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Proper&es	  of	  stellar-‐mass	  black	  holes	  

Astrophysical black holes: very simple objects

• Mass: m
• Angular momentum or spin:

S = �

Gm

2

c

Ŝ (with 0 < � < 1)

Stellar-mass BHs:
m ⇠ 1M� � 10M�

Supermassive BHs:
m ⇠ 106M� � 1010M�
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FIG. 3.ÈThe pro!le of the broad iron line is caused by the interplay of Doppler and transverse Doppler shifts, relativistic beaming, and gravitational redshifting. The upper panel shows
the symmetric double-peaked pro!les from two narrow annuli on a nonrelativistic disk. In the second panel the e†ects of transverse Doppler shifting and relativistic beaming have been
included, and in the third panel gravitational redshifting has been included. These give rise to a broad, skewed line pro!le, such as that shown in the lower panel. A more detailed discussion
of this !gure is given in ° 2.2.
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Mass estimates:  
LMXBs 
 
Spin estimates: 
 
ü  Continuum fitting 
ü  Line spectroscopy 
 
Model-dependent –  
highly uncertain! 
 
Theoretical expectation: 
black holes retain natal spin 
[King & Kolb, astro-ph/9901296] 
[Belczynski++, astro-ph/0703131] 

Class. Quantum Grav. 26 (2009) 163001 Topical Review

Table 3. A list of spin estimates available in the literature, along with the method used for the
estimate (see appendix D) and the relevant references. Tables 1 and 2 of [610] list spin estimates
for 19 powerful FRII radio sources (FRIIb) and for 29 CDGs. For MS0735.6+7421, Daly [610]
estimates a spin of 0.83 ± 0.39, consistent with [611].

System Estimated spin Method Reference

Stellar-mass BHs
Cygnus X-1 0.05 ± 0.01 Line spectroscopy [612]
LMC X-3 !0.2–0.4 Continuum [613]
4U 1543-475 0.3 ± 0.1 Line spectroscopy [612]

0.75–0.85 Continuum [614]
SAX J1711.6-3808 0.6+0.2

"0.4 Line spectroscopy [612]
XTE J1550-564 !0.1–0.8 Continuum [613]

0.76 ± 0.01 Line spectroscopy [612]
SWIFT J1753.5-0127 0.76+0.11

"0.15 Line spectroscopy [615]
M33 X-7 0.77 ± 0.05 Continuum [616]
XTE J1908+094 0.75 ± 0.09 Line spectroscopy [612]
XTE J1650-500 0.79 ± 0.01 Line spectroscopy [612]
GRS 1915+105 0.7–0.8 Continuum [617]

0.98–1 Continuum [618, 619]
LMC X-1 0.90+0.04

"0.09 Continuum [620]
GX 339-4 0.94 ± 0.02 Line spectroscopy [612, 621]
GRO J1655-40 ! 0.25 QPOs [622]

0.65–0.75 Continuum [614, 618]
!0.1–0.8 Continuum [613]
0.98 ± 0.01 Line spectroscopy [612]

XTE J1655-40 !1 Line spectroscopy [623]
XTE J1550-564 !1 Line spectroscopy [623]

SMBHs
29 CDGs 0.1–0.8 Energetics [610]
19 FRIIb 0.7–1 Energetics [610]
SWIFT J2127.4+5654 0.6 ± 0.2 Line spectroscopy [624]
MCG-06-30-15 0.989+0.009

"0.002 Line spectroscopy [607]
1H0419-577 !1 Line spectroscopy [625]
MS0735.6+7421 !1 Energetics [611]

Large Average efficiency [626–630]
Small Average efficiency [606, 631–633]

mergers with stellar-mass compact objects and comparable-mass mergers. Therefore, the
observation of spin as a function of mass could be a powerful diagnostic of SMBH evolution.

