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The Youngest Revolution in Astrophysics

Gravitational Waves from
Binary Black Hole Mergers



“… we have detected gravitational waves…”-           
LSC (Feb. 11, 2016)

• GWs from merging binary black holes are detected!

• Three Detections in O1 Run (50 days):

• GW150914:  M1,2 ~ [36, 29] Msun, z ~ 0.1

• LVT151012:  M1,2 ~ [23, 13] Msun, z ~ 0.2

• GW151226:  M1,2 ~ [14, 8] Msun, z ~ 0.1

Hanford Livingstone



Plan of the talk

Astrophysical channels to form binary black holes that 

would merge within a Hubble time

In isolation

Dynamical channels

Dynamical formation of BH—BH binaries in star clusters

Physical processes, properties of BH binaries, key differences from field 

(undisturbed) population, implications for LIGO

Future goals on this topic

Including, extending simulations to nuclear clusters, distinguishing 

formation channels based on observed properties 

Summary



How do Merging Black Hole Binaries Form?

• From (isolated) massive binary star evolution

• Traditional channel 

• Chemically homogeneous evolution 

• Through stellar dynamics in dense star clusters 

• As part of “primordial” black holes



Figure 1: Example binary evolution leading to a BH-BH merger similar to GW150914. A
massive binary star (96 + 60 M⊙) is formed in the distant past (2 billion years after Big Bang;
z ∼ 3.2) and after five million years of evolution forms a BH-BH system (37+31 M⊙). For the
ensuing 10.3 billion years this BH-BH system is subject to angular momentum loss, with the
orbital separation steadily decreasing, until the black holes coalesce at redshift z = 0.09. This
example binary formed in a low metallicity environment (Z = 3% Z⊙).
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(Belczynski et al. 2016)
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Chemically Homogeneous Evolution Case M binary black holes 2637

Figure 1. A schematic representation of the implications of ‘normal’ versus
chemically homogeneous evolution in a close binary system. The effects of
enhanced mixing cause the star to shrink inside its Roche lobe instead of
expanding, and avoid a large amount of mass loss. This evolutionary path
can, in principle, lead to the formation of massive stellar black holes in a
close binary system. Figure adapted from de Mink et al. (2008).

Also, Szécsi et al. (2015) argue that chemically homogeneously
evolving stars may provide an explanation for the He II ionizing
photon flux in I Zw 18 and other low-metallicity He II galaxies.

These studies cannot be considered as satisfactory proof of the
chemically homogeneous evolution scenario, but justify speculating
about its possible implications with the aim of identifying further
opportunities to test this scenario.

2.5 Chemically homogeneous evolution in binary systems

High stellar spins can be achieved in binary systems as a result of
spin-up by mass accretion (Packet 1981; Cantiello et al. 2007; de
Mink et al. 2013) or tidal spin-up in very close binary systems (Zahn
1989; Izzard, Ramirez-Ruiz & Tout 2004; Detmers et al. 2008; de
Mink et al. 2009). In the latter systems, when tides synchronize the
stellar rotation rates with the orbital revolution, the conditions for
chemically homogeneous evolution can be reached. de Mink et al.
(2008, 2009) demonstrated this possibility with binary evolutionary
calculations adopting the same assumptions as Yoon et al. (2006)
and Brott et al. (2011a), respectively, for the rotationally induced
mixing processes.

This can lead to surprising effects. The classical models predict
that the two stars in very close binaries come in contact soon af-
ter the onset of Roche lobe overflow and are expected to merge.
The possibility of chemically homogeneous evolution changes this
classic picture, leading to a type of evolution referred to as Case M
by de Mink et al. (2009) to emphasize the role of mixing; this is
illustrated in Fig. 1. The two stars slowly shrink inside their Roche
lobe as they become more and more helium rich. Over the course of
the main sequence, they stay within but close to their Roche lobes.
When no more hydrogen is left in the centre, the stars fully contract

Figure 2. The window for chemically homogeneous evolution in close
tidally locked equal-mass binary systems, where the stellar spin period
equals the orbital period. The lower part of the diagram is excluded due
to the finite size of the stars at zero age. In the upper part of the diagram,
the stellar components do not rotate rapidly enough to evolve chemically
homogeneously during the central hydrogen burning phase according to the
models of Yoon et al. (2006). Stars in the intermediate window, with masses
!40 M⊙ and periods of ∼1.5–2.5 d, may undergo this type of evolution
and avoid Roche lobe overflow entirely. Only binaries below the dotted line
satisfy the more stringent threshold on chemically homogeneous evolution
introduced in Section 7.1.

to form a massive double helium star binary, without ever overfill-
ing their Roche lobes and initiating mass transfer, preventing both
severe mass loss and possible merger.

The rotational rates required for chemically homogeneous evolu-
tion, 20–30 per cent of the Keplerian velocity (see Section 2.3), can
be achieved in very close tidally locked binary systems. In a tidally
locked binary system, where the nearly equal-mass stars are close
to filling their Roche lobe, synchronized spins correspond to about
a third of the Keplerian rotational velocity. This means that there
should be a small parameter space window for chemically homo-
geneous evolution in tidally locked binary systems. This assumes
that the mixing processes in tidally locked binaries are at least as
efficient as they are in single stars. Detailed simulations of such
systems were presented initially by de Mink et al. (2009) and later
by Song et al. (2013, 2016), Marchant et al. (2016).

In Fig. 2, we visualize the parameter space in a diagram similar to
the one first presented in de Mink et al. (2008). The short-period sys-
tems would already overflow their Roche lobes at zero age, and are
therefore excluded. For wide-period systems, tidal synchronization
results in spin periods that are too low for chemically homogeneous
evolution, and we expect the stars to evolve normally. We find a
small window for stars with masses ! 40 M⊙ and orbital periods
between ∼1.5 and ∼2.5 d, which permits chemically homogeneous
evolution.

2.6 The role of stellar winds: mass loss and angular
momentum loss

At the metallicities of interest for this channel, Z " 0.004, the radia-
tively driven winds are strongly reduced as predicted by Vink, de
Koter & Lamers (2000, 2001) and empirically verified by Mokiem
et al. (2007). However, given the brightness and high temperatures
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