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Figure 12. Multiplicity statistics by spectral type. The thin solid lines represent
stars and brown dwarfs beyond the spectral range of this study, and their sources
are listed in the text. For the FGK stars studied here, the thick dashed lines show
our observed multiplicity fractions, i.e., the percentage of stars with confirmed
stellar or brown dwarf companions, for spectral types F6–G2 and G2–K3. The
thick solid lines show the incompleteness-adjusted fraction for the entire F6–K3
sample. The uncertainties of the multiplicity fractions are estimated by bootstrap
analysis as explained in Section 5.2.

publications, when available. Otherwise, they are estimated
using mass ratios for double-lined spectroscopic binaries, or
from multi-color photometry from catalogs, or using the !mag
measures in the WDS along with the primary’s spectral type.
Metallicity and chromospheric activity estimates of the primary
are adopted for all components of the system.

5.3.2. Multiplicity by Spectral Type and Color

Figure 12 shows the multiplicity fraction for stars and brown
dwarfs. Most O-type stars seem to form in binary or multiple
systems, with an estimated lower limit of 75% in clusters and
associations having companions (Mason et al. 1998a, 2009).
Studies of OB-associations also show that over 70% of B and
A type stars have companions (Shatsky & Tokovinin 2002;
Kobulnicky & Fryer 2007; Kouwenhoven et al. 2007). In sharp
contrast, M-dwarfs have companions in significantly fewer
numbers, with estimates ranging from 11% for companions
14–825 AU away (Reid & Gizis 1997) to 34%–42% (Henry
& McCarthy 1990; Fischer & Marcy 1992). Finally, estimates
for the lowest mass stars and brown dwarfs suggest that only
10%–30% have companions (Burgasser et al. 2003; Siegler et al.
2005; Allen et al. 2007; Maxted et al. 2008; Joergens 2008).
Our results for F6–K3 stars are consistent with this overall
trend, as seen by the thick solid lines for the incompleteness-
corrected fraction. Moreover, the thick dashed lines for two
subsamples of our study show that this overall trend is present
even within the range of solar-type stars. Of the blue subsample
(0.5 ! B ! V ! 0.625, F6–G2, N = 131), 50% ± 4%
have companions, compared with only 41% ± 3% for the red
subsample (0.625 < B ! V ! 1.0, G2–K3, N = 323).

5.3.3. Period Distribution

Figure 13 shows the period distribution of all 259 confirmed
pairs, with an identification of the technique used to discover
and/or characterize the system. To provide context, the axis
at the top shows the semimajor axis corresponding to the pe-
riod on the x-axis assuming a mass sum of 1.5 M", the aver-
age value of all the confirmed pairs. When period estimates

Figure 13. Period distribution for the 259 confirmed companions. The data
are plotted by the companion detection method. Unresolved companions
such as proper-motion accelerations are identified by horizontal line shading,
spectroscopic binaries by positively sloped lines, visual binaries by negatively
sloped lines, companions found by both spectroscopic and visual techniques by
crosshatching, and CPM pairs by vertical lines. The semimajor axes shown in
AU at the top correspond to the periods on the x-axis for a system with a mass
sum of 1.5 M", the average value for all the pairs. The dashed curve shows
a Gaussian fit to the distribution, with a peak at log P = 5.03 and standard
deviation of !log P = 2.28.