Spins: observational estimates. Spin estimates based on electromagnetic observations made
enormous progress in the last 3 years. A summary of estimates available in the literature
is provided in table 3. Note that in some cases (most notably for 4U 1543-475 and GRO
J1655-40), different methods yield sensibly different spin estimates (see e.g. [612]). The
main methods used so far to estimate spins are continuum spectroscopy of accretion disks,
spectroscopy of relativistically broadened Fe K! fluorescence lines and energetic arguments
based on the radiative efficiency of quasars. A discussion of these topics would take us

71



 
 

Black-‐hole	  binary	  forma&on	  rates	  
Compact binary formation rates depend on poorly known physics: 
 

q  Supernova kicks can unbind binary 
q  Common-envelope phase crucial – envelope binding energy λ? 
q  Mass transfer 
q  Tidal interactions 

 

“Official” rates for Initial and Advanced LIGO [LSC, 1003.2480] 

7

TABLE IV: Compact binary coalescence rates per Mpc3 per Myr.a

Source Rlow Rre Rhigh Rmax

NS-NS (Mpc!3 Myr!1) 0.01 [1] 1 [1] 10 [1] 50 [16]
NS-BH (Mpc!3 Myr!1) 6! 10!4 [18] 0.03 [18] 1 [18]
BH-BH (Mpc!3 Myr!1) 1! 10!4 [14] 0.005 [14] 0.3 [14]

aSee footnotes in Table II for details on the sources of the values in this Table

TABLE V: Detection rates for compact binary coalescence sources.

IFO Sourcea Ṅlow Ṅre Ṅhigh Ṅmax

yr!1 yr!1 yr!1 yr!1

NS-NS 2! 10!4 0.02 0.2 0.6
NS-BH 7! 10!5 0.004 0.1

Initial BH-BH 2! 10!4 0.007 0.5
IMRI into IMBH < 0.001b 0.01c

IMBH-IMBH 10!4d 10!3e

NS-NS 0.4 40 400 1000
NS-BH 0.2 10 300

Advanced BH-BH 0.4 20 1000
IMRI into IMBH 10b 300c

IMBH-IMBH 0.1d 1e

aTo convert the rates per MWEG in Table II into detection rates, optimal horizon distances of 33 Mpc / 445 Mpc are assumed for NS-NS
inspirals in the Initial / Advanced LIGO-Virgo networks. For NS-BH inspirals, horizon distances of 70 Mpc / 927 Mpc are assumed. For
BH-BH inspirals, horizon distances of 161 Mpc / 2187 Mpc are assumed. These distances correspond to a choice of 1.4 M" for NS mass
and 10 M" for BH mass. Rates for IMRIs into IMBHs and IMBH-IMBH coalescences are quoted directly from the relevant papers without
conversion. See Section III for more details.
bRate taken from the estimate of BH-IMBH IMRI rates quoted in [19] for the scenario of BH-IMBH binary hardening via 3-body

interactions; the fraction of globular clusters containing suitable IMBHs is taken to be 10%, and no interferometer optimizations are
assumed.
cRate taken from the optimistic upper limit rate quoted in [19] with the assumption that all globular clusters contain suitable IMBHs;

for the Advanced network rate, the interferometer is assumed to be optimized for IMRI detections.
dRate taken from the estimate of IMBH-IMBH ringdown rates quoted in [20] assuming 10% of all young star clusters have su!cient

mass, a su!ciently high binary fraction, and a short enough core collapse time to form a pair of IMBHs.
eRate taken from the estimate of IMBH-IMBH ringdown rates quoted in [20] assuming all young star clusters have su!cient mass, a

su!ciently high binary fraction, and a short enough core collapse time to form a pair of IMBHs.

