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Single stars
✤ Initial-Final mass relation for white dwarfs

✤
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Based on SeBa 
(Portegies Zwart+ 96,  
Toonen+12)

✤

✤ uncertainties e.g. convection, wind mass loss, rotation    => See Monday 

✤

donderdag 19 april 2018



)��	����������������������*

W
hi

te
 d

w
ar

f m
as

s 
(M

su
n)

Single stars + binaries
✤ Initial-Final mass relation for white dwarfs

✤
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Binaries mess everything up!

✤

Based on SeBa 
(Portegies Zwart+ 96,  
Toonen+12)

✤

Helium
Carbon-Oxygen
Oxygen-Neon

Composition 
of white dwarfs

donderdag 19 april 2018



)��	����������������������*

W
hi

te
 d

w
ar

f m
as

s 
(M

su
n)

Single stars + binaries
✤ Initial-Final mass relation for white dwarfs

✤

0                                                              5                                                                        10

Zero-age MS mass (Msun)

   
   

   
   

   
   

   
   

  0
.5

   
   

   
   

   
   

   
  1

   
   

   
   

   
 

Binaries mess everything up!

✤

Based on SeBa 
(Portegies Zwart+ 96,  
Toonen+12)
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Outline

✤ Binary statistics            (see also Wednesday morning)
✤ How do young binaries look like?
✤ How often are stars affected by their 

companion?

✤ Evolution of binaries: Effects of mass transfer

✤ Evolution of triples

✤
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companion?

✤ Evolution of binaries: Effects of mass transfer

✤ Evolution of triples
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How often are stars affected 
by companion stars?

✤ Characteristics of young binaries (zero-age MS)
✤ Binary fraction increases with primary mass

✤

✤ See reviews of Duchene & Kraus ’13, Moe & DiStefano ’17
✤

30 RAGHAVAN ET AL. Vol. 190

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 σlog 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 ρ ′′ + 0.13 from DM91, where a is the
angular semimajor axis and ρ 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 σlog 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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How often are stars affected 
by companion stars?

✤ Characteristics of young binaries (zero-age MS)
✤ Binary fraction increases with primary mass
✤ Period distribution: more compact binaries as primary mass increases 

✤

2-5Msun:      Abt 83
~1Msun:     Duquennoy+ 91,   
                Raghavan+ 10
>10Msun:   Sana+ 12

✤ See reviews of Duchene & Kraus ’13, Moe & DiStefano ’17
✤donderdag 19 april 2018
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How often are stars affected 
by companion stars?

✤ Characteristics of young binaries (zero-age MS)
✤ Binary fraction increases with primary mass
✤ Period distribution: more compact binaries as primary mass increases 

✤

2-5Msun:      Abt 83
~1Msun:     Duquennoy+ 91,   
                Raghavan+ 10
>10Msun:   Sana+ 12

✤ More binary interactions as primary mass increases

<=
Interaction

=>
No interaction

~25% interacts

~60% interacts

~35% interacts
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Outline

✤ Binary statistics 

✤ Evolution of binaries: Effects of mass transfer

✤ Evolution of triples

✤
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General expectations
✤ Population synthesis : Formation of  WD-MS systems

WD+MS
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Based on SeBa 
(Portegies Zwart+ 96,  
Toonen+12)

✤
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General expectations
✤ Population synthesis : Formation of  WD-MS systems

WD+MS
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Mass stripping

Based on SeBa 
(Portegies Zwart+ 96,  
Toonen+12)

✤
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General expectations
✤ Population synthesis : Formation of  WD-MS systems

progenitors of WD+MS
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Based on SeBa 
(Portegies Zwart+ 96,  
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No interaction
Stable mass transfer
Unstable mass transfer / Common-Envelope

General expectations
✤ Population synthesis : Formation of  WD-MS systems
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Mass transfer
✤ What happens at Roche Lobe OverFlow (RLOF)?

✤ Tricky: mass transfer → change of donor radius → 
redistribution mass, i.e separation + mass loss from 
system → change separation → change in Roche lobe

✤

✤ Compare donor’s & Roche lobe’s radial response to mass loss
✤ Donor star: difference between radiative and convective envelopes
✤ Roche lobe depends on mass ratio and angular-momentum loss

✤ Boundary between stable/unstable mass transfer
✤ Not all giants expand upon mass loss (Passy+ 12)  

✤ Globally tdyn<tthermal,     but locally tdyn~tthermal
✤ Mass accretion important (Soberman+ 97, Woods+11, 12)

✤ Non-conservative mass loss can stabilize the 
mass transfer 
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Stable mass transfer
✤ Simplest assumption:  “conservative” mass transfer in a circular system from 

a synchronized spherical Roche-lobe-filling donor

✤ Significant accretion:
✤ Algol variables (low-mass giant companion 

eclipsed by young massive MS)
✤ Blue stragglers (MS more luminous & blue than 

turnoff point in cluster)