are not available from spectroscopic or visual orbits, we esti-
mate them as follows. For CPM companions with separation
measurements, we estimate semimajor axes using the statistical
relation log a## = log " ## + 0.13 from DM91, where a is the
angular semimajor axis and " is the projected angular separa-
tion, both in arcseconds. This, along with mass estimates as de-
scribed in Section 5.3.1 and Newton’s generalization of Kepler’s
Third Law yields the period. For the remaining few unresolved
pairs, we assume periods of 30–200 years for radial-velocity
variables and 10–25 years for proper-motion accelerations. The
period distribution follows a roughly log-normal Gaussian pro-
file with a mean of log P = 5.03 and !log P = 2.28, where
P is in days. This average period is equivalent to 293 years,
somewhat larger than Pluto’s orbital period around the Sun. The
median of the period distribution is 252 years, similar to the
Gaussian peak. This compares with corrected mean and me-
dian values of 180 years from DM91. The larger value of the
current survey is a result of more robust companion informa-
tion for wide CPM companions. The similarity of the overall
profile with the incompleteness-corrected DM91 plot suggests
that most companions they estimated as missed have now been
found. The shading in the figure shows the expected trend—the
shortest period systems are spectroscopic, followed by com-
bined spectroscopic/visual orbits, then by visual binaries, and
finally by CPM pairs. The robust overlap between the various
techniques in all but the longest period bins underscores the
absence of significant detection gaps in companion space and
supports our earlier statements about the completeness of this
survey. Binaries with periods longer than log P = 8 are rare,
and only 10 of the 259 confirmed pairs (4%) have estimated
separations larger than 10,000 AU. Although separations wider
than this limit were not searched comprehensively, Figure 8
shows that separations of up to 14,000 AU were searched for
some systems, and 56% of the primaries were searched beyond
the 10,000 AU limit. The drop in the number of systems with
companions thus appears to occur within our search space and
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Figure 12. Multiplicity statistics by spectral type. The thin solid lines represent
stars and brown dwarfs beyond the spectral range of this study, and their sources
are listed in the text. For the FGK stars studied here, the thick dashed lines show
our observed multiplicity fractions, i.e., the percentage of stars with confirmed
stellar or brown dwarf companions, for spectral types F6–G2 and G2–K3. The
thick solid lines show the incompleteness-adjusted fraction for the entire F6–K3
sample. The uncertainties of the multiplicity fractions are estimated by bootstrap
analysis as explained in Section 5.2.

publications, when available. Otherwise, they are estimated
using mass ratios for double-lined spectroscopic binaries, or
from multi-color photometry from catalogs, or using the !mag
measures in the WDS along with the primary’s spectral type.
Metallicity and chromospheric activity estimates of the primary
are adopted for all components of the system.

5.3.2. Multiplicity by Spectral Type and Color

Figure 12 shows the multiplicity fraction for stars and brown
dwarfs. Most O-type stars seem to form in binary or multiple
systems, with an estimated lower limit of 75% in clusters and
associations having companions (Mason et al. 1998a, 2009).
Studies of OB-associations also show that over 70% of B and
A type stars have companions (Shatsky & Tokovinin 2002;
Kobulnicky & Fryer 2007; Kouwenhoven et al. 2007). In sharp
contrast, M-dwarfs have companions in significantly fewer
numbers, with estimates ranging from 11% for companions
14–825 AU away (Reid & Gizis 1997) to 34%–42% (Henry
& McCarthy 1990; Fischer & Marcy 1992). Finally, estimates
for the lowest mass stars and brown dwarfs suggest that only
10%–30% have companions (Burgasser et al. 2003; Siegler et al.
2005; Allen et al. 2007; Maxted et al. 2008; Joergens 2008).
Our results for F6–K3 stars are consistent with this overall
trend, as seen by the thick solid lines for the incompleteness-
corrected fraction. Moreover, the thick dashed lines for two
subsamples of our study show that this overall trend is present
even within the range of solar-type stars. Of the blue subsample
(0.5 ! B ! V ! 0.625, F6–G2, N = 131), 50% ± 4%
have companions, compared with only 41% ± 3% for the red
subsample (0.625 < B ! V ! 1.0, G2–K3, N = 323).

5.3.3. Period Distribution

Figure 13 shows the period distribution of all 259 confirmed
pairs, with an identification of the technique used to discover
and/or characterize the system. To provide context, the axis
at the top shows the semimajor axis corresponding to the pe-
riod on the x-axis assuming a mass sum of 1.5 M", the aver-
age value of all the confirmed pairs. When period estimates

Figure 13. Period distribution for the 259 confirmed companions. The data
are plotted by the companion detection method. Unresolved companions
such as proper-motion accelerations are identified by horizontal line shading,
spectroscopic binaries by positively sloped lines, visual binaries by negatively
sloped lines, companions found by both spectroscopic and visual techniques by
crosshatching, and CPM pairs by vertical lines. The semimajor axes shown in
AU at the top correspond to the periods on the x-axis for a system with a mass
sum of 1.5 M", the average value for all the pairs. The dashed curve shows
a Gaussian fit to the distribution, with a peak at log P = 5.03 and standard
deviation of !log P = 2.28.