III. CONVERSION FROM MERGER RATES TO DETECTION RATES

Although some publications quote detection rates for Initial and Advanced LIGO-Virgo networks directly, the
conversion from coalescence rates per galaxy to detection rates is not consistent across all publications. Therefore,
we choose to re-compute the detection rates as follows.4

The actual detection threshold for a network of interferometers will depend on a number of factors, including the
network configuration (the relative locations, orientations, and noise power spectral densities of the detectors), the
characteristics of the detector noise (its Gaussianity and stationarity), and the search strategy used (coincident vs.
coherent search) (see, e.g., [24]). A full treatment of these e!ects is beyond the scope of this paper. Instead, we
estimate event rates detectable by the LIGO-Virgo network by scaling to an average volume within which a single
detector is sensitive to CBCs above a fiducial signal-to-noise ratio (SNR) threshold of 8. This is a conservative choice
if the detector noise is Gaussian and stationary and if there are two or more detectors operating in coincidence.5

4 Rates of IMRIs into IMBHs and IMBH-IMBH coalescences are an exception: because of the many assumptions involved in converting
rates per globular cluster into LIGO-Virgo detection rates, we quote detection rates for these sources directly as they appear in the
relevant publications.

5 The real detection range of the network is a function of the data quality and the detection pipeline, and can only be obtained empirically.
However, we can argue that our choice is not unreasonable as follows. We compute below that the NS-NS horizon distance for the
Initial-era interferometers is Dhorizon = 33 Mpc. According to Eq. (5), this corresponds to an accessible volume of ! 150 MWEGs or
! 250 L10. Meanwhile, the 90%-confidence upper limit on NS-NS rates from a year and a half of data (including approximately half



 
 

Black-‐hole	  binary	  forma&on	  rates	  
Compact binary formation rates depend on poorly known physics: 
 

q  Supernova kicks can unbind binary 
q  Common-envelope phase crucial – envelope binding energy λ? 
q  Mass transfer 
q  Tidal interactions 
q  Metallicity 
 

“Updated” rates for Advanced LIGO [1208.0358; see also 1202.4901] 

3

Table 1
Advanced LIGO/VIRGO Detection Rates [yr!1] a

Model NS-NS BH-NS BH-BH

S 3.9 (1.3) 9.7 (5.1) 7993.4 (518.7)
V5 3.9 (1.3) 9.4 (4.8) 8057.8 (533.7)
V6 3.9 (1.3) 9.3 (4.7) 8041.7 (523.6)
V7 5.0 (1.5) 14.8 (8.3) 8130.1 (574.2)
V8 3.9 (1.3) 1.2 (0.3) 172.2 (14.0)
V9 3.9 (1.3) 11.8 (6.7) 8363.6 (654.9)
V10 5.2 (1.7) 5.7 (4.9) 7762.7 (487.0)
V11 3.9 (1.1) 10.5 (6.3) 12434.4 (888.1)
V12 11.7 (0.8) 7.6 (5.8) 8754.6 (275.3)
V13 3.7 (0.9) 76.9 (62.1) 1709.6 (966.1)

a Optimistic (realistic) rates are given under assumption
that CE phase initiated by Hertzsprung gap donors with
no clear core-envelope structure may lead to the forma-
tion of double compact object binary (always halts binary
evolution).



Post-Newtonian spin-orbit resonances

Evolutionary equations

• Spin precession

• Angular momentum conservation...

• ...Radiation reaction

• 3 variables: ✓1, ✓2, ��

Spin-orbit couplings

• Three vector in a single resonant plane

S2 · (L⇥ S1) = 0
d

dt
S2 · (L⇥ S1) = 0

• Two resonances

✓1 < ✓2 : �� ! 0 and ✓12 ! 0

✓1 > ✓2 : �� ! ±⇡

x

y

L̂

z

S1

��

✓1

S2

✓2

✓12

•

PN: Kidder 1995; Arun et al. 2009 and many others

Resonances: Schnittman 2004; Kesden et al. 2010a,b; Berti et al. 2012

[Schnittman, astro-ph/0409174] 

Spin	  alignment	  and	  resonance	  locking	  
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Spin alignment is affected by the same physics: 
 

q  Supernova kicks: misalignment [Kalogera, astro-ph/9911417] 
q  Tidal interactions: asymmetry 

q  Mass transfer: selection of primary (standard/reversed mass ratio) 

Late-time evolution well approximated by post-Newtonian dynamics 
Alignment depends on astrophysical initial conditions: inverse problem? 