✤ However, mass transfer is often non-conservative (e.g. Han ea ’02,’03)
✤ Accretor star easily spun up to critical surface rotation (Packet 1981)

✤ What happens to the angular momentum? 
✤ Winds, tides? (de Mink+ 14)  

✤ Angular-momentum loss affects orbital evolution
✤ Different prescriptions give very different outcomes 

✤
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Stable mass transfer
✤ Mass-driving mechanisms

✤ Evolutionary-driven mass loss
✤ Nuclear evolution 
✤ Thermal evolution 
✤ Irradiation-driven evolution 

✤ Evolution driven by systemic angular momentum loss
✤ Gravitational radiation (well understood)
✤ Magnetic braking (poorly understood)
✤ e.g. low-mass X-ray binary, Cataclysmic variables (mass 

transfer to compact objects)

✤
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Motivation
✤ Compact stars in close orbits observed
✤ Reduction of orbit needed

✤ Mayor source of uncertainty in binary 
evolution

✤ Steady progress:
✤ 3D hydro simulations (review Ivanova+ 13) 

✤ recombination energy (Livio ‘89, 
Nandez+ ‘15,16, Iaconi+ ‘17, ’18) 

✤ Empirical constraints (Nelemans 00, 01, van 
der Sluys+ 06, Zorotovic+ 10, Toonen+ 13, Portegies 
Zwart 13, Camacho+ 14)

Common-envelope evolution
✤ Unstable mass transfer 
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Importance
✤ Transients

✤ V838 Mon,  V1309 Sco, Eta Carinae
✤ Mergers

✤ 10-30% of single WDs come from mergers 
(Toonen+ 17)

Common-envelope evolution

✤ Compact binaries with an 
compact object/stripped star

✤ Planetary nebulae
✤ >20-80% of PN central course 

in binary  (Mizsalski+ 09, De Marco+ 04, 
Douchin+ 15)
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Binary populations  →  effect on orbit      
✤ close WD-MS → strong contraction

    (Zorotovic+ 10, 14, Toonen & Nelemans ’13, Portegies Zwart ‘13, 
Camacho+ ’14)

✤ close WD-WD (Nelemans+ 00, 01,vd Sluys+ ’06) 
✤ forming first WD → modest widening 
✤ forming second WD →  modest 

contraction

What we need:
✤ large & uniform populations of compact 

binaries
✤ well-understood selection effects

Common-envelope evolution
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Binary populations  →  effect on orbit      
✤ close WD-MS → strong contraction

    (Zorotovic+ 10, 14, Toonen & Nelemans ’13, Portegies Zwart ‘13, 
Camacho+ ’14)

✤ close WD-WD (Nelemans+ 00, 01,vd Sluys+ ’06) 
✤ forming first WD → modest widening 
✤ forming second WD →  modest 

contraction

What we need:
✤ large & uniform populations of compact 

binaries
✤ well-understood selection effects

Common-envelope evolution
Eclipsing populations
✤ ~70 WD-MS known (Parsons 

+15)
✤ period~hours-days

✤ ~7 WD-WD known 
✤ period~min-hours

✤ Mass-radius relation (e.g. 
Parsons+ 10)

✤ Supernova type Ia 
progenitors (e.g. Wang+ 12)

✤ Tides / WD viscosity (e.g. Piro 
11)

✤ Circum-binary planets 
(Beuermann+ 10,12, Marsh+ 14)
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What happens to a planetary companion?
(e.g. Soker+ 98, Nelemans & Tauris+ 98)
✤ Evaporation
✤ Merger with core
✤ Survivial

✤ Second generation planets?

✤ See also Leen Decin’s talk 
tomorrow

Common-envelope evolution
✤ Unstable mass transfer 
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Mass transfer?   Mysteries in binary evolution  Onno Pols ImBaSE, ESO Garching, 03-07-2017

orbits of AGB descendants
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✤ Period - eccentricity distribution not understood (e.g.  Vos+15)
✤ Also seen in SdB stars (stripped stars) & symbiotics

✤

✤ Courtesy: Onno Pols

✤
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Mass transfer?   Mysteries in binary evolution  Onno Pols ImBaSE, ESO Garching, 03-07-2017
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✤ Period - eccentricity distribution not understood (e.g.  Vos+15)
✤ Also seen in SdB stars (stripped stars) & symbiotics

✤

✤ Courtesy: Onno Pols

✤

Possible e-pumping mechanisms

✤ Enhanced wind-mass loss at 
periastron (van Winckel+ 95, Bonanic+ 08)

✤ Mass transfer at periastron (Soker+ 
00, Vos+ 15)

✤ Circumbinary disks (Waelkens+ 96, 
Dermine+ 13, Vos+ 15)

✤ Wind-RLOF (Mohamed+ 07, Mohamed+ 
10,  Abate+ 15)

✤ Triple companion (Perets & Kratter 12)

✤
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Stripped stars
✤ Why interesting?