are not available from spectroscopic or visual orbits, we esti-
mate them as follows. For CPM companions with separation
measurements, we estimate semimajor axes using the statistical
relation log a## = log " ## + 0.13 from DM91, where a is the
angular semimajor axis and " is the projected angular separa-
tion, both in arcseconds. This, along with mass estimates as de-
scribed in Section 5.3.1 and Newton’s generalization of Kepler’s
Third Law yields the period. For the remaining few unresolved
pairs, we assume periods of 30–200 years for radial-velocity
variables and 10–25 years for proper-motion accelerations. The
period distribution follows a roughly log-normal Gaussian pro-
file with a mean of log P = 5.03 and !log P = 2.28, where
P is in days. This average period is equivalent to 293 years,
somewhat larger than Pluto’s orbital period around the Sun. The
median of the period distribution is 252 years, similar to the
Gaussian peak. This compares with corrected mean and me-
dian values of 180 years from DM91. The larger value of the
current survey is a result of more robust companion informa-
tion for wide CPM companions. The similarity of the overall
profile with the incompleteness-corrected DM91 plot suggests
that most companions they estimated as missed have now been
found. The shading in the figure shows the expected trend—the
shortest period systems are spectroscopic, followed by com-
bined spectroscopic/visual orbits, then by visual binaries, and
finally by CPM pairs. The robust overlap between the various
techniques in all but the longest period bins underscores the
absence of significant detection gaps in companion space and
supports our earlier statements about the completeness of this
survey. Binaries with periods longer than log P = 8 are rare,
and only 10 of the 259 confirmed pairs (4%) have estimated
separations larger than 10,000 AU. Although separations wider
than this limit were not searched comprehensively, Figure 8
shows that separations of up to 14,000 AU were searched for
some systems, and 56% of the primaries were searched beyond
the 10,000 AU limit. The drop in the number of systems with
companions thus appears to occur within our search space and
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Figure 12. Multiplicity statistics by spectral type. The thin solid lines represent
stars and brown dwarfs beyond the spectral range of this study, and their sources
are listed in the text. For the FGK stars studied here, the thick dashed lines show
our observed multiplicity fractions, i.e., the percentage of stars with confirmed
stellar or brown dwarf companions, for spectral types F6–G2 and G2–K3. The
thick solid lines show the incompleteness-adjusted fraction for the entire F6–K3
sample. The uncertainties of the multiplicity fractions are estimated by bootstrap
analysis as explained in Section 5.2.

publications, when available. Otherwise, they are estimated
using mass ratios for double-lined spectroscopic binaries, or
from multi-color photometry from catalogs, or using the !mag
measures in the WDS along with the primary’s spectral type.
Metallicity and chromospheric activity estimates of the primary
are adopted for all components of the system.

5.3.2. Multiplicity by Spectral Type and Color

Figure 12 shows the multiplicity fraction for stars and brown
dwarfs. Most O-type stars seem to form in binary or multiple
systems, with an estimated lower limit of 75% in clusters and
associations having companions (Mason et al. 1998a, 2009).
Studies of OB-associations also show that over 70% of B and
A type stars have companions (Shatsky & Tokovinin 2002;
Kobulnicky & Fryer 2007; Kouwenhoven et al. 2007). In sharp
contrast, M-dwarfs have companions in significantly fewer
numbers, with estimates ranging from 11% for companions
14–825 AU away (Reid & Gizis 1997) to 34%–42% (Henry
& McCarthy 1990; Fischer & Marcy 1992). Finally, estimates
for the lowest mass stars and brown dwarfs suggest that only
10%–30% have companions (Burgasser et al. 2003; Siegler et al.
2005; Allen et al. 2007; Maxted et al. 2008; Joergens 2008).
Our results for F6–K3 stars are consistent with this overall
trend, as seen by the thick solid lines for the incompleteness-
corrected fraction. Moreover, the thick dashed lines for two
subsamples of our study show that this overall trend is present
even within the range of solar-type stars. Of the blue subsample
(0.5 ! B ! V ! 0.625, F6–G2, N = 131), 50% ± 4%
have companions, compared with only 41% ± 3% for the red
subsample (0.625 < B ! V ! 1.0, G2–K3, N = 323).