[Kesden, Sperhake & EB, 1002.2643] 

Resonance	  locking	  

portion of the three-dimensional parameter space
!!1; !2;!"" through which generic BBH configurations
evolve. As gravitational radiation slowly extracts angular
momentum from the binary on the radiation time tGW, the
resonances sweep through a significant portion of the
!!1; !2" plane. The angular separation !" of a generic
BBH is varying on the much shorter precession time tp,
and thus has a significant chance to closely approach the
resonant values !" # 0$ or 180$ at some point during the
long inspiral. Such generic BBHs will be strongly influ-
enced or even captured by the spin-orbit resonances, as we
will see in detail in Sec. IV.

We show the dependence of the spin-orbit resonances on
r for maximally spinning BBHs in Figs. 1 and 2. Those
resonances with!" # 0$ (shown in Fig. 2 of [25]) always
have !1 < !2, and thus appear below the diagonal cos!1 #
cos!2 in our Figs. 1 and 2. Those resonances with !" #
180$ (shown in Fig. 3 of [25]) have !1 > !2 and therefore
appear above the diagonal in our Figs. 1 and 2. We plot

!cos!1; cos!2" rather than !!1; !2" like [25] because iso-
tropically oriented spins should have a flat distribution in
these variables.
In the limit r ! 1, so that also jLNj ! 1, the resonant

configurations have either S1 or S2 aligned or antialigned
with LN (either !1 or !2 equals 0$ or 180$). This corre-
sponds to the four edges of the plot in Fig. 1. For smaller
fixed values of jLNj, the values !!1; !2" for the one-
parameter families of resonant configurations approach
the diagonal !1 # !2. BBHs in spin-orbit resonances at
large values of jLNj (large r) remain resonant as they
inspiral. As gravitational radiation carries away angular
momentum, r decreases and !1;2 for individual resonant
BBHs evolves toward this diagonal along the red long-
dashed curves in Fig. 1. For resonances with !" # 0$

(those below the diagonal), this evolution aligns the two
spins with each other. Symmetry implies that aligning the
spins with each other will lead to larger final spins and
smaller recoil velocities [38,39].
The projection

S % L̂N # S1 cos!1 & S2 cos!2 (3.3)

of the total spin S ' S1 & S2 parallel to the orbital angular
momentum is constant along the short-dashed blue lines in
Figs. 1 and 2. These blue lines have steeper slopes than the
red lines along which the resonant binaries inspiral. This

FIG. 1 (color online). Spin-orbit resonances for maximally
spinning BBHs with a mass ratio of q # 9=11. The dotted black
diagonal indicates where !1 # !2. Solid black curves below
(above) this diagonal show !!1;!2" for the one-parameter fam-
ilies of equilibrium spin configurations with !" # 0$ !180$" at
different fixed binary separations. Approaching the diagonal
from below, these curves correspond to separations r #
1000M, 500M, 250M, 100M, 50M, 10M. The curves approach-
ing from above correspond to separations r # 250M, 50M, 20M,
10M. The long-dashed red curves show how !1;2 evolve as
members of these resonant families inspiral from ri # 1000M
to rf # 10M. The projection S % L̂N of the total spin S onto the
orbital angular momentumLN is constant along the short-dashed
blue lines, while the projection S0 % L̂N of the EOB spin S0 is
constant along the dot-dashed green lines.

FIG. 2 (color online). Spin-orbit resonances for maximally
spinning BBHs with a mass ratio of q # 1=3. Other than the
different mass ratio, this figure is very similar to Fig. 1. The solid
black curves approaching the diagonal from below correspond to
the families of resonant spin configurations at r # 50M, 20M,
10M, 5M, while those approaching from above correspond to
separations r # 20M, 10M, 5M.

