
Tests of GR and the Nature of Gravity

â
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Overview
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• The necessity of testing gravity at various regime.

• Where we are in tests of GR?
• Non-GW tests
• GW tests

• Future aspects of gravity tests:
• Multi-messenger/multi-band tests
• Consistency tests of GR/Parametrized tests for deviations/Searches for

interesting new signatures
• Difficulties in consistent modelling of modified gravity models
• Environmental effects

• Topics for discussions



General Relativity is Awesome!
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• GR is beautiful in its mathematical form.

• GR has passed all previous experimental/observational tests.

• Problems arise when quantum mechanics is included in the
game: black hole information paradox; the nature of singularity;
the quantumness/quantization of gravity, etc.

• Extension/modification of GR from different motivations: string
theory, extra degrees of freedom, extra dimension…

• High risk/high pay-off business. Deviation from GR @ what
scale and system not clear. Necessary and important to push the
boundary of experimental/observational test in the strong
gravity regime and different length scales. How do we assess
the theoretical prior of different modified models (or should
we)?

I agree!



A Survey in “Fundamental Physics with LISA” Workshop 
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Slide from Emanuele Berti, survey done by Diego Blas



Non-GW Tests
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Extreme Gravity and Fundamental Physics, Astro2020 Decadal Survey



BNS GW Tests
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• Constraint on the speed of GW:

• Lorentz invariance violation limits:

• Shapiro delay:

LVC Collaboration, ApJL 2017



BBH GW Tests
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LVC Collaboration, 1903.04467



BBH GW Tests
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IMR consistency test results

Combined posterior for inspiral PN violation and merger/ringdown violations



GW Tests
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Slide from K. Yagi



GW Tests
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N. Yunes, K. Yagi, F. Pretorius. 2016



Future multi-messenger tests
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• GW170817 is an example for multi-messenger tests.

• In the era of O3/O4, and with 3G detectors, we will see many BNS mergers,
many BH/NS mergers. Constraints to be greatly improved.

• May be able to put better constraints on scalar-tensor theory (and/or other
modified gravity theories) by combining inspiral GW measurement with
post-merger EM signal.

• Other sources: tidal description event of NS/BH binary, or star-massive BH
merger, or supernovae. What else? What can we learn from these events?



Future multi-band tests
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• GW observation from multiple frequency band greatly improves the ability
of parameter estimation and testing gravity with BBHs.

• Future gravity constraints by comparing properties of BBH population at
different frequencies? What about comparing SGWB at different band?

E. Barausse, N. Yunes, K. Chamberlain. 2014 S. Vitale. 2016



Consistency tests of GR
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• Instead of searching for signatures of non-GR effects, it is always
economical to test the foundation/prediction of GR.

• Future tests of GR can still be based on verifying “pillars” of GR:
equivalence principle, local Lorentz invariance, etc.

• Alternatively, more tests can be performed for various GR observables: GW
memory effect (see Marc’s discussion), consistency test of GR using higher
harmonics of the entire inspiral-merger-ringdown model of a BBH
waveform, no-hair theorem/BH spectroscopy (See Abhirup's discussion),
pulsar systems, etc.

• Deviation v.s. no deviation. Null tests with Bayesian model selection (see
discussion by Walter).

• Are we doing this in a case by case basis? Is it useful to combine events to
get a better consistency check? Systematic errors in GR tests (see discussion
by Marc and Abhirup).



Parametrized tests of GR deviations
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• Post-Newtonian parametrization (not good for negative PN order
effect)/Parametrized post-Einsteinian method/Parametrized phenomenological
waveform… Not capturing possible resonance effect, spontaneous
scalarization, etc. Better ways?

• Ringdown tests with multiple modes will be available with 3G detector and
LISA, possibly with Advanced LIGO+ stacking. They should include QNM
amplitudes and phases, in addition to QNM frequencies. The starting time
issue needs to be better resolved, the role of higher overtones needs to be
better understood. For a parametrized test, how do we map the deviations
back to the deviation of Kerr/additional fields?

• Parametrized IMR waveform needed. Facing similar problems.

• Parametrized non-Kerr spacetime (bumpy BHs) for LISA EMRI tests needed.
Do we understand the effect of non-Kerr deviations on EMRI orbits?
Resonance? Chaos?

• Parametrized dispersion relation for GWs. Is the existing one good enough?



Interesting signatures of GR deviations
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• In addition to generic gravity tests, it’s interesting to look at unique signatures
of different models or perform model-specific tests.