5.3.3. Period Distribution

Figure 13 shows the period distribution of all 259 confirmed
pairs, with an identification of the technique used to discover
and/or characterize the system. To provide context, the axis
at the top shows the semimajor axis corresponding to the pe-
riod on the x-axis assuming a mass sum of 1.5 M", the aver-
age value of all the confirmed pairs. When period estimates

Figure 13. Period distribution for the 259 confirmed companions. The data
are plotted by the companion detection method. Unresolved companions
such as proper-motion accelerations are identified by horizontal line shading,
spectroscopic binaries by positively sloped lines, visual binaries by negatively
sloped lines, companions found by both spectroscopic and visual techniques by
crosshatching, and CPM pairs by vertical lines. The semimajor axes shown in
AU at the top correspond to the periods on the x-axis for a system with a mass
sum of 1.5 M", the average value for all the pairs. The dashed curve shows
a Gaussian fit to the distribution, with a peak at log P = 5.03 and standard
deviation of !log P = 2.28.

are not available from spectroscopic or visual orbits, we esti-
mate them as follows. For CPM companions with separation
measurements, we estimate semimajor axes using the statistical
relation log a## = log " ## + 0.13 from DM91, where a is the
angular semimajor axis and " is the projected angular separa-
tion, both in arcseconds. This, along with mass estimates as de-
scribed in Section 5.3.1 and Newton’s generalization of Kepler’s
Third Law yields the period. For the remaining few unresolved
pairs, we assume periods of 30–200 years for radial-velocity
variables and 10–25 years for proper-motion accelerations. The
period distribution follows a roughly log-normal Gaussian pro-
file with a mean of log P = 5.03 and !log P = 2.28, where
P is in days. This average period is equivalent to 293 years,
somewhat larger than Pluto’s orbital period around the Sun. The
median of the period distribution is 252 years, similar to the
Gaussian peak. This compares with corrected mean and me-
dian values of 180 years from DM91. The larger value of the
current survey is a result of more robust companion informa-
tion for wide CPM companions. The similarity of the overall
profile with the incompleteness-corrected DM91 plot suggests
that most companions they estimated as missed have now been
found. The shading in the figure shows the expected trend—the
shortest period systems are spectroscopic, followed by com-
bined spectroscopic/visual orbits, then by visual binaries, and
finally by CPM pairs. The robust overlap between the various
techniques in all but the longest period bins underscores the
absence of significant detection gaps in companion space and
supports our earlier statements about the completeness of this
survey. Binaries with periods longer than log P = 8 are rare,
and only 10 of the 259 confirmed pairs (4%) have estimated
separations larger than 10,000 AU. Although separations wider
than this limit were not searched comprehensively, Figure 8
shows that separations of up to 14,000 AU were searched for
some systems, and 56% of the primaries were searched beyond
the 10,000 AU limit. The drop in the number of systems with
companions thus appears to occur within our search space and
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Figure 12. Multiplicity statistics by spectral type. The thin solid lines represent
stars and brown dwarfs beyond the spectral range of this study, and their sources
are listed in the text. For the FGK stars studied here, the thick dashed lines show
our observed multiplicity fractions, i.e., the percentage of stars with confirmed
stellar or brown dwarf companions, for spectral types F6–G2 and G2–K3. The
thick solid lines show the incompleteness-adjusted fraction for the entire F6–K3
sample. The uncertainties of the multiplicity fractions are estimated by bootstrap
analysis as explained in Section 5.2.

publications, when available. Otherwise, they are estimated
using mass ratios for double-lined spectroscopic binaries, or
from multi-color photometry from catalogs, or using the !mag
measures in the WDS along with the primary’s spectral type.
Metallicity and chromospheric activity estimates of the primary
are adopted for all components of the system.

5.3.2. Multiplicity by Spectral Type and Color

Figure 12 shows the multiplicity fraction for stars and brown
dwarfs. Most O-type stars seem to form in binary or multiple
systems, with an estimated lower limit of 75% in clusters and
associations having companions (Mason et al. 1998a, 2009).
Studies of OB-associations also show that over 70% of B and
A type stars have companions (Shatsky & Tokovinin 2002;
Kobulnicky & Fryer 2007; Kouwenhoven et al. 2007). In sharp
contrast, M-dwarfs have companions in significantly fewer
numbers, with estimates ranging from 11% for companions
14–825 AU away (Reid & Gizis 1997) to 34%–42% (Henry
& McCarthy 1990; Fischer & Marcy 1992). Finally, estimates
for the lowest mass stars and brown dwarfs suggest that only
10%–30% have companions (Burgasser et al. 2003; Siegler et al.
2005; Allen et al. 2007; Maxted et al. 2008; Joergens 2008).
Our results for F6–K3 stars are consistent with this overall
trend, as seen by the thick solid lines for the incompleteness-
corrected fraction. Moreover, the thick dashed lines for two
subsamples of our study show that this overall trend is present
even within the range of solar-type stars. Of the blue subsample
(0.5 ! B ! V ! 0.625, F6–G2, N = 131), 50% ± 4%
have companions, compared with only 41% ± 3% for the red
subsample (0.625 < B ! V ! 1.0, G2–K3, N = 323).