FINAL SPINS FROM THE MERGER OF PRECESSING . . . PHYSICAL REVIEW D 81, 084054 (2010)

084054-5



 
 

[Schnittman, astro-ph/0409174] 

Spin-‐orbit	  resonances	  and	  spin	  alignment	  

FIG. 6. Sinusoidal projections of spin parameter space !!12 " cos#1$Ŝ1 % Ŝ2&;!"'. A sinusoidal projection maps spherical
coordinates $!;"& to flat Cartesian coordinates $" sin!; !& with equal solid angles mapping to equal areas. The snapshots show a
random sample of initial conditions with r$t0& ( 1000m evolving under radiation reaction at times when r=m ( 1000, 250, 125, 10.
The masses of the two compact objects are similar, with m1 ( 0:55 and m2 ( 0:45, and both have maximal spins. The initial spin of
the larger mass is closely aligned with the orbital angular momentum: !1$t0& ( 10).

FIG. 7. Sinusoidal projections of spin parameter space !!12 " cos#1$Ŝ1 % Ŝ2&;!"', as in Fig. 6. The snapshots show a random
sample of initial conditions with r$t0& ( 1000m evolving under radiation reaction at times when r=m ( 1000, 250, 125, 10. The
masses of the two compact objects are similar, with m1 ( 0:55 and m2 ( 0:45, and both have maximal spins. The initial spin of the
larger mass is misaligned with the orbital angular momentum: !1$t0& ( 170).

JEREMY D. SCHNITTMAN PHYSICAL REVIEW D 70, 124020 (2004)

124020-8

θ1(t0) = 10 degrees, evolution starts at r = 1000M 



Formation processes: from massive binary stars

a) Main-sequence binary b) First mass-transfer phase
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1. Upper main sequence 2. Mass-transfer phase

3. 1st Supernova explosion 4. Tides, common-envelope, BH precession

5. 2nd Supernova explosion 6. Post-Newtonian evolution

Astrophysical	  ini&al	  condi&ons:	  a	  simple	  model	  



Building a model: Monte Carlo runs

1. Supernova kicks: misalignment

2. Tides: asymmetry

3. Mass transfer: choice of the primary
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Post-Newtonian spin-orbit resonances

Evolutionary equations

• Spin precession

• Angular momentum conservation...

• ...Radiation reaction

• 3 variables: ✓1, ✓2, ��

Spin-orbit couplings

• Three vector in a single resonant plane

S2 · (L⇥ S1) = 0
d

dt
S2 · (L⇥ S1) = 0

• Two resonances
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•

PN: Kidder 1995; Arun et al. 2009 and many others

Resonances: Schnittman 2004; Kesden et al. 2010a,b; Berti et al. 2012

Effect	  of	  &des	  and	  mass-‐ra&o	  reversal	  
Tides               No	  Tides         



Inverse	  problem:	  binary	  evolu&on	  from	  GW	  observa&ons	  
[Gerosa++, 1302.4442] 
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FIG. 1. Predictions for the spin orientation of BH binary as they enter the LIGO/Virgo band.
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FIG. 2. Probability distribution of the angle between the
projections of the spins on the orbital plane ��. Under the
e↵ect of tides the PN evolution brings the spins in the same
plane (�� ! 0�,±180�), both in a reversed mass ratio (top)
and in a standard mass ratio (middle) scenario. When tidal
e↵ects are removed (bottom) the spins precess freely and pile
up at �� = ±90�.

the scope of our toy model. We combine Startrack pre-
dictions with our results in Sec. IV.

A. Black hole binary formation

We detail here our model of BH formation: a graphi-
cal representation is given in Fig. 4. The BH spin angle
distributions are obtained performing Monte Carlo sim-
ulation over the initial separation a0 and the kick veloc-
ities vk. Length scales are defined via Roche lobe over-
flow conditions. Given a binary system consisting of two
masses m↵ and m� at a separation a, we estimate the
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FIG. 3. Probability distribution of the angle between the two
spins ✓12. Under the e↵ect of tides both in a reversed mass
ratio (top) the spins end up almost completely aligned with
each other. In the standard mass ratio scenarion (middle) and
when tides are removed (bottom) a long tail at large values
of ✓12 is preserved. [DG: This figure is not interesting enough
for the introduction...]

Roche lobe radius of m↵ using [17]

RL(a,m↵,m�) = a
0.49q2/3

0.6q2/3 + ln
�
1 + q1/3

� , q =
m↵

m�
.

