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Yunes et al., PRD 94, 084002 (2016) 



➢ Lovelock’s theorem:
 “In four spacetime dimensions the only divergence-free symmetric rank-2 tensor constructed solely from 

the metric gμν and its derivatives up to second differential order, and preserving diffeomorphism 
invariance, is the Einstein tensor plus a cosmological term.”

➢ Relaxing one or more of the assumptions allows for a plethora of alternative theories:

➢ Most alternative theories: no full inspiral-merger-ringdown waveforms known
▪ Most current tests are model-independent 

The nature of gravity

Berti et al., CQG 32, 243001 (2015)



1. The strong-field dynamics of spacetime
• Is the inspiral-merger-ringdown process consistent with 

the predictions of GR?

2. The propagation of gravitational waves
• Evidence for dispersion?

3. What is the nature of compact objects?                                                                          
Are the observed massive objects the “standard” black 
holes of classical general relativity?
• Are there unexpected effects during inspiral?
• Is the remnant object consistent with the no-hair conjecture? 

Is it consistent with Hawking’s area increase theorem?
• Searching for gravitational wave echoes

Fundamental physics with gravitational waves



➢ Inspiral-merger-ringdown process
• Post-Newtonian description of inspiral phase

• Merger-ringdown governed by additional parameters βn, ⍺n

➢ Place bounds on deviations in these parameters:

➢ Rich physics:                                                                                                                
Dynamical self-interaction of spacetime, spin-orbit and spin-spin interactions

➢ Can combine information from multiple detections
• Bounds will get tighter roughly as 

1. The strong-field dynamics of spacetime

LIGO + Virgo, arXiv:2112.06861



A theory-specific test with GW230529

Saenger et al., arXiv:2406.03568

➢ Neutron star merging with lower mass-gap event
➢ Strongest constraints to date on the -1PN coefficient
➢ Einstein-scalar-Gauss-Bonnet theory:

        
          with Gauss-Bonnet invariant

  and 

▪ ”Agnostic” test:

▪ Theory-specific test 
      (adding corrections up to 1.5PN):

➢ Best bound so far!
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Figure 9. Top: Posteriors for the ESGB coupling `GB obtained by

reweighting theδ'̂ −2 posterior. Bottom: Posteriors for the Einstine-
scalar-Gauss Bonnet coupling `GB from the theory-specific test. The

top axes show a slightly di↵erent definition of the ESGB coupling
p
↵GB = `GB/ (2⇡1/ 4) that is also commonly used.

B. Theory-specific test for ESGB

Dueto theflexibility of theFTI framework, wecan not only
use it to do theory-agnostic inspiral test, but also for theory-
specific inspiral tests [72]. This is done by explicitly using
the corrections to the frequency-domain phase from aspecific
theory. This means that we can not only use the leading-
order corrections, but also the higher-order corrections. For
ESGB, wecan thususeall corrections up to 1.5PN, asgiven in
Appendix C. We only add corrections to the dominant (2,2)-
mode. We can then do Bayesian inference sampling over the
ESGB coupling `GB, where we use a prior uniform in `GB.
A posteriori, we check that the requirement (`GB/ m1)4 ⌧ 1
holds, which comes from the small coupling approximation
that is made in the derivation of the coefficients.

Theresults from the theory-specific ESGB test areshown in
thebottom panel of Fig. 9. Note that for thiscase theposterior
looks much smoother for small `GB than was the case for the

mapping and there isno gap close to zero. That isbecause we
arenow sampling directly on `GB so there isno problemswith
under-sampling low values of the coupling.

The constraint on the ESGB coupling found using
SEOBHM (orange) is `GB . 0.51 M or

p
↵GB . 0.28 km,

and using SEOBNSBH gives slightly worse constraints of
`GB . 0.62 M or

p
↵GB . 0.35 km (red). We notice that the

bounds obtained with the theory-specific test are better than
the bounds found from mapping the agnostic −1PN results.
We note that in this work, the higher-order corrections to the
phase for testing ESGB theory is incorporated only in the FTI
framework and not in the waveforms for TIGER. This is be-
causetheimplementation with FTI ismoreflexible, and wedo
not expect the results to change, as the−1PN mapping-based
results are consistent.

These constraints on the ESGB coupling are better than
any previously obtained constraints using GWs. From NS-
BHs, the best constraint so far was

p
↵GB . 1.33 km for

GW200115 042309 [47]. The best overall constraint was ob-
tained with GW190814 and was

p
↵GB . 0.37 km (assuming

it is a BBH; its secondary lies in the lower mass gap) [47].
These bounds are also better than constraints obtained using
low-massx-ray binariesof

p
↵GB . 1.9 km [119] and NSEOS

of
p
↵GB . 1.29 km [120]. Laboratory tests for ESGB in the

weak field limit provide bounds that are at least 12 orders of
magnitude weaker than strong-field tests [121].