5.3.3. Period Distribution

Figure 13 shows the period distribution of all 259 confirmed
pairs, with an identification of the technique used to discover
and/or characterize the system. To provide context, the axis
at the top shows the semimajor axis corresponding to the pe-
riod on the x-axis assuming a mass sum of 1.5 M", the aver-
age value of all the confirmed pairs. When period estimates

Figure 13. Period distribution for the 259 confirmed companions. The data
are plotted by the companion detection method. Unresolved companions
such as proper-motion accelerations are identified by horizontal line shading,
spectroscopic binaries by positively sloped lines, visual binaries by negatively
sloped lines, companions found by both spectroscopic and visual techniques by
crosshatching, and CPM pairs by vertical lines. The semimajor axes shown in
AU at the top correspond to the periods on the x-axis for a system with a mass
sum of 1.5 M", the average value for all the pairs. The dashed curve shows
a Gaussian fit to the distribution, with a peak at log P = 5.03 and standard
deviation of !log P = 2.28.

are not available from spectroscopic or visual orbits, we esti-
mate them as follows. For CPM companions with separation
measurements, we estimate semimajor axes using the statistical
relation log a## = log " ## + 0.13 from DM91, where a is the
angular semimajor axis and " is the projected angular separa-
tion, both in arcseconds. This, along with mass estimates as de-
scribed in Section 5.3.1 and Newton’s generalization of Kepler’s
Third Law yields the period. For the remaining few unresolved
pairs, we assume periods of 30–200 years for radial-velocity
variables and 10–25 years for proper-motion accelerations. The
period distribution follows a roughly log-normal Gaussian pro-
file with a mean of log P = 5.03 and !log P = 2.28, where
P is in days. This average period is equivalent to 293 years,
somewhat larger than Pluto’s orbital period around the Sun. The
median of the period distribution is 252 years, similar to the
Gaussian peak. This compares with corrected mean and me-
dian values of 180 years from DM91. The larger value of the
current survey is a result of more robust companion informa-
tion for wide CPM companions. The similarity of the overall
profile with the incompleteness-corrected DM91 plot suggests
that most companions they estimated as missed have now been
found. The shading in the figure shows the expected trend—the
shortest period systems are spectroscopic, followed by com-
bined spectroscopic/visual orbits, then by visual binaries, and
finally by CPM pairs. The robust overlap between the various
techniques in all but the longest period bins underscores the
absence of significant detection gaps in companion space and
supports our earlier statements about the completeness of this
survey. Binaries with periods longer than log P = 8 are rare,
and only 10 of the 259 confirmed pairs (4%) have estimated
separations larger than 10,000 AU. Although separations wider
than this limit were not searched comprehensively, Figure 8
shows that separations of up to 14,000 AU were searched for
some systems, and 56% of the primaries were searched beyond
the 10,000 AU limit. The drop in the number of systems with
companions thus appears to occur within our search space and
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Triple evolution

How important are triples?
How do triples evolve differently from binaries?

Silvia Toonen                    Triple star evolution                    IntroDr.  Silvia Toonen                                      Compact binaries
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Unique evolution

3-body
dynamics

Stellar 
evolution

Combination: 
Shappee+ ‘13, 
Hamers+ ‘13, 
Michaely+ ‘14, 
Toonen+ ’16 
Antonini+ ’17 
Toonen+ ’18

Dissipation
e.g. GWs
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New code 

TRES
Toonen+ ’16

First results 
✤ BH-BH mergers (Antonini, Toonen+ ’17) 
✤ Supernova type Ia (Toonen+ ’18)
✤ Common evolution (Toonen+ in prep.) 
✤ Fly-bys (Michaely, Perets & Toonen in prep.)  

Portegies 
Zwart+ ’09, ’13
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Mass transfer
✤ Occurrence rate (low & intermediate mass primaries)

✤ in binaries: ~40% of systems
✤ in triples: ~60-75% of systems

➡Enhanced occurrence rate of mass transfer (Toonen+ in prep.)

✤ ~1.5x more often compared to a binary population 
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Mass transfer
➡Enhanced occurrence rate of mass transfer (Toonen+ in prep.)

