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Abstract

With the discovery of the binary black hole coalescences GW150914
and GW151226, the era of gravitational-wave astrophysics has started.
Gravitational-wave signals emitted by compact binary coalescences will
be detected in large number by LIGO and Virgo in the coming months
and years. Much about compact binaries is still uncertain, including some
key details about their formation channels. The two scenarios which are
typically considered, common envelope evolution and dynamical capture,
result in different distributions for the orientation of the black hole spins. In
particular, common envelope evolution is expected to be highly efficient in
aligning spins with the orbital angular momentum. In this paper we simulate
catalogs of gravitational-wave signals in which a given fraction of events
comes from common envelope evolution, and has spins nearly aligned with
the orbital angular momentum. We show how the fraction of aligned systems
can be accurately estimated using Bayesian parameter estimation, with 1 o
uncertainties of the order of 10% after 100-200 sources are detected.
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Introduction

Gravitational waves (GW) are ripples in the fabric of space-time produced by violent astro-
physical or cosmic events. Their passage can be revealed by precisely monitoring the distance
between test masses, using laser interferometry [1]. The advanced LIGO observatories [2] have
recently completed their first science run. Results from the search for binary black hole (BBH)
coalescences have been made public, and include two BBH: GW 150914 and GW 151226 [3-5].
Advanced Virgo [6] is expected to join LIGO in the second science run [7], starting in Fall 2016.
KAGRA [8] and LIGO India [9] are expected to join the network before the end of this decade.

Compact binary coalescences (CBC) of two neutron stars (BNS), two black holes or a neu-
tron star and a black hole (NSBH) have traditionally been among the most promising sources,
and will be detected at a rate of several tens per year, although significant uncertainty still
exists in the astrophysical rates, both predicted and measured [5, 10, 11]. Analysis of many
such signals promises to shed light on several open problems in astrophysics.

For example, direct mass measurement with GWs could allow for an accurate reconstruc-
tion of black hole and neutron star mass distribution. GW's also represent our first chance to
perform strong field tests of general relativity. An idea of what can be done is given by the
recent analyses of GW150914 [12—14]. Over the last few years, several authors have thor-
oughly explored the possibilities of Bayesian methods in GW data analysis, including tests
of general relativity [15—-17], measurements of the equation of state of neutron stars [18, 19],
studies of core collapse supernovae [20] and noise characterization [21]. Most of this work
relies in Bayesian model selection instead of simple parameter estimation. This has the advan-
tage that information can be aggregated from all detected signals, in a cumulative way, result-
ing in more powerful tests.

In this paper we show that GWs can be used to check whether spins are preferentially
aligned with the orbital angular momentum in BBH and NSBH systems (we will not consider
BNS, since known neutron stars in binaries do not have large spins [22]). This is of fundamen-
tal importance for astrophysics and for understanding the formation mechanisms of compact
binaries, for which there are still many open questions [23-29].

It is believed that two main* formation channels exist for compact binaries (see [14] for a
review): dynamical capture, which could happen in dense environments such as globular clus-
ters, and common envelope evolution, which can also happen in galactic fields. In the latter
scenario, the two compact objects were part of a binary system while still main sequence stars.
As each of them became a red giant, it filled the Roche lobe of the system (common envelope
phase [32]), enabling mass transfer to the companion.

It is generally assumed that friction during the common envelope period might play a key
role in shrinking the orbit and making the system coalesce within a Hubble time. Critically, it
has been suggested that the common envelope phase will align the spins with the orbital angu-
lar momentum [33]. However, no clear consensus exists yet and the alignment of spins in CBC
is still subject of intense active research. For example, some suggest that kicks introduced in
the system when the progenitor stars undergo core collapse supernovae could result in spins
being significantly misaligned [34]. Others suggest that anti-aligned spin configurations are
unstable [35]. It is instead generally accepted that spins will be randomly oriented in CBCs
formed dynamically [36].

Ultimately, being able to verify if and how often spins are aligned could significantly
help in understanding the formation patterns of binary systems, verifying which channel
happens more frequently, and determining the efficiency of the common envelope evolution

4 Other mechanisms have been proposed to form compact binaries, e.g. [30] and [31].
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phase in aligning spins. In this paper we consider a simple scenario where a fraction f, of
signals have spins nearly aligned, while the rest are non-aligned. This could account for two
possible formation patterns for CBCs, one of which is efficient in aligning spins with the
orbital angular momentum. We find that the posterior distribution for the mixture parameter
fa can be accurately estimated with a couple hundred sources, with precision of the order
of 10%.

