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Subrahmanyan Chandrasekhar:
“Why do you bother testing general relativity? 

We know that the theory is right.”

Anonymous:
“…but Einstein said he had palpitations when he found out 

that the theory was in agreement with experiment.”

Subrahmanyan Chandrasekhar:
“That’s because Einstein did not understand his theory very well.”





GW250114: Testing Hawking’s Area Law and the Kerr Nature of Black Holes

[LVK, 2509.08054]



[LVK GWTC-3, 2112.06861]

LIGO tests of GR (GWTC-3)



Also “current generation”: PTAs, A+, A#

Present and future detectors



Next generation (XG)

Einstein Telescope 2021 ESFRI, site(s)?
Cosmic Explorer Horizon Study, MPSAC

Moon? (LGWA, LILA, LSGA…)
Atom interferometry, NEMO, MHz



Space: LISA, TianQin, Taiji, and far future detectors beyond LISA

Lower frequencies? Better sensitivity? Decihertz?





• Factor of 10 in sensitivity 
and lower frequency bound

• ET: triangle, or two L-shaped

• CE: CE40 and CE20

• Hundreds of signals 
every day!

• Hundreds of BNSs/
thousands of BBHs
every year with SNR>100

• Opportunities:
New synergies, null stream? 
New algorithms (MDCs)

• Challenges:
Long waveforms
Overlapping signals
Waveform systematics
Strong foreground

From 2G to XG: opportunities and challenges

[Credits: Sathya]



Opportunities and challenges (for a theorist)

Opportunities Challenges

Single events Waveform systematics
exotic events, neutron star EOS, Physics modeling (gravity, EM emission)
spin dynamics, MMA Fast PE

Populations Parametrized models or population synthesis?
Astrophysical formation channels Too many parameters? Inference?

High-redshift GW universe Can we measure z and binary properties?
Population III, IMBHs, PBHs… How many XG detectors are needed?

SGWBs (astrophysical or cosmological) Subtraction problem
 (Cutler-Harms, masking, Bayesian…)

Tests of general relativity This talk!
(inspiral: ppE, black hole spectroscopy) How much better can we do? Do we care?



Albert Michelson (1894 dedication of Ryerson Physical Laboratory, Chicago)

While it is never safe to affirm that the future of Physical Science has no 
marvels in store even more astonishing than those of the past, it seems 
probable that most of the grand underlying principles have been firmly 

established and that further advances are to be sought chiefly in the rigorous 
application of these principles to all the phenomena which come under our 
notice. It is here that the science of measurement shows its importance — 

where quantitative work is more to be desired than qualitative work. 
An eminent physicist [Lord Kelvin?] remarked that the future truths of 
physical science are to be looked for in the sixth place of decimals.

…as quoted also in Weinberg, “Dreams of a final theory”



Modifications of GR,
no-hair theorems, and EFTs



A guiding principle to modified GR: Lovelock’s theorem

[Sotiriou+, 0707.2748]
[EB+, 1501.07274] 

In four spacetime dimensions the only 
divergence-free (WEP) symmetric rank-2 
tensor constructed solely from the metric 
and its derivatives up to 2nd order, and 
preserving diffeomorphism invariance, 
is the Einstein tensor plus Λ.

Generic modifications introduce 
additional fields (simplest: scalars)

Minimal requirements:
• Action principle
• Well-posed
• Testable predictions
• Black holes, neutron stars
• Cosmologically viable



Orbital period derivative:

For black hole binaries,                       and dipole vanishes identically
Quadrupole:

Result extended to higher PN orders; it is exact in the large mass ratio limit
[Will & Zaglauer 1989; Alsing+, 1112.4903; Mirshekari & Will, 1301.4680; 
Yunes+, 1112.3351; Bernard 1802.10201, 1812.04169, 1906.10735]
Ways around: matter (but EOS degeneracy), cosmological BCs (but small corrections), or 
curvature itself sourcing the scalar field: dCS, EsGB [Yagi+ 1510.02152]

(Often) black holes are the same as in GR! No-hair theorems in scalar-tensor theories



Expand all operators in the action in terms of some length scale 
(must be macroscopic to be relevant for GW tests). 
Theories: sum over curvature invariants with scalar-dependent coefficients

and more specifically, at order 

Einsteinian cubic gravity (+parity-breaking) - causality constraints [Camanho+ 1407.5597]
Next order, no new DOFs [Endlich-Gorbenko-Huang-Senatore, 1704.01590]

Systematically exploring small corrections: the effective field theory (EFT) viewpoint

[Cano-Ruipérez, 1901.01315; Cano-Fransen-Hertog, 2005.03671. See also work by Hui, Penco…]

EsGB dCS (dilaton+axion)



Horndeski Lagrangian: most general scalar-tensor theory with second-order EOMs

Set:

Shift symmetry: invariance under                         ,  i.e.