• Example: scalarization/resonances in the inspiral stage, echoes/extra mode in
the ringdown stage, scalar-tidal love number in NS binaries, etc.

• Be prepared for un-expected signals (unmodeled search).

• Interesting propagation effects of GWs (see discussion by Anuradha).

• There are signatures that only turns on at specific scales – high frequency
detector! H. Silva, J. Sakstein, L Gualtieri, T. Sotiriou, E. Berti, PRL 2018



“Well-posedness” issue
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• Most of the modified gravity theories are ill-posed – essentially they fail to
generate an unique/converging answer as an initial-value problem (Chern-
Simon/Gauss Bonnet/… except scalar tensor theory).

• No consistent IMR waveform for ill-posed theories. Tests restricted to Post-
Newtonian/ BH ringdown regime.

• One possible way out: EFT perspective.

• Perturbative approach

• Israel-Stewart (hydrodynamical) approach

Okounkova et al. 2018

Can we get a working example? 
Is there a better way out?

J. Cayuso, N. Ortiz, L. Lehner. 2017



Astrophysical/Environmental effects
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• The astrophysical environmental effects themselves are interesting to understand.
(3rd body to the EMRI system; disk effect to the ISCO measurement/EHT image;
EOS variation for NS tests …)

• Environmental effects could limit the sensitivity for gravity tests, and/or generate
false positive results.

• Have we identified relevant environment effects for the gravity tests proposed?
What are the un-identified ones? Methods to fix the problem? Removal of the best
guess of the environmental effect? Consistent incorporation of these effects in the
gravity test scheme? More ideas?

B. Bonga, HY, S. Hughes, 2019
EHT



-3000 -2000 -1000 0 1000 2000

0.02

0.04

0.06

0.08

0.1

Gravitational-Wave Memory

⇤h̄jk = �16⇡(�g)(T jk + T jk
GW[h̄, h̄]) +O(h̄2)

Nonlinear memory 
[Blanchet-Damour-Christodoulou]

§ GWs producing GWs:

§ Produced by all GW sources; 
strongest for BBH.

§ Unique waveform signature.
[MF ApJL’09; MF, Karlson, Dojcinoski]

§ Waveforms computed for BBH and BNS
[Karlson & MF; Karlson, MF, Barkett, Scheel;
Yang & Martynov]

Other (subdominant) memory effects also possible;
[e.g., ``spin’’ memory, Nichols ’18; MF PRD ‘09].

“Linear” memory produced by unbound sources; 2-body scattering, CCSN, GRB jets,...



Gravitational-Wave Memory

Detection prospects:

§ poor for aLIGO for single events.

§ Multiple GW159014 events [∼O(100)] may 
reveal presence of memory [Lasky et al.]

§ 3G and LISA have better prospects for 
detection of isolated events 
[MF; Yang & Martynov] 

§ PTA groups have set upper
limits on rates of 
memory bursts
[e.g., Arzoumanian et al.
Wang et al]

[MF ApJL’09]



Systematic effects in Tests of GR

§ Probing GR effects or GR modifications are vulnerable to systematic bias.

§ Unmodeled GR effects or astrophysical perturbations can mimic a GR violation. 

§ Examples: higher modes, eccentricity, higher PN terms.

§ Eccentricity bias on TGR PN coefficients: comparable to statistical errors for 

e0(10Hz) ≿ 0.008 (aLIGO), ≿ 0.0001 (ET) [GW170817-like system; MF, KG Arun (prelim.)]

§ 4PN+ terms: not significant for aLIGO design (except possible bias to 3PN, 3.5PN 

coefficients); significant for ET (need 6PN+ terms for all terms except 0PN and 2PN).

[LVC GW170817 TGR paper]



Inspiral-merger-ringdown consistency test

• The IMR consistency test is based on estimating 
the final mass and spin from the initial (low 
frequency) and final (high frequency) stages of a 
BBH coalescence and checking their consistency. 

AG et al. (PRD 94, 021101) 
AG et al. (2018 CQG 35 014002)

LSC & Virgo, PRL 116 (22), 221101 



Inspiral-merger-ringdown consistency test

• The IMR consistency test is based on estimating 
the final mass and spin from the initial (low 
frequency) and final (high frequency) stages of a 
BBH coalescence and checking their consistency. 

• If GR is right, then the independent estimates of 
the mass and spin of the final BH should be 
consistent with one another. 

2

GR modGR

• The test can be used to detect certain kinds of 
deviations from GR
• Energy and angular momentum loss differs 

from the predictions of GR.