(8)

[DG: Change notation to q ?]
[MK: What is M 0? Pick either primes or ↵,�, confusing

to use both. Specify which star is overflowing its Roche
lobe.] [DG: Fixed]

a) Consider a binary star system of zero-age main
sequence masses M 0

Si > M 00
Si ⇠ 20M� on a circular orbit

(e0 = 0) of radius a0. At this stage, we assume both
the spins are completely aligned with the orbital angular
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low-mass sample, which should exhibit significant initial
misalignment and more interesting precessional dynam-
ics. Given the significant uncertainties in population-
synthesis models, even upper limits on the spin-orbit mis-
alignment for high-mass BH binaries would be extremely
valuable, either to corroborate the expectation of strong
alignment or to demonstrate the significance of SN kicks
for high-mass BHs.

FIG. 9. Histograms of binaries that do (RMR) or do not
(SMR) undergo mass-ratio reversal as a function of chirp
mass according to the publicly available StarTrack data from
http://www.syntheticuniverse.org/. For illustration, here
we choose Subvariation A of the standard model, in the ter-
minology of [12]. A comparison of the upper and lower panels
shows the striking di↵erences in the chirp-mass distribution
resulting from di↵erent choices for the metallicity Z.

Based on our prototype study, let us assume that each
PN resonance is an unambiguous indicator of a specific
fomation scenario: hypothetical GW measurements of
angles �� ⇠ ±180� mean e�cient tides in the “standard
mass ratio” (SMR) scenario; measurements of �� ⇠ 0�

mean that mass reversal also occurred (RMR); finally,
�� ⇠ ±90� is an indication that tidal e↵ects were ine�-
cient (cf. Fig. 1). Under these assumptions, statistically
significant measurements of �� could directly identify
how often each of the three formation channels (e�cient
tides, SMR; e�cient tides, RMR; ine�cient tides) occurs,
for each binary mass.

To illustrate how informative these measurements
might be, Fig. 9 shows the relative number of merging
binaries that undergo mass-ratio reversal as a function of
chirp mass, as derived from the most recent StarTrack
binary-evolution models [12]. The figure (which is meant
to be purely illustrative) refers to Subvariation A of the

“standard model” of Dominik et al. [12]. Each panel
shows the chirp-mass distribution of binaries that either
do (RMR, dashed blue histograms) or do not (SMR,
red solid histograms) undergo mass-ratio reversal. This
distribution has characteristic “peaks” at specific values
of the chirp mass at any given Z and it depends very
strongly on composition, as we can see by comparing the
two panels (which refer to Z/Z

�

= 1 and Z/Z
�

= 0.1,
respectively). According to our model, measurements
of �� for a large enough sample of binaries would al-
low us to reconstruct the shape of these histograms as
a function of chirp mass, potentially enabling new high-
precision tests of binary evolution, above and beyond the
information provided by the mass distribution alone.
A preliminary assessment of the main features of

population-synthesis models that could be probed by
these measurements can be inferred from Table III. There
we list the overall fraction of BH binary systems that
undergo mass-ratio reversal for several di↵erent binary-
evolution scenarios explored in [12]. The most dramatic
di↵erence is due to composition: with few exceptions,
models with solar composition (Z/Z

�

= 1) almost exclu-
sively produce SMR binaries, while models with subso-
lar composition (Z/Z

�

= 0.1) produce comparable pro-
portions of SMR and RMR binaries. Furthermore there
are clear trends in the ratio RMR/SMR as a function
of the envelope-binding-energy parameter � discussed in
Appendix A 7 (compare variations 1 to 4); the strength
of SN kicks (variations 8 and 9); and the amount of mass
loss through winds (variation 11). These parameters are
also well known to significantly influence the overall num-
ber and mass distribution of merging binaries.

In conclusion, while our model needs further testing
and scrutiny against more complete population-synthesis
calculations, it strongly indicates that GWmeasurements
of �� and ✓12 will provide a useful diagnostic of compact
binary formation, complementary to the more familiar
mass and spin measurements. In the next Section we
conclude the paper with an overview of the challenges
and rewards associated with these measurements.

