Order| PPE b PN Order PPE («, )
Massive Gravity — — -3 +1 PN
Double Special Relativity — — +6 +5.5 PN
Extra Dimension, Hotava-Lifshitz — — +9 +7 PN (0, AD M_b/g)
Multifractional Spacetime — — 3-6 4-5.5 PN
Standard Model Extension (d =4,5,...)| — — 3(d—3)|(3d —4)/2 PN
Parity-violating Theories +3 | +1.5PN +6 +5.5 PN (apv, Bpv)
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PPN vs PPK vs PPE
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|BFFE)| < - Rt [Yunes & Hughes PRDS2 082002 (2010)]

~ [bl[b—3[ut*d P

g Solar System — —
10*1 === PSR J0737-3039 / -
<« GWs, (12,6)M, SNR=20|  / .
[Cornish et al. PRD84 /1()? B / £ X
062003 (2011)] 0 )/
10"  Be careful when / .
5 comparing these X // X
Q. 10 [ bounds!! x-' F 7
4 R /
10 | // )
GWs place stronger -6 / i
constrzints than ‘finary 10 X" // g Lt S
= 3 / theoretical constants but
pulsars for positive PN 10 / on system parameters
corrections. dol L
04773 2 1 0 1 2 3
n PN n=(b+5)/2

PPE Formalism Kent Yagi



PPE Extensions

* Stealth Bias [Cornish et al. (2011), Vallisneri & Yunes (2013), Sampson et al. (2014),
Vitale & Del Pozzo (2014)]

Precession, Higher Harmonics [Huwyler et al. (2012)]

Non-tensorial Polarizations [Chatziioannou et al. (2012)]

lest Infrastructure for GEneral Relativity (TIGER) [Li et al. (2012), Agathos et al.
(2014)]

Multiple PPE Parameters [Sampson et al. (2013)]

GW bursts (eccentric binaries) [Loutrel et al. (2014)]

Spontaneous Scalarization / Massive Scalar [ Sampson et al. (2014)]
Time-domain Waveform [Huwyler et al. (2015)]

GW Background [Maselli et al. (2016)]
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(d )

Applications to GW 150914 & GW 151226
N .

[Yunes, KY & Pretorius arXiv:1603.08955]




Constraints on GW Generation

Solar System T
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GW vs Current Bounds

Example Theory Constraints

Example Theories GR Pillar |PN
Repr. Parameters| GW150914|GW151226| Current
Einstein-dilaton Gauss-Bonnet SEP 1| /|osacs| [km] — — 107, 2
scalar-tensor SEP —1 |p| [1/sec] — — 107°
dynamical Chern-Simons Parity Inv. |+2| /[cacs| [km] — — 10®
Einstein- Ether Lorentz Inv.| 0 (c+,c-) (0.9,2.1) (0.8,1.1) |(0.03,0.003)
RS-1I Braneworld 4D —4 ¢ [pm] 5.4 x10'° | 2.0 x 10° 10-10°
time-varying G SEP —41|G|/G 10712 /yr] | 5.4 x 10'® | 1.7 x 107 0.1-1

Einstein-dilaton Gauss-Bonnet (EAGB) )

Scalar-Tensor

dynamical Chern-Simons (CS)

Einstein-AEther
RS-II Braneworld

Time-varying G

»

- »

no meaningful constraints
(beyond small-coupling
approximation)

-weaker than current bounds

-first constraint in the extreme gravity regime

GW150914 & GW 151226 Kent Yagi



Important Message

www,.hetemeel.com
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Constraints on GW Propagation

[Kiyota & Yamamoto n PN 2 _ 2 ~
(2015] \reﬂ% 25 4 | 515 | 7 E p°+ Ap
+ — —+ cosmic rays -
[LVC (2016)] —=—7¢2¢ GW150914, Bayesian | POSIIVE A Lot
S n—-—m GW150914, time delay e
[Blas et al. (2016)] —"%, e——e GW150914, Fisher =

-GW151226
bound similar to
GW150914

Yunes, KY & ]
[ unes < 102h
Pretorius (2016)] +

-strong constraints
from GWs

-complementary to
cosmic ray bounds

- -Lorentz -multifractional -Lorentz violation -Lorentz violation
violation spacetime -mod. special relativity ~ -extra dimension
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Questions / Discussions




What’s next...?

Improving merger PPE... need numerical relativity simulations
in non-GR theories

Improving PPE vs PPK...correlations between PPE and binary parameters,
including conservative PPK

(currently on going)

PPE for cosmologically-interesting theories...f(R), Horndeski,
DGP, MONDian, etc.

Screening effect...PPE 1s still valid for cubic galileon theories
[de Rham et al. PRD&7 044025 (2013)]
Other screening (chameleon, symmetron)?

Propagation effect?
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