✤ Proof of binary 
interaction

✤ Progenitors of 
SN Ibc

✤ Ionizing photons

Ylva Götberg University of Amsterdam 9

12 M⦿

of flux is ionizing

Temperature

Lu
m

in
os

ity

The evolution of a stripped star
✤ From: Gotberg+ 2017

✤
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Stripped stars
✤ Why interesting?

✤ Proof of binary 
interaction

✤ Progenitors of 
SN Ibc

✤ Ionizing photons

✤ From: Gotberg+ 2017

✤
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Stripped stars
Ionising contribution from stripped stars

✤ Fig. from Gotberg+ in prep.
✤ See also: Han+ 07, Van Bever+ 98, Van Bever & Vanbeveren 03 

✤
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Stripped stars
Ionising contribution from stripped stars

✤ Fig. from Gotberg+ in prep.
✤ See also: Han+ 07, Van Bever+ 98, Van Bever & Vanbeveren 03 

✤
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Outline

✤ Binary statistics 

✤ Evolution of binaries: Effects of mass transfer

✤ Evolution of triples

✤
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Triples

✤ Fairly common 

Binary fraction Triple fraction

Low-mass 
stars 40-50% 10-15%

High-mass 
stars >70% >30%

Refs
Raghavan+ ’10, Tokovinin ‘08, ‘14, 

Remage Evans ’11, Duchene & Kraus ’13,  
Sana+ ’14, Moe+ ’17

Raghavan+ ’10, Tokovinin ‘08, ‘14, 
Remage Evans ’11, Duchene & Kraus ’13,  

Sana+ ’14, Moe+ ’17
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Evolution of stellar triples
✓ Triple evolution provoked for:

- Gravitational wave sources, supernova type Ia progenitors, 
mergers, blue stragglers, low-mass X-ray binaries etc. etc.  

✓Unique evolution 
- Three-body dynamics 
- Stellar (& binary) evolution

✓ Impressive recent progress, but little coupling
✤ Rich interacting regime (Shappee+ ‘13, Hamers+ ‘13, Michaely+ ’14, Toonen+16, 

Antonini+ 17) 
✤ New code TRES for (coeval stellar hierarchical) triple evolution 

(Toonen+ 2016 => also for review on triple evolution in stellar systems)
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Kozai-Lidov cycles

t/Myr t/Myr

e1 i

Eccentricity inner orbit

M1=1.3, M2=0.5, M3=0.5MSun, a1=200, a2 =20000RSun, e1=0.1, e2 =0.5, i=80, g1=0.1, g2=0.5

Mutual inclination

Binary case
Triple case
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➡Enhanced occurence rate of mass transfer 
✤ ~1.5x more often mass transfer compared to binaries (Toonen+ in prep.)

✤ ~40% of onset mass transfer in an eccentric orbit (Toonen+ in prep.)

➡Enhanced merger rate
✤ Dominant source of collisions in the field (Perets & Kratter ’12)

✤ BH-BH mergers from initially very wide orbits: 
✤ 0.3-1.2 per year per Gpc^3 (Antonini, Toonen & Hamers ’17)

Triple evolution leads to...
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Tides important in triples!

➡Enhanced occurence rate of mass transfer 
➡Enhanced merger rate of compact objects
➡Enhanced formation rate of compact binaries

✤ Excess of close MS-MS (Fabrycky & Tremaine ’07, Naoz+ ’11)

✤ 96% is part of a triple (Tokovinin+ ’06)

✤

Triple evolution leads to...

then we accepted the triple as stable and integrated its averaged
equations of motion. Otherwise, we assumed it disrupted, result-
ing in an unbound binary and single star (we do not include those
binaries in the following results). About 40% of selected triples
failed to fulfill condition (37). A total of 7 ; 104 stable systems
were integrated and the results are presented here.

5.2. Stopping Conditions

In most cases we stopped the integrations at 10 Gyr, roughly
the main-sequence lifetime of a 1 M! star. However, for some
systems a straightforward integration of the averaged equations
of motion was prohibitively expensive. In these cases we used
the following procedure to deduce the final state without a costly
integration.

The largest such group is triples whose Kozai cycle does not
cause pericenter passages close enough for tidal dissipation to be
effective. For these we integrated the equations until the first ec-
centricitymaximum and computed the eccentricity damping time-
scale (V1 þ V2)

#1 (eq. [A1]) there. If it was longer than 10 Gyr,
we integrated until a second eccentricity maximum, then took the
properties at a random time in the interval between the maxima,
similar to the method of Takeda & Rasio (2005). These systems
will oscillate for their wholemain-sequence lifetimes, so choosing
a random point of an oscillation near the initial time is statistically
indistinguishable from a random time at the currently observed
epoch.

