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SENSITIVITIES OF THE CURRENT DETECTORS

D Davis et al., Class.Quant.Grav. 38 (2021) 13, 135014
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LIGO Scienti c and VIRGO and KAGRA Collaborations, R. Abbott et al. (Nov 5, 2021), ArXiv: 2111.03634

Median and 90%
bounds

Inferred spin distributions from GWTC-3 assuming a bivariate Gaussian distribution
characterised by effective spin parameters χeff and χp.
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BH SPINS FROM X-RAY BINARIES AND GW OBSERVATIONS

50% of the prior CDF

90% of the prior CDF

Median of the prior CDF

Maya Fishbach and Vicky Kalogera, Astrophys.J.Lett. 929 (2022) 2, L26, Astrophys.J.Lett. 929 (2022) L26,
ArXiv:2111.02935
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To assess our confidence in robustly measuring binary
parameters using the available waveform models we perform a
systematic study on binary black hole systems.
• Focusing on spin-induced precession (caused by
spins misaligned with respect to the orbital angular
momentum) in high mass ratio binaries.
• We perform a complete Bayesian analysis for
binaries with different, masses, spins and
inclinations.
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Each binary system is characterized by a set of parameters, including masses,
spins, spin orientations, location and orientation in the sky, orbital eccentricity,
etc. This information is imprinted in the gravitational waves (GWs) they emit.
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• The Bayesian inference is a standard technique widely used for reconstructing the compact binary parameters once we have detected
binary systems.
• Three main ingredients going into this process are; the data, the
model (gravitational waveform describing the binary system) and
an efficient algorithm to estimate the parameters (stochastic
sampling algorithms such as nested sampling or Markov Chain
Monte Carlo).
• More accurate and less expensive gravitational waveform models
incorporating various physical effects are crucial for both detection
and characterisation of signals.
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• Bayesian inference: Provides posterior probability density of model parameters θ given the data
d and an hypothesis H for the data (model)
Prior

p (θ | d, H) =
Posterior

Likelihood

Π(θ | H)L (d | θ, H)
Z(d | H)

Evidence

• The gravitational-wave inference package parallel bilby (pbilby) is used for evaluating the
posterior samples.
[Smith et. al., MNRAS 000, 1–10 (2020), arXiv:1909.11873v2]

• The results here are mainly based on two waveform models: IMRPhenomPv3 (dominant
harmonic model) and IMRPhenomPv3HM (higher harmonic model).
• Beyond the dominant (ℓ, | m | ) = (2,2) harmonic, the higher harmonic model also includes
(ℓ, | m | ) = ((2,2), (2,1), (3,3), (3,2), (4,4), (4,3)) in the co-rotating frame.
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• The dominant spin effects
are captured into χe and χp:
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Khan et. al., PhysRevD.93.044007 (arXiv:1508.07253v2 [gr-qc]); London et. al., PhysRevLett.120.161102 (arXiv:1708.00404v4 [gr-qc]); Khan et. al.,
arXiv:1911.06050v1 [gr-qc]; Khan et. al., Phys. Rev. D 100, 024059 (arXiv:1809.10113v1 [gr-qc])
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Perform parameter estimation on simulated binaries listed below employing
IMRPhenomPv3 and IMRPhenomPv3HM waveform models

Distance varied to
obtain SNR of 30 and
60
Fixed mass of 40M⊙

Zero noise injections and three detector network consist of two LIGO detectors and the
VIRGO detector. All the three detectors are at their respective designs sensitivities.

fi

https://dcc.ligo.org/LIGO-M060056/public; F Acernese et al 2006 Class. Quantum Grav. 23 S635; F Acernese et al 2015 Class. Quantum Grav. 32 024001;The
LIGO Scienti c Collaboration et al 2015 Class. Quantum Grav. 32 074001
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THE IMPORTANCE OF INCLUDING HIGHER HARMONICS ON χp MEASUREMENTS

Inclination
angle

Mass ratio (q)
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THE IMPORTANCE OF INCLUDING HIGHER HARMONICS ON χp MEASUREMENTS
• Posterior distributions on χp, employing
IMRPhenomPv3HM as both injection and
recovery waveform models.
• For equal mass binaries, χp is less informative
compared to asymmetric binaries irrespective of
the precessing effects.
• χp is better estimated for edge-on systems
compared to face-on binaries, especially for
asymmetric binaries. [..many of the higher
harmonics are non-vanishing for edge-on
binaries]
• Fixing θJN in the recovery does not affect the
estimates significantly, whereas introduces extra
biases.
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THE IMPORTANCE OF INCLUDING HIGHER HARMONICS ON χp MEASUREMENTS
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THE IMPORTANCE OF INCLUDING HIGHER HARMONICS ON χp
MEASUREMENTS
• Posterior distributions on χp, employing IMRPhenomPv3HM
injection and IMRPhenomPv3 as the recovery waveform model.
Also, IMRPhenomPv3 as the injection and recovery models.
• Offsets in measurements indicate un-modelled effects present in
IMRPhenomPv3.
• Investigate the fundamental limitations of dominant mode model:
• Edge-on: More reliable estimates, though less tight. Here, the
The data include significant contributions from the inertial
(ℓ, | m | = 2,2) and (ℓ, | m | = 2,1) modes when the system
is precessing, which gives sufficient information to constrain
χp.
• Face-on: Fails to distinguish a highly-precessing system from
a slowly- precessing system. Top panel biased towards low χp
values and bottom panel to high χp values. Where does the
bias come from?
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PRECESSION MEASUREMENTS WITH THE DOMINANT HARMONIC MODEL