V. DISCUSSION

Previous Monte Carlo studies of the spin-orbit reso-
nances discovered by Schnittman [6] showed that spins
tend to lock in a resonant plane if the binary has mass
ratio q & 0.4 and the dimensionless spin magnitudes
�i & 0.5 as long as there is an initial asymmetry in the
relative orientation of the spins with respect to the or-
bital angular momentum, i.e. ✓1 6= ✓2 [9–11].

In this work we built a toy model for BH binary for-
mation focusing on the main physical ingredients that
can produce such an asymmetry: SN kicks (that tilt the
orbital plane every time a BH is formed), tidal inter-
actions (that tend to realign the spin of the star that
collapses later with the orbital angular momentum) and
mass transfer (that can produce mass-ratio reversal, so
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Variation Subvariation A Subvariation B Subvariation A Subvariation B
Z/Z

�

= 0.1 Z/Z
�

= 0.1 Z/Z
�

= 1 Z/Z
�

= 1
SMR RMR # SMR RMR # SMR RMR # SMR RMR #

0: Standard 63.2% 36.8% 32496 66.8% 33.2% 17038 91.9% 8.1% 10160 92.9% 7.1% 8795
1: � = 0.01 67.9% 32.1% 12368 67.4% 32.6% 11401 93.6% 6.4% 8171 93.6% 6.4% 8171
2: � = 0.1 62.7% 37.3% 27698 65.2% 34.8% 16885 88.9% 11.1% 11977 92.1% 7.9% 8577
3: � = 1 54.2% 45.8% 51806 65.7% 34.3% 19415 79.1% 20.9% 15820 91.6% 8.4% 8442
4: � = 10 50.1% 49.9% 50884 62.9% 37.1% 17939 73.2% 26.8% 14425 91.6% 8.4% 8321
5: MNS = 3M

�

62.5% 37.5% 32236 66.2% 33.8% 16868 91.6% 8.4% 9972 92.8% 7.2% 8589
6: MNS = 2M

�

62.3% 37.7% 32535 65.9% 34.1% 16804 91.5% 8.5% 9922 92.5% 7.5% 8590
7: � = 132.5km/s 58.2% 41.8% 36546 63.1% 36.9% 18935 88.9% 11.1% 11099 89.6% 10.4% 9334
8: v

k

= v
obs

(BHs) 56.2% 43.8% 948 72.5% 27.5% 207 56.2% 43.8% 16 0% 100% 2
9: v

k

= 0 (BHs) 56.3% 43.7% 52832 58.8% 41.2% 34569 66.3% 33.7% 35267 65.2% 34.8% 32547
10: Delayed SN 61.4% 38.6% 27310 66.3% 33.7% 13841 81.5% 18.5% 1032 81.2% 18.8% 881
11: Weak winds 58.4% 41.6% 33872 63.6% 36.4% 17765 70.5% 29.5% 21786 64.2% 35.8% 16182

TABLE III. BH binary rates predicted by StarTrack. RMR (SMR) is the percentage of binaries that do (not) experience
mass-ratio reversal due to mass transfer; # indicates the total number of BH binaries in the sample. Each row refers to a
di↵erent variation over the “standard model”. The variations illustrate the e↵ect of changing one parameter (CE binding
energy �, kick magnitude etcetera) with respect to the “best guesses” of the standard model. Each row also shows the e↵ect
of changing the metallicity Z and the Hertzsprung-gap donor prescription (Subvariations A and B): see [12] for details.

for each binary mass.