If the triple is strongly hierarchical initially, or if it is driven to
such a state by KCTF, then the pericenter precession due to
relativity and stellar distortion dominates that of the third body.
As shown in x 3.2, Kozai cycles are suppressed in this case, so
the subsequent evolution is very similar to that of an isolated bi-
nary. Therefore, we stopped the integration once the Kozai time-
scale was more than 30 times the pericenter precession period,
and evolved the system to 10Gyr by the equations for eccentricity
damping neglecting the third body (see x 4). In real systems, the
third body actually continues to have a modest effect which is not
modeled by the orbit-averaged equations of motion (Mazeh &
Shaham 1979), which we neglect. As long as this timescale cri-
terion was satisfied, we also neglect the effect that nodal preces-
sion of the inner orbit has on tidal dissipation.

Finally, some systems took many thousands of Kozai cycles
to evolve significantly.We stopped individual integrations at 4CPU
minutes, and if the systemhad not reached 10Gyr and appeared still
to be evolving, we reintegrated it with an artificially small viscous
time so that the evolution would take place in $100 Kozai cy-
cles. For some individual systems we checked that the final state
of this integration had parameters to within a percent of those of
the final states of the original systems. These systems either reached
the end of their allotted time, which was scaled down from 10 Gyr
in proportion to the scaling of the viscous time, or stopped oscil-
lating,which allowed the neglect of the third body in integrating the
further evolution as above.
This method of speeding up the computation relies on the fact

that the tidal dissipation timescale is a much stronger function of
orbital period than of viscous time: tF / P16/3

in tV , according to
equation (A9). This scaling also implies that the final period dis-
tribution we compute is quite insensitive to the assumed viscous
time.

5.3. Numerical Results

Figure 5 shows the relation between the initial and final period
distributions for the inner binary. Shaded portions of the histogram
show how initial periods map to final periods. The main result is
the strong peak in the distribution of periods nearPin;Bnal ’ 3 days.
The great majority of these systems have evolved onto circular
inner binary orbits for which the perturbation of the third star no
longer causes interesting effects. As an aside, we note that the ini-
tial period distribution of inner binaries (Fig. 5a) is peaked to-
ward lower values than the initial period distribution of isolated
binaries displayed in Figure 4a; the latter is simply theDuquennoy
&Mayor (1991) distribution. This difference is a consequence of
the definition of an inner binary, which biases inner binaries to
lower periods and outer binaries to higher periods.
Let us pause to compare the final period distribution to the ob-

served systems. In Figure 6 we plot the fraction of spectro-
scopic binaries determined to have a tertiary by Tokovinin et al.
(2006). We also plot a theoretical distribution determined by our

Fig. 5.—Periods of the inner binaries of the simulated triples before and after
10 Gyr of evolution by Kozai cycles with tidal friction. (a) Histogram of the as-
sumed initial inner period distribution. (b) Histogram of the final period distribu-
tion, showing the production of numerous close binaries with 0:1 daysPPin;Bnal P
10 days, many of which initially had much longer periods.

Fig. 6.—Fraction of binaries with tertiaries. The points are from the obser-
vational study of Tokovinin et al. (2006); horizontal bars indicate the period range
and vertical bars represent the error on the fraction of tertiaries. The gray theoretical
histogram is constructed via a linear combination of the final distributions com-
puted in xx 4 and 5. Two free parameters were varied to achieve a best fit with the
observational results: (a) the overall fraction of triples relative to all systems (bi-
naries plus triples)—0.25 was the best fit—and (b) the cutoff period of the pri-
mordial distribution—6 days was the best fit, corresponding to histograms in
Figs. 4b and 5b including only the two darkest shaded regions.
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Kozai-Lidov cycles with dissipation 
✤ (tides, gravitational waves)

Heartbeat stars
✤KIC 2835289, KIC 3749404, KIC 3766353 
(Conroy+ 15, Hambleton+ ’16, priv. comm.)

Hot Jupiters
✤High-eccentricity migration (e.g. Wu+ 
’03, Ngo+ ‘16)

credit: Nasa/JPL
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Conclusions

✤ Initial binary fraction: increases with primary mass
✤ Initial period distribution: more compact binaries as primary mass 

increases 
✤ → More binary interactions as primary mass increases

✤ Stellar interactions change orbit, mass accretion, mass stripping
✤ Ionizing flux from stripped stars

✤ The presence of a third star can have a strong effect on the
evolution of the inner binary

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

✤ Questions?
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