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Binary evolution vs Dynamics:

Common-envelope

evolution

A pair of massive
stars are born in

a wide orbit (@)

Star A runs

out of fuel in its
core. The star’s
hydrogen
envelope puffs
Up. fo”n\ng a
“red supergiant.”

Some of Star A's
hydrogen envelope
enters the
gyov:t(mono\ field
of Star B, which
sucks it away. The
nteraction draws
the pair closer.

Star B outgrows
Star A. Their orbit
continues to shrink

The core of Star A collapses
nto a black hole. When Star
B runs out of fuel and puffs
up into a supergiant, it
engulfs the companions in a
common envelope. The black
hole and Star B’s core sink
closer together as they wade
through the hydrogen gas

The hydrogen envelope is
gradually lost to space, and
the core of Star B cvcn?u(x”y
collapses into a black hole
The two black holes are close
Cnough fo Somcd(ly merge

o ¢ Envelope
dissipates

Mcvged

Chemically homogeneous
evolution

Tlght
A pair of similarly orbit
sized, massive stars ¢
rotate around each O
other extremely rapidly
andina fwgh' orbit

The stars become

“tidally locked,” like p—
tango dancers, who @
always face each other

as they turn. With every

turn around their common
axis, each star spins

around its individual axis

This spinning stirs the

stars, mokmg them hot

and homogeneous

throughout

Whereas most stars

are only hot enough to
undergo nuclear fusion
in their cores, these
homogeneous stars burn
hotly throughout. As they
fuse their entire fuel
supplies into heavier and
heavier elements, the
stars contract slightly

Because the stars never
cxpund thcy do not
interact or shed substantial
mass. Instead, each
collapses wholesale into a
massive black hole

The black holes gradually
spiral closer and closer
until, in a space-time
buckling split second
they coalesce

Merged

Lucy Reading-kkanda

(Many recent papers by Belczynski, de Mink, Ivanova,
Mandel, Mapelli, Marchant, O’'Shaughnessy, etc.)
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(from Rodriguez et al. 2016, ApJL, 824. L8)




Black Holes in Globular Clusters

- Growing observational evidence (ULXs, breaks in XLFs, several
good candidates in MW GCs <— Giesers et al. 2018 got first dynamical mass
measurement!)

- Expected to form in large numbers ( ~10-3N BHs per N stars) and
initially retained in GCs (Belczynski et al. 2006; Fryer et al. 2012)

- Large numbers of BHs may be retained in GCs for their entire
lifetimes (Breen & Heggie 2013; Morscher et al. 2013, 2015; Heggie & Giersz 2014)

- May determine overall GC structural parameters (Kremer et al. 2018)

- Key physical process: mass segregation leading to central dense
core of BHs undergoing strong chaotic interactions, hardening and
ejecting binary BHs (Portegies Zwart & McMillan 2000; Rodriguez et
al. 2015, 2016)




~ Why Globular Clusters?
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- Why Globular Clusters? -
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~ Why Globular Clusters? -
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Inspiral Times

o

Semi-major Axes

R,=1pc

o
o

Probability
o o
£ (o)}

e
N

from Harris, 2014

Globular Cluster
Mass Function

o
o

o
o

100

Probability
N
N

101

e
o

>
X
s
O
QO
(@]
S
a.
(]
>
2
©
=]
£
3
|
10
X
s
©
QO
(@]
S
a.
(]
>
2
©
>
£
3
|

10-710-> 103 101 10" 103 105 107 10°

tinsp (Gyr) 102

Probability

105 106 107
Cluster Mass (M)




Why Globular Clusters? -
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Bmary Evolutlon
" vs Dynamlcs

-+ Merger rates (High enough? Too high? Agree with
empirical value?)

- Masses and mass ratios (Different classes?
Metallicity dependence?)

+ Eccentricity (Decays during inspiral!)
y Spins (Magnitudes? Alignment with binary axis?)




Blnary Evolutlon
" vs Dynamlcs

+ Merger rates <- highly uncertain

- Masses and mass ratios <— maybe after
hundreds of detections  (zevin et al. 2017, ApJ, 846, 82)

+ Eccentricity <— with LISA for sure; maybe also with
LIGO (Breivik et al. 2016, ApJL, 830, L18; Rodriguez et al. 2018 PRL, 120, 151101)

‘ SpinS <— most promising!  (rodriguez et al. 2016, ApJL, 832,

L2; Farr et al. 2017, Nature, 548, 426)




Blnary Evolutlon
vs Dynamlcs splns
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Blnary Evolutlon
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Based on Rodriguez et al. 2016, ApJL, 832, L2




Blnary Evolutlon
vs Dynamlcs splns

Polar Fallback Kicks Polar Proportional Kicks
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‘Binary Evolution = A
?vs Dynamlcs eccentrlmty
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‘Binary Evolution = ~***
?_vs Dynamlcs eccentncnty
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With PN effects:

Eccentricities (z< 1)
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 Binary Evolution =~ 2"
vs Dynamlcs masses i

Old, low-Z Globular Clusters: Younger, higher-Z Clusters:
redshift < 0.2
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Rodriguez et al. 2016 ApdL, 824, L8 Chatterjee et al. 2017 ApdL, 836, L26
(see also Banerjee 2017, 2018, MNRAS)




Blnary Evolution =~ “2=*
" vs Dynamlcs rates

 BBH merger rate from LIGO: 12 -213 Gpc—3 yr—1

* Most recent estimates from binary population synthesis:
~0-10% Gpc-3 yr-1 (Abadie et al. 2010, CQG, 27,173001)

* Best estimate for dynamically produced sources:

* Fromold GCs: ~5-50 Gpc-3 yr-1
(Rodriguez et al. 2015, PRL, 115, 051101; Askar et al. 2017, MNRAS,
464, L36; Park et al. 2017, MNRAS 469, 4665; Fuji et al. 2017, PASJ, 69,

94)

* From all star clusters: >> 10 Gpc-3 yr-1 7