�0.4
�0.3
�0.2
�0.1

0.0
0.1
0.2
0.3
0.4

�
M

f/
M̄

f

10 20 30 40 50 60

Number of events

�0.4
�0.3
�0.2
�0.1

0.0
0.1
0.2
0.3
0.4

�
a f
/ā
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• Parameters describing fractional deviations 
in the final mass and spin [should be 
consistent with the GR prediction (0,0)]

BBH in GR: SEOBNRv4

BBH in GR: IHES



• Evolution of a BBH system through back-reaction 
of GWs depend on a few parameters:

• Consistency between different modes of the 
observed signal: powerful test that the radiation is 
emanated from a binary black hole. 

• Inconsistency between different modes:
• departure from GR, or 
• the non-black hole nature of the compact 

objects.

A no-hair test for binary black holes

[Siddharth D., AG, et al.; arXiv:
1804.03297, accepted in PRD]

M=120, q=6
iota=90
SNR = 50
Non-spinning binary

BBH
NSBH

� = (m1,m2,~s1,~s2)



Null tests of GR
• No complete/viable alternatives to GR


• H0: “GR is the correct theory of gravity”


• H1: “GR is not the correct theory of gravity”


• Our tests are only as good as our knowledge of the theory 


• Statement


• How do we define the alternative hypothesis?

B =
p(D|H1I)

p(D|H0I)
<latexit sha1_base64="yfs3GGz1rd3LI0aZyYcvip+TtEc=">AAACCHicbZC7SgNBFIbPxluMt1VLCweDEJuwGwVthBAtYhfBXCBZwuxkNhkye2FmVghrShtfxcZCEVsfwc63cZJsoYk/DHz85xzOnN+NOJPKsr6NzNLyyupadj23sbm1vWPu7jVkGAtC6yTkoWi5WFLOAlpXTHHaigTFvstp0x1eTerNeyokC4M7NYqo4+N+wDxGsNJW1zysoEvU8QQmSVS4fqh27ZuTcYqWxq6Zt4rWVGgR7BTykKrWNb86vZDEPg0U4VjKtm1FykmwUIxwOs51YkkjTIa4T9saA+xT6STTQ8boWDs95IVCv0Chqft7IsG+lCPf1Z0+VgM5X5uY/9XasfIunIQFUaxoQGaLvJgjFaJJKqjHBCWKjzRgIpj+KyIDrFNROrucDsGeP3kRGqWifVos3Z7ly5U0jiwcwBEUwIZzKEMValAHAo/wDK/wZjwZL8a78TFrzRjpzD78kfH5A5tgl88=</latexit>



Alternatives
• H1 is a perturbation around GR


• Gravitational waves:


• TIGER (Li et al)


• Ringdown tests (Gossan et al)


• Binary pulsars:


• PPK (Damour & Taylor)


• Reduce to GR for a fixed value of 
the perturbation parameter

�eff = �GR(1 + ��)
<latexit sha1_base64="vbxGHOgJ5ygu/q94woC3jtRV7c4=">AAACDXicbVC7SgNBFJ2Nrxhfq5Y2g1GICGE3CtoIQQsto5gHZEOYndxNhsw+mJkVwrI/YOOv2FgoYmtv5984m6TQxAMXzpxzL3PvcSPOpLKsbyO3sLi0vJJfLaytb2xumds7DRnGgkKdhjwULZdI4CyAumKKQysSQHyXQ9MdXmV+8wGEZGFwr0YRdHzSD5jHKFFa6poHTjRg3QQ8L8UXePK4vktL9rHTA65Iphx1zaJVtsbA88SekiKaotY1v5xeSGMfAkU5kbJtW5HqJEQoRjmkBSeWEBE6JH1oaxoQH2QnGV+T4kOt9LAXCl2BwmP190RCfClHvqs7faIGctbLxP+8dqy8807CgihWENDJR17MsQpxFg3uMQFU8ZEmhAqmd8V0QAShSgdY0CHYsyfPk0albJ+UK7enxerlNI482kP7qIRsdIaq6AbVUB1R9Iie0St6M56MF+Pd+Ji05ozpzC76A+PzByTSmvY=</latexit>

