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— BH-BH: effective spins
— BH-BH: masses
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Modeling

major formation scenarios: stars

isolated binaries: dynamical interactions:

— spirals, ellipticals, dwarf galaxies — globular, nuclear, open clusters

— stellar/binary evolution — dynamics + stellar/binary evolution
—99% of stars —0.1 — 1% of stars

— formation effciency: Xgupy ~ 10~° — formation effciency: Xgugn ~ 10~*

+ some exotica: triple stars, single stars, binaries in AGN disks, PBHs...
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Modeling

GW150914: 30 + 30 M., massive BH-BH merger

binary evolution
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1) binary evolution and dynamics: can produce massive BH-BH mergers
2) because of (1): the origin of BH-BH mergers unknown...
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Modeling
BH-BH effective spins
BH-BH masses

modeling: synthetic universe

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
380,000 yrs. Galaxies, Planets, etc.

1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years
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Modeling

Cosmic Star Formation Rate SFR (z): Pop /Il

cosmic time [Gyr]
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T T T T [
old: SFRD

_____________ - new: high SFRD

new: low SFRD

Star Formation Rate [M,Mpc—3 yr-!]
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redshift

— 2 new SFRs: low and high (uncertainty range: Piero Madau)
— old versus new: not much change (until z = 2)
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Modeling

Cosmic Metallicity Evolution Z(z): Pop /1l
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e Z,=0.014 (new)

1 Tl 7,=0.02 (old)
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—new Z(z): metallicity of (star forming) gas at a given z (high)
—old Z(z): metallicity of gas/stars at a given z (low)
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Modeling

BH-BH merger rate: effect of SFR(z) and Z(z)

10
M10.B: old SFRD + old Z(z)

M30.B: high new SFRD + new Z(z)4

" M30.B: low new SFRD + new Z(z)
10
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BH-BH merger rate density [Gpc=® yr-!]

z=2.0: aLIGO design horizon
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— old models: (too) high rates — low Z(z): star forming gas
—new models: (nicely) low rates — high Z(z): gas/stars
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Modeling

BH-BH merger rate: effect of CE and SNe kicks

L e e e s s ey s B e s sy B B |

M30.A: HG CE allowed
M30.B: no HG CE, FB kicks

10t

M35.B: no FB kicks (¢=130 km/s) |

103 M33.B: no FB kicks (0=265 km/s) |

102

10!

BH-BH merger rate density [Gpc—=® yr-!]
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redshift

— Common Envelope: ~ 1 order of mag. change of rates
— Natal Kicks: ~ 1 order of mag. change of rates
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merger rate density [Gpc® yrt]

— NS-NS: OK match to LIGO/Virgo (but host galaxy issue)

100 |

Modeling

DCO merger rates: comaprison with LIGO/Virgo

T
104

[ -01/02 estimate

01/02 upper limit

NS-NS (M30.A)
NS-NS (M30.B)
BH-BH (M30.B)
BH-NS (M30.B)
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redshift
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— BH-NS: rate within upper limit (first detection in O37?)
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BH-BH effective spins

M,.ns = 32 M, at Z = 0.002: angular momentum
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% 1013 | Geneva slow rot. noTS
9 L —— MESA slow rot. noTS
G 07 — = MESA slow rot. TS
& 1ou L = MESA fast rot. TS

—-— j*10: MESA fast rot. TS
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TS: Tyler-Spruit magnetic dynamo (efficient ang. momentum transport)
no TS: meridional currents (mild ang. momentum transport)
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(BH spin)

Bspin
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BH-BH effective spins

Angular momentum transport in massive stars
Geneva model
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1) Geneva: mild ang. momentum transport (meridional currents)
2) MESA: effective ang. momentum transport (magnetic fields)
2) Fuller: very effective ang. momentum transport (&, = 0.01)



BH-BH effective spins

BH-BH effective spins parameter: y.s

Geneva quel ‘ MESA model

10' . Gw150914 <> 3 10'E Gw150914 - MESA BH spins: 3
GW151012 -k GW151012 -k
100 GW151226 " odel M20.B 4 1oL GW151226 e—= 4
_ GW170104 -k fallback kicks GW170104
T; ol GW170608 ] E GW170608 eﬁ’
= GW170729 = 0 F awizorze * E
%3 GW170809 %ﬁ GW170809 K=
\fg 1ot b GW170814 4 Yy jo L GW170814 -
] GW170818 g GW170818
GW170823 GW170823 =
10° 3 100 M30.B: fallback kicksH
model M23.B
high kicks M33.B: high kicks
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Xett Xett