Method

Let us assume two main formation channels for CBC exist, which result in a fraction f, of
systems having spins nearly aligned, and a fraction (1-f;) having misaligned spins. We will
assume N GW detections are made, denoted by their data streams d; withi =1... N, and
show how they can be used to estimate f,.

We introduce two mutually exclusive models: H, corresponding to spins nearly aligned
with the orbital angular momentum, and H; corresponding to non-aligned spins (we will
define these models more precisely later). Given an event and the corresponding data stream
dy, we can calculate the evidence of the data for the models above, Z}' = p(di|H,,), with
m = a,a. The evidence must be calculated by integrating a non-trivial likelihood function
over a multidimensional parameter space [37]. Calling g the unknown parameters on which a
CBC depends, we have:

7y = [\ plah]8. Ho)p, O] ). 0

We solve this integral by using the Nested Sampling and the BAMBI flavors of
lalinference [37]. We stress that the hypervolume we integrate over, ©,,, depends on the
model being considered (see next section).

We can now show how the aligned fraction of events can be calculated. We start by apply-
ing Bayes’ theorem and the product rule to the posterior distribution of f;:

N
p(f|d) < pd| f)p(f,) = p(f) T] pldil £,) )
k=1
where p(f,) is the prior on the mixture parameter, that we take as flat on [0,1] since we do not
have any previous astrophysical information. With d we have denoted the set of N detected
events, d= {d\, d>, ---, dy}. The factors inside the product can be expanded by noticing that H,,
and H; are mutually exclusive for each detection, i.e. that p(H,) + p(Hz) = 1. Thus:

p(dk|f;1) = Z p(dk|Hm’f;1)p(Hm|f;1) (3)

The first term in the sum can be simplified by noting that knowledge of a signal’s align-

ment makes knowledge of f, irrelevant. In other words, p(di|Hu,f,) can be written simply

as p(dy|Hn) = Zy'. Next, we need to calculate p(H,|f,) and p(Hs|f,). These are trivially

p(Ha| f,) =f,and p(Ha| f,) = (1 — f,): if a fraction f, of events is aligned, the probability that
the aligned model applies to any event, before looking at the data, is f,.
Modulo a normalization constant, the log of equation (2) then reads:

. v(o z @)
logp(f,|d) = log(p(f,)) + >_|log Z{ + log| f, + (1 — f,) =

a
=1 Zi
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Implementation

In this section we describe the parameters of the sources we simulate. We consider GW's emit-
ted by BBH and NSBH, and for each type of source we generate two catalogs of GW signals,
one corresponding to nearly aligned spins and the other to non-aligned spins.

For the BBH, we use the so called IMRphenomPv2 waveform approximant [38, 39] (this is
one of the two families used for the analysis of GW 150914 [12]). For the lighter NSBH we use
the SpinTaylorT4 approximant [40, 41]. Unlike IMRphenomPv2, SpinTaylorT4 is an inspiral-
only approximant and thus cannot model the merger and ringdown phase of CBCs. However,
since the frequency at which the merger happens is roughly inversely proportional to the
total mass of the system, merger and ringdown can be neglected as long as the total mass is
below ~20M¢, [42], for reasonable signal-to-noise ratios (SNRs). All the NSBH we simulate
have total mass below 13M,,. In both cases, we work at the highest known post-Newtonian
phase order, while neglecting higher-order amplitude corrections. We also neglect tidal
contributions in neutron stars [18, 43—45]. Both these limitations are due to computational
considerations and will not impact our main result.

For the BBH, we choose to consider heavy black holes of a few tens of solar masses, which
we know will be detected in large number by ground based detectors in the coming months [5,
10]. We thus generate component masses uniformly from the range [30,50]M, (in the source

-
c|Si

frame). The dimensionless spins, a; = , are uniformly generated in the range [0,0.98],

n?
compatible with the range of validity of the waveform approximant [38, 39]. For the NSBH
signals, black hole masses are in the range [6,11]M, and NS masses in the range [1.2,2]M,
Black hole spins are uniform in the range [0,1] while for the neutron stars we restrict possible
spins to [0,0.3] (the largest measured spin of a NS in a binary system is 0.02 [46]). For the
NSBH sources, our choice for the upper limit of mass range of black holes is driven by the use
of inspiral-only waveforms (IMRphenomPv2 waveforms have not been calibrated for mass
ratios above 4-5 [38]); whereas the lower limit is due to the evidence for a possible ‘mass-gap’
between neutron stars and black holes [47]. The distances are uniform in comoving volume,
with a lower LIGO-Virgo network SNR (that is, the root-sum of squares of the SNRs in each
instrument) cut at 84/3 ~ 13.9 for NSBH and 7+/3 ~ 12.1 for BBH. These correspond to dis-
tances up to ~1.2 Gpc for NSBH and ~12 Gpc for BBH. For both BBH and NSBH, the sky
position and orientation-polarization of the systems are uniform on the unit sphere.

