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1. Testing GR



Confrontation of GR with experiments

“Why test GR with LVK? 
Let’s wait for XG detectors. 
Let’s do populations”

C. Will, Living Review 1403.7377 

Chandrasekhar to C. Will: “Why 
do you want to test GR? We 
know that GR is right”

E. Berti

“Testing GR with LVK 
creates the expertise for 
XG”

“Beyond-GR theories are 
too many. Only null tests 
with my money!”

“I don’t believe in 
combining events. We 
must wait for smoking 
guns”

“Only comparing GR with 
alternative theories is 
meaningful. Work out b-GR 
waveforms!”

“GR is only wrong at 
Planck scales: unprobed 
by event-horizon physics”

https://arxiv.org/abs/1403.7377


Probing strong gravity with gravitational waves

GW detectors probe gravity in systems with:

Strong gravitational potential

Strong curvature

The Riemann curvature at the event horizon 
of a Schwarzschild metric scales as:

Baker+ (2014), 1412.3455 
EXTREME GRAVITY AND FUNDAMENTAL PHYSICS, 1903.09221  
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https://arxiv.org/abs/1412.3455
https://arxiv.org/abs/1903.09221


Fundamental predictions of GR (+SM)
Uniqueness Theorems:

BHs are Kerr BHs, 
uniquely described by 
their mass and spin

Gravitational waves:

Propagation of 
nonlinear gravity 
waves

2 polarizations

Compact objects:

BH’s, NS’s and collapsing 
stars are the standard 
compact objects observable 
by ET



Binary black holes and tests of GR

GW150914 discovery paper Tests of GR with LVK event catalogs:
- LKV GWTC-2 (2020), 2010.14529 
- LVK GWTC-3 (2021), 2112.06861 
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Ghosh (2022), 2204.00662 

https://arxiv.org/abs/1602.03837
https://arxiv.org/abs/2010.14529
https://arxiv.org/abs/2112.06861
https://arxiv.org/abs/2204.00662


Null tests 
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Limited by challenges in modelling 
strong-field dynamics in beyond GR 
theories

Introduce ad-hoc deviation parameters 
within waveform models such that

Yunes++ (2016) 1603.08955  

https://arxiv.org/abs/1603.08955


IMR consistency test

GR is a deterministic theory:
consistency of final mass and 
spin are determined by the 
progenitors

Ghosh++ (2017), 1704.06784 

https://arxiv.org/abs/1704.06784


LVK results for IMR



expect biases if SNR is below threshold
in insp. and/or postinsp.

LVK results for IMR



expect systematics if 
the detector frame mass

exceeds 100 solar masses

LVK results for IMR



What are you testing?

Johnson-McDaniel++ (2021) 2109.06988 

https://arxiv.org/abs/2109.06988


Quasi normal modes and the no-hair theorem

As a consequence of the 
no-hair theorem, the quasi 
normal modes depend 
only on the mass and spin 
of the BH remnant



Black hole spectroscopy

Brito++ (2018) 1805.00293  

Measure at least two quasi-normal modes
Check that they are consistently inverted into mass and spin

https://arxiv.org/abs/1805.00293


GW190521: a case study for LVK

Capano++ (2021), 2105.05238 

Deviation in the subdominant frequency 
(3,3,0) within 10% 

No consensus yet about the detection

https://arxiv.org/abs/2105.05238


GW190521: a case study for LVK

Chua & Vallisneri (2019), 2006.08918 

https://arxiv.org/abs/2006.08918


2. Combining multiple events



Stacking techniques
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Combining Bayes Factor:

Multiply individual Bayes 
Factors from each event

Combining Likelihoods:

Multiply the individual 
likelihoods from each event

Hierarchical stacking:

Estimate population 
hyper-parameters

Assume independent 
deviations across all events

Assume common 
deviations to all events

Assume deviations are
sampled from a population

Isi++(2022) 2204.10742 

Del Pozzo++(2011) 1101.1391 

Isi++(2019) 2204.10742 

https://arxiv.org/abs/2204.10742
https://arxiv.org/abs/1101.1391
https://arxiv.org/abs/2204.10742


More on hierarchical stacking
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Isi++(2019) 2204.10742 

Assume deviations are sampled 
from a population 

Derive a hyper-posterior 
over pop. parameters

What is the credibility 
of the null hypothesis?

Credible quantile of the null hypothesis

https://arxiv.org/abs/2204.10742


Hierarchical Stacking with GWTC-3 (1)
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Final Spin

Note: these are 1-D marginal projection

Final Mass



Hierarchical Stacking with GWTC-3 (2)
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pSEOB ringdown test

Hyperparameters 90% credible intervals

Credible quantile of the null hypothesis



Catalog variance?

22

From actual data:

From 1000 bootstrapped catalogs
At 90% confidence:



3. Next-generation detectors



3G detectors

24Cosmic Explorer Horizon Study

Madau & 
Dickinson (2014), 
arXiv 1403.0007 

https://dcc.cosmicexplorer.org/public/0163/P2100003/007/ce-horizon-study.pdf
https://arxiv.org/abs/1403.0007


BH ringdown event rate

Berti++ (2016) 1605.09286

Number of ringdown events/year with 
ground based detectors

Detections: ringdown SNR > 8

Spectroscopy: ringdown SNR > GLRT
(you can resolve the modes and 
 constrain amplitudes away from 0)

3G detectors will mark a quantum leap

https://arxiv.org/abs/1605.09286


Prospects with ET
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Bhagwat, CP++(2023) 2304.02283 
“Science case with the Einstein Telescope” 2303.15923 

A population of stellar mass binary 
black holes in agreement with the 
LVK constraints

Generated with the pop synth 
code MOBSE  by Mapelli et al. 
2021

https://arxiv.org/abs/2304.02283
https://arxiv.org/abs/2303.15923


Prospects with ET+CE
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Bhagwat, CP++(2023) 2304.02283 
“Science case with the Einstein Telescope” 2303.15923 

A population of stellar mass binary 
black holes in agreement with the 
LVK constraints

Generated with the pop synth 
code MOBSE  by Mapelli et al. 
2021

https://arxiv.org/abs/2304.02283
https://arxiv.org/abs/2303.15923


Prospects with LISA

Intrinsic rate of BBH events Inverse-CDF of ringdown SNR per year

● Delays: most events have SNR O(1000)
● short-Delays: SNR spreads across 

[1,1000] 

POPULATION MODEL BBH EVENTS PER 
YEAR

SN Delays ~ 6

no-SN Delays ~ 2.5

SN short-Delays ~ 317

no-SN short-Delays ~ 322

Barausse & Lapi (2020), 2011.01994 
Bhagwat, CP,++ (2022), 2201.00023  

https://arxiv.org/abs/2011.01994
https://arxiv.org/abs/2201.00023


Thank you!


