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February 2016: Announcement of first detection by LIGO

Beware the huge errors associated to the individual spins. 3



Masses in the Stellar Graveyard (in solar masses)

Credit: Visualization: LIGO/Frank Elavsky/Northwestern

Non-LIGO Data Sources: Neutron Stars: http://xtreme.as.arizona.edu/NeutronStars/data/pulsar_masses.dat

Black Holes: https://stellarcollapse.org/sites/default/files/table.pdf

LIGO-Virgo Data: https://losc.ligo.org/events/ 4



Hyperstellar-mass black holes (HSB)
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Neither stellar, nor intermediate, nor supermassive

Range of masses interesting for this talk:

30 ≲ MBH/M⊙ ≲ 100

Since these BHs are too heavy compared to the nominal mass of an stellar-mass BH but
well below the mass of an IMBH, we choose the name “hyperstellar” to avoid confusion.
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(1) Large, similar masses
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Field binaries have large, similar masses

■ A binary of BHs forms from the collapse of two bound stars which
are massive enough [e.g. de Mink & Belczynski 2015]

■ A binary is bound so that the the natal kick cannot exceed the
break-up velocity of the stellar binary

■ This favors the formation of binaries of HSBs, because

1. High-mass BHs receive relatively small natal kicks [Belczynski et al 2015]

2. A higher mass requires a larger break-up velocity
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Dynamical binaries have large, similar masses

■ Energy equipartition will lead to the ejection of the light members in
strong interactions, binaries will become more and more massive in
this process

■ Binaries of HSBs are more difficult to separate in 3-b interactions
(because of the larger binding energy)

■ Common result of semi-analytical and direct-summation N−body
simulations [O’Leary et al. 2006, Miller & Lauburg 2009, Mapelli et al. 2013, Ziosi et al. 2014, Rodriguez et al. 2015]
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(2) Low spins
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Field binaries have low spins

■ Progenitors are Wolf-Rayet stars and are slow rotators because of
angular-momentum loss by stellar wind (from 200− 300 km s−1 to
below 50 km s−1)

■ Compact remnant at the core retains very little of the initial angular
momentum even under the assumption that no angular momentum
is lost during the collapse of the remnant [Hirschi et al. 2005, Yusof et al. 2013]

■ The spin parameter is

a = jremM•

GM2
•/c

≃ (0.075− 0.45)
(

M•

30 M⊙

)−1

■ The spin is low for HSBs, and high for low-mass BHs, as seen again
and again in X-ray binaries

■ This is an upper limit, in a more realistic estimation, the value will be
even lower
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Field binaries have low spins

Can we spin it up?

1. Dynamical interaction or merger with another star ruled out (field)

2. Accretion, to have a source of angular momentum, either from the
ISM or the companion star, i.e. the other WR star

2.1 Bondi ISM is too inefficient and would require a time longer than the
Hubble time
10−15 M⊙ yr−1(σ/102 km s−1)(nISM/1 · cm3)(M•/30 M⊙)

2

2.2 The lifespan of the companion WR star is of 5 Myr, not enough
compared to the minimum timescale for a BH to double its mass by
accreting at the maximum (Eddington) rate, the Salpeter timescale,
30 Myr
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Dynamical binaries have low spins

Each constituent of the binary is a HSB which has formed via one of
these possibilities:

1. The collapse of an isolated WR star

2. The coalescence of two less massive BHs if they are kept, there is
some room, 10 < (M•/M⊙) < 30

3. Accretion of background stars

We will see that the BH formed and kept in the cluster necessarily is a
HSB has a low spin, so that a binary forming will be of two HSBs
with low spin.
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1. The collapse of an isolated WR star

� HSB of mass < 30M⊙ have low spins
(as we saw in the previous section)

� This HSB receives a natal kick
of about 15[M•/(30 M⊙)]

−1 km s−1
[Belczynski et al. 2015, and many others]

� The HSB is kept in the host cluster
while lower-mass BHs will escape, since lighter BHs have stronger
natal kicks, because of the linear momentum

� BH binaries with masses lighter will leave the cluster
(lighter than 30 M⊙)
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1. The collapse of an isolated WR star

Therefore:

If the HSB is formed out of the collapse of a WR isolated star, it is kept in
the cluster and has low spin.

15



2. The coalescence of two less massive BHs, 10 < (M•/M⊙) < 30

� The two members of a dynamical BH have similar masses
because of energy equipartition

� The binary produces a high-spin HSB
because it has high angular momentum before merger, since zero
eccentricity, as we will see

� Next slide is a statistical study
of the distribution of afin for different q := m2/m1, and vk, the
relativistic recoiling velocity

� We see that if high-spin HSB form, they abandon the host cluster
immediately after formation

16
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2. The coalescence of two less massive BHs, 10 < (M•/M⊙) < 30

Therefore:

If the HSB is formed out of the coalescence of two less massive BHs,
only in the very unlikely case that they

1. are Schwarzschild and
2. have exactly the same mass,

the HSB has a high spin value and is kept in the cluster.
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3. Accretion of background stars

� A BH with a mass initially well below 30 M⊙ (because we want to
add angular momentum) cannot become a HSB via accreting
background stars

� The accretion rate from other stars in a dense stellar environment is

Γ ≃ n∗σr2t
(
1+

2GM•

rtσ2

)
≃ 8.6×10−11 yr−1

( n∗
106 pc−3

)(
σ

50 km/s

)−1 ( M•

10 M⊙

)4/3
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3. Accretion of background stars

Therefore:

The accretion rate from other stars is not efficient to increase the spin of
a HSB at all.
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(3) Circular
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Field binaries are circular

Common result of population synthesis theory and numerics.

[many, many references here]
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Dynamical binaries are circular

a ie i

minterl

m1

m2

tGW, i

ef af

tGW, f

minterl
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m1
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minterl
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m

■ Scattering expts with all relevant physics, included relativistic treatment (fewbody,
104 experiments, no difference when compared to 106)

■ Binary integrated dynamically until resolved, taking into account all possible
dynamical scenarios (as e.g. hierarchical triples forming)

■ If resulting binary not in detector band, integrate it until the frequency is in band with
the proviso that it does not take longer than a Hubble time

■ Take also into account head-on collisions in the ledger
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Dynamical binaries have are circular
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Conclusions:

Relativistic mergers of black hole binaries have
(1) large, similar masses, (2) low spins

and (3) are circular.
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