EsGB is a special case of Horndeski and of quadratic gravity

[Kobayashi+, 1105.5723; Sotiriou+Zhou, 1312.3622; Maselli+, 1508.03044]

Einstein-scalar-Gauss-Bonnet gravity: a loophole in no-hair theorems



• Post-Newtonian calculations in the weak coupling limit:
[Yagi+, 1110.5990]
Higher-order in coupling, generic EsGB:
[Julié+, 1909.05258]

• Dynamical scalarization:
[Khalil+, 1906.08161]

• Numerical simulations (weak coupling limit):
Scalar waveforms
Scalar-led QNMs + gravitational-led QNMs
[Witek+, 1810.05177]
Related work in dynamical Chern-Simons+EsGB
[Okounkova+ 1705.07924, 1906.08789, 1911.02588, 2001.03571]

• Full merger simulations
[East-Ripley 2105.08571; Corman+ 2210.09235, 2405.15581; Doneva, Aresté Saló+…]

Binaries in Einstein-scalar-Gauss-Bonnet: analytical and numerical work



Specific Theories Summary

• EsGB: subclass of Horndeski theory that evades no-hair theorems

• Scalarized solution exist, are radially stable (as long as backreaction is included), 
can differ sensibly from GR

• Stable, nonspinning scalarized solutions are well motivated in EFT

• Scalarized solution become close to GR for spins of interest to LIGO remnant - 
more interesting phenomenology for spin-induced scalarization

• BHBs produce dipolar radiation [Yagi+ 1510.02152; Julié+, 1909.05258]

• Binaries have been simulated in the weak-coupling limit [Witek+ 1810.05177]

• Full mergers simulated, but open issues with well posedness in the strong-coupling limit 
[Papallo-Reall, Ripley-Pretorius, Bernard+, Julié+EB…]



Deviations from GR 
in the inspiral?



Inspiral tests of GR: the parametrized post-Einsteinian / FTI formalism

[LVK, 1602.03841 + 2112.06861; Yunes-Pretorius+, 0909.3328; 
Perkins-Yunes-EB, 2010.09010; Mehta+ 2203.13937]

How much better can we do with XG detectors?



How will the bounds improve? Depends on detector timeline

[Perkins+, 2010.09010]

Both CE and ET

Only CE

No CE, no ET



How will the bounds improve? Depends on number of sources and SNR

[Perkins+, 2010.09010]

Terrestrial only MBHs+multiband



What sources/detectors are best? 
Depends…

A term                   in the phasing is of
                 PN order

Multiband (MB) sources best 
at negative PN orders

MBH better than SOBH 
at negative PN orders

Terrestrial slightly better than LISA MBHs 
at positive PN orders

Terrestrial improvements matter
most at negative PN orders



Mapping to specific theories. Big caveat: no systematics!

Missing GR physics (precession, higher modes) affect ppE bounds already at current sensitivity. 
Systematics will dominate for XG detectors, even more so for LISA!

[Chandramouli+, 2410.06254]



A cautionary tale: good events can easily kill theories! Not only GW170817…

[Sänger+, 2406.03568]



Deviations from GR 
in the ringdown?



[EB+, 2505.23895]



• One mode fixes mass and spin – and the whole spectrum!
• N modes: N tests of GR dynamics…if they can be measured. Overtones or higher multipoles?
• Conventional wisdom: need large SNR, Voyager-class detectors (pessimistic assumptions)

[EB+, gr-qc/0512160; gr-qc/0707.1202; 1605.09286; Chirenti-Ota, 2108.01774…]
…or do we not? [Isi+, Capano+, Cotesta+ and last week’s workshop]

(3,3,0) spectroscopy test

Black hole spectroscopy: are we there yet?



[Bhagwat, Ringdown Inside & Out]



QNM calculations:
Significant progress in the past few years

Theories: sum over curvature invariants with scalar-dependent coefficients

and more specifically, at order 

Einsteinian cubic gravity (+parity-breaking) - causality constraints [Camanho+ 1407.5597]
Next order, no new DOFs [Endlich-Gorbenko-Huang-Senatore, 1704.01590]

Rotating BH QNMs in modified gravity: the EFT viewpoint

[Cano, Ringdown Inside & Out]

EsGB dCS (dilaton+axion)



Teukolsky equation separability is special: Petrov Type D, hidden symmetries (Killing tensor)
Beyond GR: no analytical background, no Petrov Type D, non-separability, higher-order EOMs

Metric perturbations
Slowly rotating BHs in specific theories (EdGB/EsGB, dCS), not restricted to small coupling
[Molina+ (dCS), Blazquez-Salcedo+ (EdGB/EsGB), Pierini-Gualtieri (EsGB)…]