✤ ~1.5x more often compared to a binary population 
➡~40% of systems: onset of mass transfer in an eccentric orbit
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Mass transfer
➡Enhanced occurrence rate of mass transfer (Toonen+ in prep.)

✤ ~1.5x more often compared to a binary population 
➡~40% of systems: onset of mass transfer in an eccentric orbit
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Mergers & Collisions

from secular evolution                           to dynamical or 
                                                                quasi-secular evolution

See e.g. Mardling & Aarseth ’99, 
Antonini+14, Katz+ 14
 

Courtesy of Carl Rodriguez

 

dinsdag 26 juni 2018



Type Ia supernovae

✤ One of the brightest cosmic explosions (~1e51 erg)
✤ Accelerating expansion of universe (Nobel Prize ’11)
✤ Chemical evolution of galaxies (e.g. iron)
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Type Ia supernovae

✤ What are the progenitors? How does one detonate a white dwarf? 
✤

Double degenerate 
Iben & Tutukov 
’84, Webbink ’84

Single degenerate 
Whelan & Iben ’73
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Type Ia supernovae

✤ What are the progenitors? How does one detonate a white dwarf? 
✤

Double degenerate 
Iben & Tutukov ’84, 
Webbink ’84

Single degenerate 
Whelan & Iben ’73

Collisions in          
quasi-secular triples 
(Benz+ 89,  Katz & Dong 
’12, Kushnir+ 13)
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Time

Triple evolution

Triple with stars
✤
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Time

Triple evolution

Triple with stars
✤

Formation of 
white dwarfs
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Time

Triple evolution

Collision of    
white dwarfs:   

Supernova
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Formation of 
white dwarfs
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Type Ia supernovae
Time-integrated rate

(1e-4 /Msun)
Time-integrated rate

(1e-4 /Msun)
Time-integrated rate

(1e-4 /Msun)

Observed e.g. Maoz & Graur 17 11.3 ± 2.4

Single degenerate e.g. Bours, Toonen+ 
13 0.6 - 0.8 

Double degenerate e.g. Toonen+ 12 2 - 5

Triple collisions Toonen+ 17
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Type Ia supernovae
Time-integrated rate

(1e-4 /Msun)
Time-integrated rate

(1e-4 /Msun)
Time-integrated rate

(1e-4 /Msun)

Observed e.g. Maoz & Graur 17 11.3 ± 2.4

Single degenerate e.g. Bours, Toonen+ 
13 0.6 - 0.8 

Double degenerate e.g. Toonen+ 12 2 - 5

Triple collisions Toonen+ 17 5e-4 - 2e-2
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GW Sources

Merger of      
black holes:   

Gravitational 
waves

Formation of 
black holes:

supernova kicks

Triple with 
massive stars

Change of 
dynamical regime

Hobbs / Arzoumanian, momentum-
conserving kicks, direct collapse for 
M>40Msun, 
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Distinct characteristics   Merger rates

Black hole - black hole merger rate:
✤ Observed rate (Abbott+16, 17): 

12-213 per year per Gpc^3 

Triples: 
✤ With natal-kick: ~0.4 per year 

per Gpc^3 
✤ Only Blaauw-kick: ~1.2 per 

year per Gpc^3
✤ Rate increases for lower 

metallicities (Rodriguez & Antonini, 
Arxiv)
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Distinct characteristics

Binary black hole mergers from field triples 7

Fig. 5.— Distribution of eccentricities at the moment the BH
binaries enter the aLIGO frequency band (10Hz) for mergers pro-
duced by dynamical interactions in dense star clusters, massive bi-
nary stars, and massive triples (models A1+A2). Binaries formed
in triples have much larger eccentricities than those formed through
other channels.

likely to be retained in triples and merge.
Finally, the right panel of Figure 4 shows the time delay

distribution, where Tdelay is the time from formation of
the BH triple to the merger of the inner BH binary. Note
that for a 22M⊙ star the time from formation of the star
to the formation of the BH is � 8 Myr. The time delay
distribution of our merging binaries shows a steady rise
followed by a decline around 10 Gyr. In models with no
birth kicks, about ≈ 60% of all merging binaries have
delay times � 1Gyr, while this percentage increases to
≈ 70% in models with non-zero natal kicks. All merging
binaries appear to have delay times larger than ≈ 106yr.