1) Geneva: effective spins too high (et ~ 0.8 -> 0.7)
2) MESA: effective spins OK (x.f ~ 0.15 -> 0.08)

Xett = (M1 ay €08 61 + Moap cos 02)/(My + My)
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BH-BH effective spins

BH-BH effective spins: tides
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100 3 s E
GW150914 <k MESA BH spins: 10 GW150914 k= Fuller BH spins:
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1) MESA: tides not needed
2) Fuller: tides (marginally) needed

Xett = (My a1 cos 01 + Meap cos b2) / (My + M)
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BH-BH masses

BH mass spectrum: maximum BH mass

Belczynski et al. 2010a (ApJ 714, 1217)
L e e

| maximum BH mass: 94M, 2=0.5% Z, | - paSt UpdateS:
(Z=0.0001)

80 [~

. stellar models: ~ 130 Mg,
(Spera et al. 2015)

IMF extension: ~ 300 Mg
(Belczynski et al. 2014)

60 [~

72=10% %, |

2=100% Z, )

2=150% Zo | - present update (201 9)-

e ] BH mass down: < 55 Mg
20 40 60 80 MZA:SO(EM@] 120 140 160 180 (pa|r-|nstabl|lty pulsations)

stellar origin BH can reach: ~ 100 Mg
(Zamperi & Roberts 2009; Mapelli et al. 2009)
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BH-BH masses

Pair-instability Pulsation Supernovae: PPSN

Pair—Instability Pulsation Supernova (PPSN) mass loss
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—no PPSN/PSN: any BH mass allowed (limits from: IMF, winds, SN)
— PPSN/PSN: second mass gap (no BHs with Mgy ~ 55 — 130 M)
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BH-BH masses

Maximum stellar-origin BH mass: ~ 55M,

T T T T 7 T3
M60.B: strong PPSN

new NS/BH mass spectrum:

—  wmBweakPPsN 1 neutron stars: 1-2M,
o 1 first mass gap: 2-5Mg
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= % narrow., - El
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g meen
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> 90% wide E
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E 1 BH masses:
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LIGO: mean

—so far: all PPSN/PSN are OK
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51

BH-BH merger rate density [Gpc=3 yr-! M,

BH-BH masses

Predicted BH; mass vs LIGO/Virgo estimates

MB0.B: strong
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BH-BH masses

Predicted BH-BH mass vs LIGO/Virgo observations
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Observations: overaboundance ) KS test: 10% — 50% chance that
of Mo ~ 60 Mg, BH-BH meregrs? observations are from these models
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BH-BH masses

Conclusions: BH-BH

@ evolution of stars: new updates/revisions available

@ LIGO/Virgo BH-BH mergers: if from isolated binary evolution

— merger rate density OK
— BH masses OK
— effective spins OK

@ astro implications: from just several models

— rapid cosmic chemical evolution
—weak PPSN mass loss
— efficient angular momentum transport
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BH-BH masses

masses: Pop /I

merger rate density [Gpe™ yr']

new model (M30)

[ ] s B 03 sensitivity
. - - (220 days)

0 50 100 150
total redshifted binary mass [M]




BH-BH masses

Maximum stellar-origin BH mass: ~ 50M,

wof 1 PSN: Pair-instability SN
_eof A (Mge ~ 65-130 M)
§® 6o ] no remnant: entire star disruption
8 PPSN: Pair-instability Pulsation SN
*r ] (Mo ~ 45-65 M)
o ——f——+——+——+———+—+—+—— black hole: and severe mass loss
80; 2=10% Zo ____ pPPSN/PSN: included (M10) ]
= PPSN/PSN: not included (M1) { NS/BH mass spectrum:
: " {1 neutron stars: 1-2Mg
= 1 first mass gap: 2-5M;,
ol / 1 black holes: 550 M,
ok . . 4 v 4+ 4+ . 4 .4 secondmassgap: 50— 130 Mg,
BT el ) ster mans i) black holes: 130 — 777 Mg