To illustrate how informative these measurements
might be, Fig. 9 shows the relative number of merging
binaries that undergo mass-ratio reversal as a function of
chirp mass, as derived from the most recent StarTrack
binary-evolution models [12]. The figure (which is meant
to be purely illustrative) refers to Subvariation A of the
“standard model” of Dominik et al. [12]. Each panel
shows the chirp-mass distribution of binaries that either
do (RMR, dashed blue histograms) or do not (SMR,
red solid histograms) undergo mass-ratio reversal. This
distribution has characteristic “peaks” at specific values
of the chirp mass at any given Z and it depends very
strongly on composition, as we can see by comparing the
two panels (which refer to Z/Z

�

= 1 and Z/Z
�

= 0.1,
respectively). According to our model, measurements
of �� for a large enough sample of binaries would al-
low us to reconstruct the shape of these histograms as
a function of chirp mass, potentially enabling new high-
precision tests of binary evolution, above and beyond the
information provided by the mass distribution alone.

A preliminary assessment of the main features of
population-synthesis models that could be probed by
these measurements can be inferred from Table III. There
we list the overall fraction of BH binary systems that
undergo mass-ratio reversal for several di↵erent binary-
evolution scenarios explored in [12]. The most dramatic
di↵erence is due to composition: with few exceptions,
models with solar composition (Z/Z

�

= 1) almost exclu-
sively produce SMR binaries, while models with subso-
lar composition (Z/Z

�

= 0.1) produce comparable pro-
portions of SMR and RMR binaries. Furthermore there
are clear trends in the ratio RMR/SMR as a function
of the envelope-binding-energy parameter � discussed in
Appendix A 7 (compare variations 1 to 4); the strength
of SN kicks (variations 8 and 9); and the amount of mass

loss through winds (variation 11). These parameters are
also well known to significantly influence the overall num-
ber and mass distribution of merging binaries.
In conclusion, while our model needs further testing

and scrutiny against more complete population-synthesis
calculations, it strongly indicates that GWmeasurements
of �� and ✓12 will provide a useful diagnostic of compact
binary formation, complementary to the more familiar
mass and spin measurements. In the next Section we
conclude the paper with an overview of the challenges
and rewards associated with these measurements.

V. DISCUSSION

Previous Monte Carlo studies of the spin-orbit reso-
nances discovered by Schnittman [6] showed that spins
tend to lock in a resonant plane if the binary has mass
ratio q & 0.4 and the dimensionless spin magnitudes
�i & 0.5 as long as there is an initial asymmetry in the
relative orientation of the spins with respect to the or-
bital angular momentum, i.e. ✓1 6= ✓2 [9–11].
In this work we built a toy model for BH binary for-

mation focusing on the main physical ingredients that
can produce such an asymmetry: SN kicks (that tilt the
orbital plane every time a BH is formed), tidal inter-
actions (that tend to realign the spin of the star that
collapses later with the orbital angular momentum) and
mass transfer (that can produce mass-ratio reversal, so
that the heaviest BH corresponds to the lighter stellar
progenitor). We showed that for stellar-mass compact
objects formed at the endpoint of isolated binary evolu-
tion the required conditions should ubiquitously occur.
Perhaps more interestingly, we demonstrated that the

angle �� between the components of the BH spins in
the plane orthogonal to the orbital angular momentum

Implement spin evolution in population synthesis codes! 
What are the obstacles? What shall we learn? 
 

q  Combine measurements of ΔΦ and (chirp) mass 
How accurate can these be? Systematics? 

q  Low metallicity: more likely mass-ratio reversal 
q  Envelope binding energy λ (variations 1-4) 
q  Supernova kick strength (variations 8 and 9) 
q  Wind mass loss (variation 11) 

http://www.syntheticuniverse.org 



q  Compact binary formation rates depend on poorly known physics: 
ü  Supernova kicks 
ü  Tidal interactions 
ü  Mass transfer 
ü  Metallicity 
ü  Common-envelope evolution 

q  Spin alignment is crucially affected by the same physics 
ü  Supernova kicks: misalignment 
ü  Tides: asymmetry (θ1<θ2?) 
ü  Mass transfer: selection of primary (m1>m2?) 
 

q  Resonance locking implies that this physics affects observable 
distribution of precessional configurations 

q  Black-hole binary formation astrophysics with Advanced LIGO! 
ü  Assess systematic/statistical errors 
ü  Combine with additional information (mass distribution…) 

Summary	  