To verify that the test we propose is self-consistent and does not rely on the exact definition
of ‘aligned’ we define it in a different way for NSBH and BBH®.

For NSBH, the nearly aligned (henceforth just aligned) catalog is made of signals with
tilt angles (i.e. the angles between spin vectors and orbital angular momentum) isotropic in
the interval [0, 10]°, i.e. close to the positive direction of the orbital angular momentum. For
the BBH, the tilts in the aligned catalog are in the range [0, 10]° U [170 — 180]°, i.e. the spin
vectors can be along both the positive and negative direction of the orbital angular momen-
tum (while astrophysically we would expect alignment toward the positive side of the orbital
angular moment, as mentioned above we want to test the solidity of the method with different
priors). For both BBH and NSBH, the non-aligned model is the logical negation of the corre-
sponding aligned model. For example, for NSBH tilts were isotropic in the range [10, 180]°.
The priors on the tilt angles for the H, and H; models, equation (1), are isotropic with cuts
that match these intervals. It is worth stressing that our non-aligned model is an isotropic tilt

3 Another reason for this is that the common envelope evolution phase is not extremely well understood. We thus
prefer to consider two possible scenarios.
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distribution p(7) o< sin 7 with cuts at 10° (and 170° for BBH), whereas one would expect a fully
isotropic distribution in a dynamical capture scenario. However it is easy to realize that the
cuts make negligible difference since the probability that both tilts are small (or close to 7 for
BBH) is negligible. This makes our non-aligned distribution essentially equivalent to a fully
isotropic distribution. As mentioned above, we need the two models to be mutually exclusive
to use the decomposition in equation (2) this is why we did not simply use an isotropic model.

Each event is added into simulated Gaussian noise corresponding to the design sensitivity
of the two Advanced LIGO detectors and the Advanced Virgo detector [7]. We stress that the
leading CBC search algorithms used by the LIGO and Virgo collaborations currently only use
aligned-spin templates (see e.g. [5, 48]). However work is ongoing to introduce precessing
spin searches [49]. We thus assume in this paper that CBC with precessing spins will soon be
detectable without significant detection efficiency loss.

We analyze all events in the catalogs twice, once with a prior that matches the H, model,
and once with a prior that matches H;. These runs provide the evidences of equation (1) that
we can use in equation (4) to calculate posterior of the mixture fraction.

Results

To show how the method performs for some representative values of f,, we generate (for both
BBH and NSBH) 5 catalogs with increasing fraction of aligned events. From O (all events are
not-aligned) to 1 (all events are aligned), with steps of 0.25. These catalogs are trivially cre-
ated from our initial set of NSBH and BBH by randomly drawing aligned and non-aligned
signals with the desired ratio until 100 sources for NSBH or 200 for BBH are obtained. The
evidences of these events are then used in equation (4) to obtain the posterior distribution of
f2- The main results are shown in figure 1, where for pedagogical purposes we keep separated
BBH and NSBH sources. We see how the posterior distributions for f, peak at or very close to
the corresponding true values, given in the legend, with 1 o uncertainties of the order of 10%.
The small offsets of some of the curves can be explained with the limited number of events
we consider (the offset would be zero in the limit of an infinite number of sources) and are
consistent with the width of the distributions. By regenerating the catalogs a few times we saw
that the peaks can shift by a few percents on either side of the true values. We have verified that
halving the number of sources in the catalogs (50 NSBH and 100 BBH) broadens the posterior
distributions, while leaving them centered around or close to the true values. One might be
surprised that the NSBH distributions are narrower in spite of the fact that fewer (100) sources
are used for NSBH than for BBH (200). This can be explained by remembering that for BBH
we used a slightly lower SNR threshold (12 versus 13.9), thus increasing the number of weak
signals that do not contribute much to the measurement, while broadening the posterior distri-
butions. Furthermore, the characteristic effects of misaligned spins (e.g. amplitude precession
[50]) are more visible in NSBH, which makes them ideal sources for this test.

We mentioned above that we assumed the tilt priors we used are representative of the
underlying distributions. However we stress that we do not make a similar assumption for all
parameters. Two important examples are the prior distributions for distance and masses.