VI. CONCLUSION

In this work we have performed inspiral tests of GR with
GW230529, the merger of two compact objects with masses
3.6+0.8

−1.1
M and 1.4+0.6

−0.2
M . The tests used are parameterized

inspiral tests that modify the phase in the frequency domain
by allowing generic modifications of the PN coefficients.

We used two di↵erent versions of the parameterized in-
spiral test that employ di↵erent waveform approximants:
FTI [31, 72] using the SEOBNRv4 waveform family [77–81]
and TIGER [74, 75] using the IMRPhenomX waveform fam-
ily [82–84]. We compared the results of both tests. The vari-
ous BBH waveform approximants gave consistent results, all
of which are also consistent with GR, except for the 0PN de-
viation coefficient. The results are shown in Fig. 1.

At 0PN, there is a degeneracy between the chirp mass and
the deviation parameter. This means that the chirp mass and
the 0PN deviation parameter are free to move along the cor-
relation given by Eq. (6) without significantly changing the
waveform. For higher mass systems, this degeneracy is bro-
ken by higher PN contributions in the late inspiral and by
the merger-ringdown. For GW230529, however, the merger-
ringdown is outside the analyzed frequency band, so there is
a strong correlation between M c and δ'̂ 0 in the results, as
can be seen in Fig. 3. We notice that the posterior is shifted
away from GR and towards higher chirp mass. Since this is
also observed in a zero-noise GR injection, it is very likely a
false deviation from GR. The cause of this shift is probably a
combination of the choice of priors, sampling issues due to a
sharply peaked likelihood, theevent being singledetector, and
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➢ Dispersion of gravitational waves?                                                                           
E.g. as a result of non-zero graviton mass:
• Dispersion relation:

• Graviton speed:

• Modification to gravitational wave phase:

➢ Bound on graviton mass:

2. The propagation of gravitational waves

LIGO + Virgo, arXiv:2112.06861



➢ More general forms of dispersion:

▪                corresponds to violation of local Lorentz invariance
▪               multi-fractal spacetime
▪               doubly special relativity
▪               higher-dimensional theories

2. The propagation of gravitational waves

LIGO + Virgo, arXiv:2112.06861



➢ Does the speed of gravity equal the speed of light?
➢ The binary neutron star coalescence GW170817 came with gamma ray 

burst, 1.74 seconds afterwards

➢ With a conservative lower bound on the distance to the source:

➢ Excluded certain alternative theories of gravity designed to explain 
dark matter or dark energy in a dynamical way

The propagation of gravitational waves

-3 x 10-15 < (vGW – vEM)/vEM < +7 x 10-16

LIGO + Virgo + Fermi-GBM + INTEGRAL, ApJ. 848, L13 (2017)
LIGO + Virgo, PRL 123, 011102 (2019)



➢ Black holes, or still more exotic objects?

• Boson stars

• Dark matter stars

• Clouds of ultralight bosons surrounding black holes

• Gravastars

• Wormholes

• Firewalls, fuzzballs

• The unknown

3. What is the nature of compact objects?



Anomalous effects during inspiral

Ringdown of newly formed object

Gravitational wave echoes

3. What is the nature of compact objects?



➢ Tidal field of one body causes quadrupole 
deformation in the other:                                                           

                                                                   
where                     depends on                       
internal structure (equation of state)
• Black holes: 
• Boson stars, dark matter stars: 
• Gravastars: 

➢ Enters inspiral phase at order           , through

• O(102 - 103) for neutron stars
• Can also be measurable for black hole 

mimickers, e.g. boson stars

Anomalous effects during inspiral

Cardoso et al., PRD 95, 084014 (2017)
Johnson-McDaniel et al., arXiv:1804.0826 



➢ Spin of an individual compact object also 
induces a quadrupole moment:

• Black holes: 
• Boson stars, dark matter stars:
• Gravastars:

➢ Allow for deviations from black hole 
value: 

Anomalous effects during inspiral

Possible theoretical 
values for boson stars:

… hence constraints 
are already of interest!