4.2. Merger rates

In order to compute the merger rate of binary BHs,
we follow the procedure described in Silsbee & Tremaine
(2016). The number of stars formed per unit mass is
given by:

N�(m)dm = 5.4× 106m−2.3Gpc−3yr−1. (5)

Adopting a constant star formation rate per comoving
volume unit, the merger rate of binary BHs is then:

Γ ≈ N22,100�prog�p−space�3BH�merge, (6)

where N22,100 = 6×104Gpc−3yr−1 is the number of stars
formed with mass between 22 and 100 solar masses.
The quantity �prog in Equation (6) is the ratio of BH

triple progenitors to total BH progenitors. As in Silsbee
& Tremaine (2016), we assume the following: 19% of sys-
tems with at least one BH progenitor are single systems,
56% are binaries, and 25% are triples. These percentages
are consistent with the observations of Sana et al. (2014)
who found these fractions of multiplicity for the O-stars
in their sample; the observed companions in Sana et al.
(2014) are resolved or spectroscopically identified within
a separation of ≈ 6000AU. Given our mass distributions,
for models A2, B2 and C2, we find a fraction �prog = 0.04

of triple progenitors with (m1, m2, m3) > 22M⊙, and
for models A1, B1 and C1 we find a fraction �prog = 0.06
of triple progenitors in which the inner binary compo-
nents have ZAMS mass (m1, m2) > 22M⊙.
The quantity �p−space is the fraction of parameter space

that we are simulating relative to the full parameter
space for triples with masses above 22 M⊙. This fraction
is �p−space ≈ 0.3 in our models and takes into account the
fact that we are simulating only triples with a1 > 11AU
initially, which represent a fraction of the full population
of stellar triples covered by observations.
Finally, �merge is the fraction of dynamically stable

BH triples formed in our models which produce a BH
merger. This fraction is ≈ 0.5% and appear to be ap-
proximately independent on the assumed distribution of
natal kick velocities. This can appear quite surprising:
one would expect that the change in linear momentum
instantaneously imparted to the exploding stars to al-
ter the orientation of orbital planes subsequent to BH
formation and result in a larger number of BH triples
that are formed with initially high inclination, leading
to a larger fraction of merging binaries (e.g., Silsbee &
Tremaine 2016). Our models, clearly suggest that this
latter effect has a negligible impact on the resulting BH
binary merger rate.
Table 1 gives the results of our calculations. We es-

timate the BH merger rate in isolated triple systems in
the field to be at most ≈ 1 Gpc−3yr−1.
Some of our models can be directly compared to the

results of Silsbee & Tremaine (2016). For example, sim-
ilar to our models A1 and A2, the latter authors also
consider models where the BHs receive no natal kicks
(see their Table 2). Their zero-kick models produce a
merger rate of ≈ 6 Gpc−3yr−1, which is about six times
larger than the merger rate inferred from our simulations.
One reason for the discrepancy in the rate estimates is
that Silsbee & Tremaine (2016) assume zero Blaauw kick
(Blaauw 1961) which increases the chance that a triple
in their zero-kick models will survive the formation of a
BH, leading to higher merger rates. Moreover, Silsbee &
Tremaine (2016) assume that BH triples are formed with
initially random inclinations. However, in many of the
highly inclined triples in our models, the two inner ob-
jects merge early during their main-sequence evolution.
Silsbee & Tremaine (2016) also consider models with a

non-zero kick velocity. In one of their models, they adopt
a Gaussian kick velocity distribution with σ ≈ 40km s−1

which results in a merger rate of ≈ 0.14 Gpc−3yr−1 (see
their Table 2). This appears to be a few times smaller
than the rate inferred from our non-zero kick models B1,
B2 and C1, C2.

5. ADDITIONAL CONSIDERATIONS

5.1. Effects of non-secular dynamics

As shown above in Figure 3, the merging binaries in
our models evolve through a non-secular dynamical phase
where the standard secular perturbation theory is ex-
pected to break down. This has important consequences
on both the properties and the merger rate of binaries
formed through the triple channel. These binaries will in
fact have higher eccentricities as they enter the aLIGO
band and a higher chance of merging than what we would
predict based on the standard secular equations of mo-

Taken from 
Breivik+ ’16
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Black hole - black hole merger rate:
✤ Observed rate (Abbott+16, 17): 

12-213 per year per Gpc^3 

Triples: 
✤ With natal-kick: ~0.4 per year 

per Gpc^3 
✤ Only Blaauw-kick: ~1.2 per 

year per Gpc^3
✤ Rate increases for lower 

metallicities (Rodriguez & Antonini, 
Arxiv)
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BH-BH mergers
4 Antonini, Toonen, and Hamers

Fig. 2.— Distribution of relative inclination of outer to inner orbit for the BH triples formed in our models according to the secular
population synthesis code (black histograms), and for the triples which produce BH mergers (red histograms). The number of systems are
normalized by the total number of stable BH triples formed. This plot shows that the initial distribution of I is not isotropic and that
most merging BH binaries are produced in BH triples with initially high mutual inclinations.