While geometrical arguments led us to use a prior for the luminosity distance uniform in
comoving volume, in reality, since far away sources would not be detectable, the distance
distribution of detected events will first increase with distance, reach a maximum, and then
decrease. The distances corresponding to the maximum of the distribution and the length
of the tail depend on the true astrophysical distribution of masses (heavy CBC will be vis-
ible farther away), which we do not know (but will hopefully measure in the coming years).
Similarly for the mass prior: we used priors in the component masses which were a factor of

5



Class. Quantum Grav. 34 (2017) 03LTO1 W Letters

0.025 Posterior distribution for mixture parameter
— 00 ' :
0.020¢ — 025
—~ 001514 — 05
A . — 0.75
_ 0.010¢ . — 10
0.005) \& AN T ]
0.000— % $ B
Q & RN RO
Ja

Figure 1. Posterior distribution for the mixture parameter f, after 100 NSBH (dashed)
and 200 BBH (solid) detections. Several underlying values of f, (given in the legend)
are considered. f, = 0 corresponds to a catalog where none of the sources had aligned
spins, while f, = 1 refers to a catalog where all events had aligned spins.

few larger than the range used to simulate the sources. It will be interesting to verify how the
test performs if the true distribution of tilt angles for the aligned model is different than what
is used to split the two models, or if the true distributions are not mutually exclusive. Given
the amount of simulations that would be necessary to fully explore those scenarios, we leave
it for future work.

It is worth remarking that while we consider two possible formation channels, this frame-
work can be extended to take into account more models, provided they are mutually exclusive.
Similarly, if one believes only one formation channel is possible in the universe, and thus all
events will either have aligned or not-aligned spins (that would correspond to f, =0 or 1),
model selection can be used to quantify how many detections are required before the model
can be proven right.

Although we believe considering a mixture of two models is more consistent with today’s
understanding of binaries’ formation, we give an example of a single-channel test. For this, we

simulate a situation in which all sources have non-aligned spins and we calculate the cumula-
tive odds ratio:

U p(Hald)  pdHap(Ha) " p(Ha)
where Bj is the cumulative Bayes factor for aligned versus non-aligned models. Since the data

corresponding to the N detections is statistically independent, the cumulative Bayes factor can
be written as a product over the single events:

oo = PHald) _ pA[HIp(HD) _ o P(Ha)

N N a
Bg _ H p(dk|Ha) = Z_]f (5)
k=1 p(dk|Hd) k=1 ZZ

The logarithm of the odds ratio is shown in figure 2 as a function of the number of events,
for random sub-catalogs of 10 NSBH and 50 BBH. We have assumed p(H,) = p(H;). We see
that for both type of sources the correct non-aligned model is favored in a significant way. In
fact, log odds below the solid horizontal line at -5 favor the non-aligned model at a >2.7¢0

level, since (1 — e~3) ~ Erf(2.7/+/2). NSBH curves go down faster since for NSBH the effect

of spin misalignment are stronger in the waveform, and thus harder to match with an aligned
model.
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Figure 2. Cumulative odds ratio for NSBH (full lines) and BBH (dashed lines), with
non-aligned injections. Each line is a sub-catalog. Cumulative odds values below the
solid horizontal thick line favor the (correct) non-aligned model with a significance
larger than ~2.7 ¢. To improve clarity we assign a random color to each curve.

Conclusions

Two formation channels are commonly considered for CBC: common envelope evolution,
which should result in spins to be preferentially along (or very close to) the direction of the
orbital angular momentum, and dynamical capture, which should results in randomly oriented
spins. In fact, there is not complete agreement on whether common envelope evolution is effi-
cient enough in aligning spins, or if instead eventual kicks from the core collapse supernova
of the progenitor stars will be the dominant factor. Being able to calculate which fraction of
the compact binaries have spins nearly aligned with the orbital angular momentum could thus
be used to expand our understanding of formation channels. In this paper, we have shown
how gravitational waves emitted by compact binaries containing a black hole, and detected
by Advanced LIGO and Virgo, can be used to verify if spins are preferentially aligned with
the orbital angular momentum. We considered neutron star—black hole and binary black hole
systems, and created catalogs of sources with increasingly large fraction of aligned sources
(from 0 to 100%). Black holes in NSBH were of low mass (up to 11M), while for BBH we
simulated heavy objects, comparable to GW150914 (masses in the range [30-50] M), which
will be detected in large number in the coming months and years.

We showed how one (for NSBH) or two (for BBH) hundred signals are enough to pinpoint
the underlying value of the aligned fraction with ~10% uncertainty, which suggests GWs
represent a viable way of gaining insight into the orientation of spins in compact binaries, and
ultimately on their evolution. We have verified the robustness of the test against some common
prior mismatch (distance, masses). Future work includes introducing a mismatch between the
definition of aligned in the test and the true distribution of aligned sources. We also stress that
if more information is available which could help distinguish between the two channels (e.g.
the resulting mass ratio distribution), it could be folded in an extended version of this test.
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