(Belczynski, Heger, Gladysz, Ruiter, Woosley, Wiktorowicz, Chen, Bulik, O’'Shaughnessy, Holz, Fryer, Berti: A&A 2016)

is Belczynski LIGO/Virgo data vers! inary Models



BH-BH masses

Common envelope: orbital decay at low Z

(Belczynski et al. 2010, ApJ 715, L138; Pavlovskii et al. 2017, MNRAS 465, 2092)
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high-Z: RLOF at HG  -> radiative envelope -> stable MT & no orbit decay
low-Z: RLOF at CHeB -> convective envelope -> CE & orbit decay

BH-BH progenitors go through CE: at low Z rates up by 50 times (Z; -> 0.1 Z)



BH-BH masses

BH-BH formation: broad perspective

LIGO detections: outbreak of models

@ Popll/I BH-BH: isolated binary evolution (90% stars in cosmos)

@ Popll/I BH-BH: dynamics/globular clusters (0.1%)
Xsupn ~ 1075-10~7 M (binary) vs Xgusu ~ 10~* (dynamics)
rate_binary / rate_dynamics ~ 10—-100

@ Primordial BH-BH: density fluctuations after Big Bang
@ Poplll BH-BH: first massive stars (< 1%)
@ Popll/I BH-BH: rapid rotation (homogeneous evol.) (10%)

@ exotic BH-BH: e.g., nuclear star clusters: dynamics (?)
e.g., massive star formation in AGN disk (7)
e.g., single star core splitting (7)
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BH-BH masses

GW170104: claimed to originate from dynamics, but...
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LIGO: —0.42 < yetr < 0.09 (90% credible)
Xett = (Myay cos 61 + Moas cos 62) /(My + Mo)

binary evolution can explain GW170104:
@ low metallicity: Z < 10% Z5

@ CE: during CHeB
@ long delay: 5 Myr + 6 Gyr
@ aligned BH spins: tilt = 0 deg?

@ BH spin: a1 =0.0 ->a; =0.05
a =014 ->a =0.14

Xeft.max = 0.09 (OK with observations)

(Belczynski, Klencki, Meynet, Fryer, Brown, et al. 2018, submitted)
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BH-BH masses

BH natal spin model: from the Geneva code

T T
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—low-mass BHs (< 15 Mg, weak winds): high natal spins (&sin ~ 0.9)
— high-mass BHs (2 30 Mg, strong winds): low natal spins (&, ~ 0.1)
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BH-BH masses

Predictions vs LIGO/Virgo effective spins

[ — i A B B S e
10* £ Gw150914 = fallback BH kicks J
[ LvTis1012 - (M20) 1
103:— GW151226 =
E GW170104 -
[ cwi70608
E GW170814

dRy./dxee [yr!]
S
T

100 E
E high BH kicks
(M23)

L L L L L L
-1 -0.75 -0.5 -0.25 0 0.25 0.5 0.75 1

Xeff

— if LIGO/Virgo effective spins continue at low values:
then even BHs with Mgy < 30 Mg, are born with low spins

—> efficient angular momentum transport in stellar interiors
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BH-BH masses

Star formation history: Pop I/1l vs Pop Il stars

cosmic time [Gyr]

13.5 10 05 0.2 0.06
F I I I I 3
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> : \‘\ POP 1/1I: Madau & Dickinson 2014
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Pop I/ll: uncertain for z>2, Pop lll: much smaller contribution
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BH-BH masses

Population Ill binary initial conditions:

orbital separations

150000

125000

100000

75000

number

50000

25000

0

I A | I I I I I ! ! !

0 20 40 60 80 100 120 140 160 0 1 2 3 4 5 6 7 8
Mzams [Mg] log10(a/R,)

M10 — Pop I/Il (Sana et al. 2012) Xpupy ~ 10-5-107 M
FS1 — Pop lll: large dark matter halos (2000 AU) Xgypy ~ 10~ Mg‘
FS2 — Pop lIl: small dark matter halos (10-20 AU) Xggpy ~ 107° M51

Pop IlI: potentially very different initial conditions than for Popl/II...
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BH-BH masses

Pop Il BH-BH merger rate history:

delay time merger rate

FS1: Pop III

102

FS2: Pop IIT

number per 0.1Gyr bin
BH-BH Merger Rate Density [Gpe™ yr-!]