TABLE 1

Results of the population synthesis models of massive triple stars.

Model natal kicks a2;max m3;min Nsim fraction fraction fraction �3BH �merge Γ
(103AU) (M⊙) disrupted mass transfer dyn. unstable (Gpc−3yr−1)

A1 0 20 0.1 75k 0.31 0.27 0.19 0.23 5× 10−3 1.2
A2 0 2 22 75k 0.14 0.43 0.22 0.21 7× 10−3 1.1
B1 Hobbs 20 0.1 25k 0.56 0.26 0.12 0.06 6× 10−3 0.4
B2 Hobbs 2 22 25k 0.36 0.41 0.17 0.06 1× 10−2 0.4
C1 Arzoumanian 20 0.1 25k 0.56 0.26 0.13 0.05 7× 10−3 0.4
C2 Arzoumanian 2 22 25k 0.35 0.42 0.17 0.06 5× 10−3 0.3

Models differ by their natal kick velocity distribution, adopted maximum value of separation, a2,max, and minimum mass, m3;min, of the
tertiary star. Nsim is the total number of stellar triples that were evolved for each model; �3BH is the fraction of systems that produce
stable BH triples; �merge is the fraction of the stable BH triples that lead to the merger of a BH binary; and Γ is the inferred BH binary

merger rate.

tion of a BH merger. The secular exchanges of angular
momentum (but not energy) among the inner binary and
the outer BH induce large fluctuations in the inner bi-
nary eccentricity and inclination. The orbit of the inner
binary, starting from an initial value of e1 = 0.65 and
I = 93◦.8, by ≈ 3×106yr has diffused to 1−e1 ≈ 1×10−4.
We find that the maximum orbital eccentricity of the
inner binary undergoes a random walk to most of the
phase space allowed by the total energy and angular mo-
mentum of the system. During the maximum of a LK
oscillation the binary enters the non-secular regime de-

fined by Equation (1). In this region the inner BHs can
be driven to a merger before general relativistic effects
suppress the secular forcing. At the end of the integra-
tion, GW radiation starts to dominate the binary evolu-
tion. Subsequently, the BH binary starts to circularize,
decouples from the tertiary companion, and finally en-
ters the 10Hz aLIGO frequency band with e1 = 0.4 and
a1 = 1.5× 10−5AU.

4.1. Properties

➡Triple BHs formed
➡Merging BHs

✤ Important to 
model formation 
of BH-BH in 
triples consistently

ref: Antonini, Toonen+ 17
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Upcoming workshop:

✤ When?    September 10-14
✤ Where?   Lorentz Centre, Leiden, The Netherlands

Triple evolution and dynamics II
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✤

Summary
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Summary
✤ Isolated hierarchical triples: Three body dynamics + stellar evolution 

✤ Rich interacting regime (Shappee+ ‘13, Hamers+ ‘13, Michaely+ ’14, Toonen+ ’16,  Antonini, Toonen 
& Hamers ’17, Toonen+ ’18)

✤ New code TRES for (Toonen+ 2016 => also for review on triple evolution in stellar 
systems)
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Summary
✤ Isolated hierarchical triples: Three body dynamics + stellar evolution 

✤ Rich interacting regime (Shappee+ ‘13, Hamers+ ‘13, Michaely+ ’14, Toonen+ ’16,  Antonini, Toonen 
& Hamers ’17, Toonen+ ’18)

✤ New code TRES for (Toonen+ 2016 => also for review on triple evolution in stellar 
systems)

✤ From initially very wide orbits:

✤ BH-BH mergers: 
✤ 0.3-1.2 per year per Gpc^3 

(Antonini, Toonen & Hamers ’17)

✤ WD-WD collisions 
✤ <0.1% of the observed 

supernova type Ia rate 
(Toonen+ ’18)
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✤

Questions

Thank you for your attention!
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