Posterior on

AND THE ROLE OF PRIOR DISTRIBUTION

q=1

q=0.28

q=0.14

•

Component spins are comparatively unconstrained and the χp posteriors must be derived from prior
assumptions and other parameters, majorly the mass ratio.

•

For face-on orientations (independent of the χp values), when the mass ratio is constrained towards small
values, the χp probability shifts towards small values following the prior.

•

Both models can provide evidence for precession, certainly for unequal mass binaries with edge-on
orientations. The posterior distribution tends to shrink more towards the injected value when we apply
the IMRPhenomPv3HM model.
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IMRPHENOMPV3 ESTIMATES OF χeff AND MASS RATIO FOR A FACE-ON BINARY WITH
χp = 0.58
Prior distribution

Injected value

Even though the χp posterior follows the prior distribution, the χeff − q plane is well
constrained compared to the prior distribution, especially for highly-asymmetric binaries.
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THE EFFECT OF SIGNAL-TO-NOISE RATIO ON χp MEASUREMENTS

χp = 0.58,θJN = 0

•

Significant improvement in the
estimates as we double the SNR
for asymmetric binaries with faceon or edge-on orientations.

•

For a face-on equal mass binary
system increasing the SNR does
not help break correlations to result
in better measurements of χp.
χp = 0.05,θJN = 0

SNR=60

Injected value
SNR=30

The effect of SNR is negligible for equal-mass binaries with face-on or edge-on orientations.
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MEASUREMENT ACCURACIES FOR HIGHLY-ASYMMETRIC EDGE-ON
BINARIES WITH VARYING SPIN-PRECESSION EFFECTS

χp, χeff, chirp mass and mass ratio estimates using IMRPhenomPv3HM and IMRPhenomPv3 waveform
models, for edge-on binary with q=0.28

For an edge-on binary with significant mass asymmetry, the spin precession helps breaking the
degeneracy between the mass-spin parameters resulting better constraints on the parameters, more
clear in the case of IMRPhenomPv3
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MAIN FINDINGS REMAIN UNALTERED ACROSS DIFFERENT WAVEFORM
FAMILIES: NRSUR7DQ4 RESULTS

• Despite the differences in the waveform generation and calibrated parameter region
(M > 60M⊙,1/q > 4), we find good agreement between the results.
Vijay Varma et al., Phys. Rev. Research 1, 033015, 2019

• Edge-on binaries allow accurate measurements of χp, for all mass ratios. Whereas, for
face-on binaries, the χp estimates are prior dominated especially in the equal mass case.
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• To summarise,
• The third gravitational-wave transient catalog contains binaries with varying properties and in
the future we expect more diverse sources including highly-precessing, edge-on binaries.
• We perform detailed simulation studies considering binaries varying mass, spin, and inclination
to compare the performance of two waveform models with spin-induced orbital precession
effects: one includes higher harmonics and the other does not.
• IMRPhenomPv3HM provides more accurate χp measurements for un-equal mass face-on
systems.
• Fixing θJN in the recovery does not help improve χp measurements rather introduce extra biases,
especially for face-on signals.
• Even with IMRPhenomPv3HM, we do not get enough information on χp for face-on equal mass
binaries. Doubling the signal-to-noise ratio (from 30 to 60) also does not help improve this.
• For an edge-on binary system with large mass asymmetry, we find that the spin-precession
effects help to break the degeneracy between mass-spin parameters and hence provide the best
spin-parameter estimates even if we restrict to non-higher mode waveform models.
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Thank you very much for your attention
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ADDITIONAL SLIDES
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BAYES FACTOR ESTIMATES BETWEEN THE HIGHER-HARMONIC AND DOMINANT HARMONIC
ASSUMPTIONS

Positive values indicate a
preference for higher modes
Curious case, where the injected signal
is chosen at a specific point where the
inclination and the weak precession
suppress higher harmonics.
Bayes factors are un-informative for
equal mass binaries
Significant evidence for higherharmonics

IMRPhenomPv3 does include the precession-induced (2,1) inertial harmonic, so the Bayes factors we calculate are
not sensitive to whether or not this harmonic is present.
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Orrery simulations of O3b events
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Orrery simulations of O3a events
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