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MOTIVATION

▸ The direction and magnitude of black hole spins can help 
distinguish the formation channel of observed binary black 
hole (BBH) mergers 

▸ Problem: BH component spins are difficult to measure in 
gravitational waves (GWs) 

▸ Leading-order spin terms enter the GW phase at 1.5PN 
order, with precession effects starting at 2PN
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▸ Dominant spin contribution is the effective spin: 

▸ Dominant precession effects given by [1]:

EFFECTIVE SPINS 3

[1] P. Schmidt et al., PRD 91 024043 (2015)
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PARAMETER ESTIMATION

▸ GW source parameters estimated using Bayesian inference 

▸ Probability that a signal h in data s has parameters 
𝜗 = {m1, m2, 𝝌1, 𝝌2,…} given by: 

▸ Ideally, we would choose the prior to be ∝ the distribution 

of signals in the universe 

▸ Problem: We don’t know the distribution of spins
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ISOTROPIC PRIOR 5

▸ Isotropic prior: isotropic 
in orientation and uniform 
in magnitude 

▸ Currently used for the 
spins of each BH 
component



GW151226 6

follow a line of constant chirp mass 8.9þ0.3
−0.3M⊙, and

constrain the mass ratio to be greater than 0.28. The
posterior distribution is not consistent with component
masses below 4.5M⊙ (99% credible level). This is above
the theoretical maximum mass of a neutron star for
common equations of state [66,67]. Thus, both components
are identified as black holes.
Compact binary coalescences act as standard sirens

[68,69]. Their luminosity distance can be extracted from
the amplitude of an observed signal provided the orienta-
tion of the orbital plane can be determined. Information
about whether the orbit is face-on, edge-on, or in between is
encoded in the two polarizations of the gravitational wave.
However, the two LIGO detectors are nearly coaligned and
the source of GW151226 is likely to be located close to the
maxima of the directional responses of both detectors [3].
Consequently, it is difficult to extract the polarization
content, and therefore the orientation of the orbital plane.
As a result, the luminosity distance is only weakly con-
strained to be 440þ180

−190 Mpc, corresponding to a redshift of
0.09þ0.03

−0.04 assuming a flat ΛCDM cosmology [62].
Component spins affect the relativistic motion of the

binary but often have only subtle effects on the gravita-
tional waveform. Therefore, we can only extract limited
information about the spins. Figure 4 (left) shows the
probability density functions of the mass-weighted combi-
nations of orbit-aligned spins χeff [70,71] and in-plane
spins χp [72] for the precessing spin waveform model. The
same figure (right) shows the individual spins of the
component black holes. The posterior density functions

inferred from the precessing and nonprecessing spin wave-
form models indicate that χeff is positive at greater than the
99% credible level; therefore, at least one of the black holes
has nonzero spin. We find that at least one black hole has a
spin magnitude greater than 0.2 at the 99% credible level.
Only weak constraints can be placed on χp, suggesting that
the data are not informative regarding spin-precession
effects [5].
To test whether GW151226 is consistent with general

relativity, we allow the coefficients that describe the
waveform (which are derived as functions of the source
parameters from the post-Newtonian approximation
[26–28] and from fits to numerical relativity simulations)
to deviate from their nominal values, and check whether
the resulting waveforms are consistent with the data [73].
The posterior probability densities of the coefficients
are found to center on their general relativity values.
Additionally, both the offsets and widths of the posteriors
for the post-Newtonian inspiral coefficients decrease sig-
nificantly when analyzing GW150914 and GW151226
jointly, in some cases to the 10% level, as discussed in [5].
The waveform models used are consistent with general

relativity simulations. Figure 5 shows GW151226’s wave-
form reconstruction (90% credible region as in [57]) using
the nonprecessing spin templates employed to find the
signal and extract parameters, plotted during the time
interval with the most significant SNR. Also shown is a
direct numerical solution of Einstein’s equations [38,74,75]
for a binary black hole with parameters near the peak of the
parameter estimation posterior.

FIG. 4. Left: Posterior density function for the χp and χeff spin parameters (measured at 20 Hz) compared to their prior distributions.
The one-dimensional plot shows probability contours of the prior (green) and marginalized posterior density function (black) [58,59].
The two-dimensional plot shows the contours of the 50% and 90% credible regions plotted over a color-coded posterior density
function. The dashed lines mark the 90% credible interval. Right: Posterior density function for the dimensionless component spins,
cS1=ðGm2

1Þ and cS2=ðGm2
2Þ, relative to the normal of the orbital plane L̂. Si and mi are the spin angular momenta and masses of the

primary (i ¼ 1) and secondary (i ¼ 2) black holes, c is the speed of light and G is the gravitational constant. The posterior density
functions are marginalized over the azimuthal angles. The bins are designed to have equal prior probability; they are constructed linearly
in spin magnitudes and the cosine of the tilt angles cos−1ðŜi · L̂Þ.
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Isotropic prior GW151226 posterior

LSC+Virgo, PRL 116, 241103 (2016)



PARAMETER CORRELATIONS 7

Isotropic prior Isotropic with 𝝌eff ≥ 0.2



INDEPENDENT PRIOR 8

▸ Consider a prior uniform* 
in 𝝌p, 𝝌eff 

▸ Not astrophysical, but 
uninformative in the spin 
parameters we measure 
best. 

▸ 𝝌p, 𝝌eff are independent

*Note: the 1D marginal distributions are not uniform 
because the spin magnitudes of each BH must be < 1.

Independent 𝝌p, 𝝌eff prior
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*Note: the marginal distributions are not uniform because 
the spin magnitudes of each BH must be < 1.

Independent 𝝌p, 𝝌eff prior with 𝝌eff ≥ 0.2



SIMULATED SIGNALS

▸ Create 2 simulated GW151226-like signals using IMRPhenomPv2 

▸ Both have:
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• m1 = 16 M⨀ 

• m2 = 8 M⨀ 

• inclination = 𝛑/4 

• sky-location 
consistent with 
GW151226 

• SNR ~ 13 
• 𝝌eff = 0.4

‣ The other has 𝝌p = 0.4‣ One has 𝝌p = 0.04



SIMULATED SIGNALS

▸ Signals injected into zero noise realization 

▸ Run parameter estimation with PyCBC Inference on each 
simulation using O1 PSD 

▸ For each simulation, do: 

▸ One run using isotropic spin prior 

▸ One run using independent spin prior 

▸ Priors on other parameters are same as used for GW151226 

▸ uniform in m1, m2 with chirp mass 𝓜 ∈ [9.5, 10.5) M⨀ and mass 
ratio q ∈ [1, 18)
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PRELIMINARY RESULTS: 𝟀p = 0.4 12

Isotropic prior Independent 𝝌p, 𝝌eff prior

Red lines indicate signal’s parameters.



PRELIMINARY RESULTS: 𝟀p = 0.04 13

Isotropic prior Independent 𝝌p, 𝝌eff prior

Red lines indicate signal’s parameters.



PRELIMINARY RESULTS: 𝟀p = 0.04 14

Isotropic prior Independent 𝝌p, 𝝌eff prior

Red lines indicate signal’s parameters.

Uncertain why the 𝟀eff  
measurement is off. Am 
currently investigating.



SUMMARY

▸ At current sensitivity, spin measurements are strongly 
influenced by prior. 

▸ Current priors are not very astrophysically motivated. 

▸ Since the data will be slow to inform us about spins, we 
should do a better job of using several different priors to 
quantify their effects. 

▸ We will perform a more systematic study of the 
independent  𝝌p, 𝝌eff prior.
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