Generalized Teukolsky equations
Linear shift in QNM frequencies can be computed (Leaver, eigenvalue perturbation techniques)
Algorithm to compute small-coupling corrections to the frequencies, up to order 18 in rotation
[Li-Wagle-Chen-Yunes, Hussain-Zimmerman, Cano-Fransen-Hertog-Maenaut, Cano+]

Spectral methods
Arbitrary coupling, in principle (but not in practice) arbitrary rotation
[Chung-Wagle-Yunes, Blazquez-Salcedo-Scen Koo-Kleihaus-Kunz]

Great progress in calculations of rotating BH QNMs in modified gravity

[Cano, Ringdown Inside & Out]



[Cano, Ringdown Inside & Out]



Maximum of                                    is                                      , so corrections are small if:

Can map to specific theories like ppE, now extended to rotating black holes

Parametrized ringdown (in the ppE spirit) for small coupling

[Cardoso+, 1901.01265; McManus+, 1906.05155; Kimura+; Cano+ 2407.15947, 2409.04517]

Modifications to the gravity sector and/or beyond Standard Model physics: expect 
• small modifications to the functional form of the potentials – parametrize
• coupling between the wave equations



How many parameters?
If              for all sources ,
reabsorb

How many observables?

       Need only 

Parametrized spectroscopy (ParSpec): how many observations do we need?

[Maselli+, 1910.12893]

Use a small-spin expansion and add parametric deviations to frequency and damping time
Assume you detect N sources, and q QNM frequencies for each source

Order in the spin expansion: need at least 4 or 5 in GR 

sources

modes/source

Expansion coefficients in GR Small, universal non-GR corrections



Complication: the coupling is often dimensionful

Use Bayesian inference (MCMC),           ,           (one mode), simple source distributions 
Einstein Telescope: constrain first three frequency coeffs and only the first damping coeffs

Width at 90% confidence gets better
as we get more observations:

Parametrized spectroscopy (ParSpec): a proof of principle

[Maselli+, 1910.12893]







Construct astrophysical populations based on LVK observations, different assumptions on spins

Theory-agnostic tests (with/without knowledge of mass and spin)
Theory-specific bounds for EsGB, dCS, various classes of EFTs

Convergence of EsGB and dCS bounds 
limited by low order of the spin expansion 
(but this can be improved with recent results)

EFT posteriors converge with spin
(peak tends to injected value)

Bad news: bounds generally compatible with GR
Why?

low-mass binaries have low SNR
high mass binaries have small curvature corrections

Parametrized spectroscopy (ParSpec): full population study for ET/CE

[Maselli+, 2311.14803]



Avoided crossings and resonant excitation

[Motohashi, 2407.15191; Lo+, 2504.00084; Takahashi-Motohashi-Takahashi, 2505.03883]

Avoided crossings correspond to a resonant growth of the 
excitation factors and excitation coefficients (roughly, the QNM amplitudes)

Is this observationally interesting, e.g. under matter perturbations/modified gravity?
Example: resonance between gravitational-, EM- and axion-led modes in Einstein-Maxwell-axion



 SNR



[Maggio+, 2212.09655]

Beware! False general relativity violations already in binary pulsar



[Gupta+, 2405.02197]

Possible causes of false general relativity violations





XG ground-based detectors, quadratic (220)2 mode in the (44) multipole

[Yi+, 2403.09767]



LISA: much better prospects!

[Yi+, 2403.09767]



Exotic compact objects



EHT and spectroscopic tests are related! 
Quasinormal modes are light ring perturbations

[Goebel 1972; Cardoso+ 0812.1806; Cunha-EB-Herdeiro, 1708.04211]



[Keir, 1404.7036; Cunha+, 2207.13713; Evstafyeva+, 2508.11527]

Nonlinear (Keir) instabilities?



Take-home messages

- Focused on tests of general relativity for LVK, Einstein Telescope, Cosmic Explorer, LISA
• Science case much broader: nuclear EOS, MMA, populations, high-z universe, SGWBs…
• Moon detectors, NEMO, Mhz, μHz detectors would probe different sources/physics

- Beyond-GR bounds from the inspiral:
• Several orders of magnitude depending on source class/detector combinations
• “Future truths of physical science are to be looked for in the sixth place of decimals”
• Must control systematics in GR+other sources of GR violations. We are not even close.

- Merger/ringdown spectroscopy:
• Ringdown bounds on theories with mass-dependent scales severely limited by 

SNR/curvature interplay for ground-based detectors; LISA will only do worse
• Key tests of nonlinearities in GR: quadratic QNMs, amplitude/phase tests, memory…
• Complementarity with ngEHT, BHEX: imaging & ringdown probe same physics (light ring)

- Exotic compact objects
• Nonlinear instabilities?
• Formation mechanism for boson stars/gravastars? Topological stars?