!eff = !GR(1 + �!)
<latexit sha1_base64="iuqfwL61kPhzi6RKFKAJ+cTwUj4=">AAACE3icbVDLSgMxFM3UV62vUZdugkWoCmWmCroRii50WcU+oDOUTHqnDc08SDJCGeYf3Pgrblwo4taNO//G9CFo9cCFk3PuJfceL+ZMKsv6NHJz8wuLS/nlwsrq2vqGubnVkFEiKNRpxCPR8ogEzkKoK6Y4tGIBJPA4NL3Bxchv3oGQLApv1TAGNyC9kPmMEqWljnngRAH0SCcF38/wGf5+Xt5kJfvQ6QJXZKLtd8yiVbbGwH+JPSVFNEWtY3443YgmAYSKciJl27Zi5aZEKEY5ZAUnkRATOiA9aGsakgCkm45vyvCeVrrYj4SuUOGx+nMiJYGUw8DTnQFRfTnrjcT/vHai/FM3ZWGcKAjp5CM/4VhFeBQQ7jIBVPGhJoQKpnfFtE8EoUrHWNAh2LMn/yWNStk+Kleuj4vV82kcebSDdlEJ2egEVdEVqqE6ougePaJn9GI8GE/Gq/E2ac0Z05lt9AvG+xfp9J2K</latexit>



Strategy
• Constrain the perturbation parameters and compute the 

Bayes factor (LVC, GW150914)


• Binary pulsar tests do not provide posteriors or Bayes factors


• Kramer et al: 



Bayesian PPK tests
• Binary pulsar tests can (and should) provide posteriors and 

Bayes factors (Del Pozzo & Vecchio)




A “one-size fits all” test of GR
• Null tests classically provide p-values 


• Summarise in a single statement the 
consistency of GR (Del Pozzo et al, in 
prep)


• Fisher combined statistics


• GW150914+GW151226+Binary Pulsar
+Cassini:

p = 1� q
<latexit sha1_base64="KXuXyrAEKSUHNdKGy3IHLlahG3Y=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBC8GHajoBch6MVjBPOAZAmzk9lkyOzsZqZXCCE/4cWDIl79HW/+jZNkD5pY0FBUddPdFSRSGHTdb2dldW19YzO3ld/e2d3bLxwc1k2casZrLJaxbgbUcCkUr6FAyZuJ5jQKJG8Eg7up33ji2ohYPeIo4X5Ee0qEglG0UjMhN8Q7J8NOoeiW3BnIMvEyUoQM1U7hq92NWRpxhUxSY1qem6A/phoFk3ySb6eGJ5QNaI+3LFU04sYfz+6dkFOrdEkYa1sKyUz9PTGmkTGjKLCdEcW+WfSm4n9eK8Xw2h8LlaTIFZsvClNJMCbT50lXaM5QjiyhTAt7K2F9qilDG1HehuAtvrxM6uWSd1EqP1wWK7dZHDk4hhM4Aw+uoAL3UIUaMJDwDK/w5gydF+fd+Zi3rjjZzBH8gfP5AwxHjqo=</latexit>

p = 0.7
<latexit sha1_base64="bhmgf0IM3j8cvgL+JTVTQaCYGbU=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbB07JbC/UiFL14rGA/oF1KNs22odlsSLJCWfojvHhQxKu/x5v/xrTdg7Y+GHi8N8PMvFBypo3nfTuFjc2t7Z3ibmlv/+DwqHx80tZJqghtkYQnqhtiTTkTtGWY4bQrFcVxyGknnNzN/c4TVZol4tFMJQ1iPBIsYgQbK3UkukGeWx+UK57rLYDWiZ+TCuRoDspf/WFC0pgKQzjWuud70gQZVoYRTmelfqqpxGSCR7RnqcAx1UG2OHeGLqwyRFGibAmDFurviQzHWk/j0HbG2Iz1qjcX//N6qYmug4wJmRoqyHJRlHJkEjT/HQ2ZosTwqSWYKGZvRWSMFSbGJlSyIfirL6+TdtX1r9zqQ63SuM3jKMIZnMMl+FCHBtxDE1pAYALP8ApvjnRenHfnY9lacPKZU/gD5/MHXXSORg==</latexit>



  

● Dispersive nature of GWs have already been put 
to test using 

● The two GW polarisations may in addition travel 
at different speeds, leading to birefringence.

Mewes, arxiv: 1905:00409

Mirshekari, Yunes and Will, Phys. Rev. D85: 024041, 2012
          LVC, Phys. Rev. Lett. 118, 221101 (2017)



  

● Parity violation can in addition give rise to amplitude-
birefringence.

● Tests for additional polarisations?

● Leading to further tests of Lorentz violation using GWs?

Yagi and Yang, Phys. Rev. D 97, 104018 (2018) 

Isi and Weinstein, arxiv: 1710:03794

LVC, Phys. Rev. Lett. 119, 141101 (2017)
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