Krishnendu et al., PRD 100, 104019 (2019)
LIGO + Virgo, arXiv:2112.06861



➢ Ringdown regime: Kerr metric + linear perturbations
• Ringdown signal is a superposition of damped sinusoids

• Characteristic frequencies          and damping times

➢ No-hair conjecture: stationary, electrically neutral black hole 
completely characterized by mass      , spin 
• Linearized Einstein equations around Kerr background enforce specific 

dependences:

• Look for deviations from the expressions for frequencies, damping times:

Ringdown of newly formed black hole

Carulllo et al., PRD 98, 104020 (2018)
Brito et al., PRD 98, 084038 (2018)

Berti et al., PRD 73, 064030 (2006)



➢ Look for deviations from the expressions for frequencies, damping times:

➢ Recent measurements: 

Ringdown of newly formed black hole

LIGO + Virgo, arXiv:2112.06861



• Exotic objects with corrections near 
horizon: continuing bursts of radiation 
called echoes

• If microscopic horizon modification                                
       then time between 

successive echoes                               

     where is set by nature of object:
•          for wormholes
•           for thin-shell gravastars
•          for empty shell 

• For GW150914 (                      ),          
taking , and    :          

      

Gravitational wave echoes

Cardoso et al., PRL 116, 171101 (2016)
Cardoso et al., PRD 94, 084031 (2016)
Abedi et al., PRD 96, 082004 (2017)
Westerweck et al., PRD 97, 124037 (2018)

Tsang et al., PRD 98, 024023 (2018) 
Tsang et al., PRD 101, 064012 (2020)
LIGO + Virgo + KAGRA, arXiv:2112.06861



➢ Morphology-independent search for echoes: wavelet decomposition

Gravitational wave echoes

Tsang et al., PRD 101, 064012 (2020)
LIGO + Virgo + KAGRA, arXiv:2112.06861



➢ During binary black hole merger, horizon area should not decrease

➢ “Ingoing” black holes considered Kerr
▪ Measure masses        ,        and initial spins      ,       from inspiral signal
▪ Total initial horizon area:
                                                            where

➢ Final black hole also Kerr
▪ Obtain mass        and spin       from ringdown frequencies and damping times
▪ Final horizon area:   

➢ According to the theorem: 

First tests of Hawking’s area increase theorem



➢ According to the theorem: 

➢ Measurement on GW150914:

▪ Agreement at > 95% probability

First tests of Hawking’s area increase theorem

Cabero et al., arXiv:1711.09073
Isi et al., arXiv:2012.04486 



➢ Laser Interferometer Space 
Antenna

➢ Three probes in orbit around 
the Sun, exchanging laser 
beams
▪ Triangle with sides of a few 

million kilometers

▪ Sensitive to low frequencies 
(10-4 Hz - 0.1 Hz)

▪ January 2024: definitive 
approval by ESA!

➢ Different kinds of sources: 
▪ Merging supermassive binary 

black holes (105 – 1010 Msun)

▪ Smaller objects in 
complicated orbits around 
supermassive black hole

LISA: A gravitational wave detector in space (2034)



➢ Next-generation ground-
based facilities
▪ Factor 10 improvement in 

sensitivity over LIGO/Virgo 
design sensitivity

▪ Merging binary black holes                        
(3 – 104 Msun) and neutron stars 
throughout the visible Universe

▪ 105 detections per year!

Einstein Telescope and Cosmic Explorer (2035?)

Cosmological 
reach of 3G

Stefan Hild LVC Maastricht, Sep 2018 Slide 8

C
re

d
it
: 
E

v
a
n
 H

a
ll 

&
 J

o
h
n
 M

ill
e
r



➢ The first direct detection of gravitational waves has enabled 
unprecedented tests of general relativity:
▪ First access to genuinely strong-field dynamics of vacuum spacetime
▪ Propagation of gravitational waves over large distances
▪ Probing the nature of compact objects

➢ Some highlights:
▪ Higher-order phase coefficients constrained at ~10% level
▪ Graviton mass mg < 1.76 x 10-23 eV/c2

▪ Spin-induced quadrupole moment during inspiral:                             
Access to expected values for boson stars

▪ No-hair test consistent with no deviations at ~25% level
▪ Area increase theorem passes at > 95% probability

➢ High-precision tests with next-generation observatories:                
LISA, Einstein Telescope, Cosmic Explorer
▪ Higher accuracy
▪ Larger number of sources
▪ Propagation of gravitational waves over cosmological distances

Summary



Backup slides



➢ Does the speed of gravity equal the speed of light?
➢ The binary neutron star coalescence GW170817 came with gamma ray 

burst, 1.74 seconds afterwards

➢ With a conservative lower bound on the distance to the source:

➢ Excluded certain alternative theories of gravity designed to explain 
dark matter or dark energy in a dynamical way

2. The propagation of gravitational waves

-3 x 10-15 < (vGW – vEM)/vEM < +7 x 10-16

LIGO + Virgo + Fermi-GBM + INTEGRAL, ApJ. 848, L13 (2017)
LIGO + Virgo, PRL 123, 011102 (2019)



➢ Metric theories of gravity allow up to 6 polarizations
➢ Distinct antenna patterns:

➢ In the case of GW170817, sky position was known from EM counterpart
▪ Pure tensor / pure vector = 1021 / 1
▪ Pure tensor / pure scalar  = 1023 / 1 

➢ Using a “null stream”: also look for a mixture 

2. The propagation of gravitational waves

Isi & Weinstein, PRD 96, 042001 (2017)

LIGO + Virgo, PRL 123, 011102 (2019)

Pang et al., PRD 101, 104055 (2020)



➢ Using a null stream: can look for non-tensorial polarizations
        (without necessarily being able to tell which ones are present)

Alternative polarizations: null stream

Pang et al., PRD 101, 104055 (2020)

▪ Data from     detectors:

▪ Antenna pattern functions, known sky location:

▪ Null stream projects out tensorial content
o What remains can only contain 
      (mixture of) vector and scalar modes

▪ No evidence for alternative polarizations in 
GW170817



➢ Continuous waves from known pulsars: sky position         also known
➢ Consider hypotheses         that detector output is

      where       is any subset of
➢ Calculate odds ratios

➢ Results for 200 pulsars analyzed:
 

       

Alternative polarizations in pulsar signals

where         is the noise-only hypothesis  

LIGO + Virgo, PRL 120, 031104 (2018)



➢ Search for stochastic backgrounds through cross-correlations of detector 
outputs:

       where           the overlap reduction function for polarization     
       and the energy densities            are contributions to

➢ Parameter estimation on      ,     ,     : 
 

Alternative polarizations in stochastic backgrounds

with optimal filter

LIGO + Virgo, PRL 120, 201102 (2018)



➢ Ratio of evidences for signal versus glitch: Bayes factor 

➢ Analysis of data following the detections of binary coalescences in the 1st and 
2nd observing runs of Advanced LIGO/Virgo:

➢ Similarly for Bayes factor signal versus noise, 

➢ No statistically significant evidence for echoes following these events

Gravitational wave echoes

Tsang et al., PRD 98, 024023 (2018) 
Tsang et al., PRD 101, 064012 (2020)

2-detector events 3-detector events



Primordial stochastic backgrounds
4.2 Early History of the Universe 21

STOCHASTIC BACKGROUND SOURCES AND DETECTOR SENSITIVITIES
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Figure 4.2: Stochastic GW background for several proposed model spectra in comparison with past mea-

surements (Advanced LIGO upper limit [249], constraints based on thebig bang nucleosynthesis and cosmic

microwave background (CMB) observations, low-l CMB observations, and pulsar timing [250]), and future

expected sensitivities [251], (thefinal sensitivity of Advanced LIGO [252], Cosmic Explorer [90], and LISA, all

assuming 1 year of exposure [253, 254]). The gray band denotes the expected amplitude of the background due

to the cosmic population of compact binary mergers, based on the observed coalescieng binary systems [255].

To be an efficient direct source of GWs, a phase transition must be of first order. First-order phase

transitions proceed through thenucleation of bubblesof the, energetically more favourable, truevacuum in the

space-filling false vacuum. The dynamics of the bubble expansion and collision is phenomenologically rich,

and thesources of GWsare the tensor anisotropic stresses generated by these multiple phenomena: thebubble

wall’s expansion [217, 260], the sound waves in the plasma [219], and the subsequent magnetohydrodynamic

turbulence [220, 261]. The nature of the phase transition and itsenergy scale determine the amplitude and

the spectral shape of the GW background. An example of such a background is shown in Figure 4.2 which is

potentially within reach of the 3G network [254].

Cosmic Str ings: Topological defects such as cosmic strings may arise in the aftermath of a phase transition

[262]. Often, thestring tension is theonly freeparameter and it defines theenergy scaleof thephase transition

and the accompanying spontaneous symmetry breaking scale that leads to the formation of cosmic strings. It

is also possible to form a network of fundamental cosmic (super)strings. Cosmic strings predominantly decay

by the formation of loops and the subsequent GW emission by cosmic string cusps and kinks [263, 264].

Searches for individual bursts of GWs from cosmic strings and for the stochastic background from astring

network have placed a strong constraint on the string tension for the three well-known models [265–268].

The3G network will either detect cosmic strings or improve on these bounds by eight orders of magnitude,

depending on the model (see Fig. 4.2).

Dark Photons: A dark photon is proposed to be a light but massive gauge boson in an extension of the

Standard Model. If sufficiently light, the local occupation number of the dark photon could be much larger

than one, so it can then betreated asacoherently oscillating background field that imposesan oscillating force

on objects that carry dark charge. The oscillation frequency is determined by themass of the dark photon.

Such effects could result in a stochastic background that could be measured by 3G detectors, potentially

exploring large parts of the parameter space of such models [269].
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