Ll L | L Lol L L L L L | 1 1 1
0.1 1 10 0 5 10 15 20 25 30 35 40 45
delay time [Gyr] Redshift

— delay time: a~'(da/dt)cr o< t~1/4d(t'/*)/dt oc t~!
(initial separation distr.: ~ a~', tgr o a*: Peters 1964)
— 01/02 LIGO BH-BH merger rate: 12-213 Gpe ™ yr—*

Pop Il BH-BH rates: 3 orders below LIGO, 4 orders below Pop /11
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BH-BH masses

Conclusions

@ LIGO/Virgo NS-NS merger: will guide evolutionary physics...

@ origin of LIGO/Virgo BH-BH mergers: still unknown

— binary channel: high rates; but masses OK (spins not OK)
— dynamical channel: low rates; but masses OK (spins not OK)

@ astro implications: doubly limited
— implications: valid only within a given BH-BH origin model
— within each model: multiple (untested) possibilities

@ channel discrimination: may be very hard to do, but

— BH spins: semi-aligned/random? (binary/dynamical)
— BH mass: Mgy ~ 50-130 Mg and agy ~ 0.67 (dynamical)
— BH-BH rate: > 100 Gpc 2 yr='? (binary)

@ Pop Il BH-BH mergers: not likely as LIGO/Virgo sources
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BH-BH masses

NS-NS merger rates: observations vs predictions

w M N Mmooy . a
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102 ¢ Fong+2015
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o Loolfonanoooonnoodboconalpossociiensnonaosoosssco | Coward+2012
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1 1
* T Coward+2012
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J14

O
w

-
15
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BE2
BE3 A
BEs
Nk2

— NS-NS upto 1000 Gpe 2 yr—': but over-production of BH-BH mergers...

— Diamonds/Circles: pop. synthesis models with different Common Envelope
do BH-BH progenitors evolve through a different CE than NS-NS systems?
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BH-BH masses

mergers: LIGO 120 days of O2 (70 Mpc)

T A e e e e .
104 GW170814 1F 3 10*
CW1512268 GW170104 02 sensitivity 1 f LIGOrate: {
109 b - GW150914 (120days) | [ f(amow) | .
T LvT151012 || M- ER E|
- — | F=wo |
v 107 1 ElS 102
& M 1. ]
z I ] :—Lmza ]
7 10 LU el H 100
5 1E M13 ]
n) -J-L\_ L
T 100 L E = 100
5
o
an
g o | - 4100
E E
102 | e = 10-®
BEd o0

0 20 40 60 80 100 120 140 160 BH-BH
total redshifted binary mass [M,] only

LIGO/Virgo BH-BH mergers: GW151226: 14 + 8 My, LVT151012: 23 + 13 M,
GW170104: 31 + 19 M, GW170814: 31 + 25 M, GW150914: 36 + 29 M,
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BH-BH masses

Pair instability: maximum BH mass ~ 50M,

wof 1 PSN: Pair-instability SN
_eof ] (Myge ~ 65-130 M)
Z o 1 no remnant: entire star disruption
8 PPSN: Pair-instability Pulsation SN
*r ] (Mo ~ 45-65 M)
o ——f——+——+——+———+—+—+—— black hole: and severe mass loss
80; 2=10% Zo ____ pPPSN/PSN: included (M10) ]
= PPSN/PSN: not included (M1) { NS/BH mass spectrum:
: " {1 neutron stars: 1-2Mg
= 1 first mass gap: 2-5M;,
ol / 1 black holes: 550 M,
ok . . 4 v 4+ 4+ . 4 .4 secondmassgap: 50— 130 Mg,
T e ) star mass ] black holes: 130 — 777 Mo

(Belczynski, Heger, Gladysz, Ruiter, Woosley, Wiktorowicz, Chen, Bulik, O’'Shaughnessy, Holz, Fryer, Berti: A&A 2016)
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BH-BH masses

Formation of BH-BH merger: dynamics

Time 30.1Mo 30.0Mo
0 Myrs s star S Star

25.0Mo BH

—
[}
—e—@

@ globular cluster: 1.2 x 108 stars

.-
W

A
g

@ low metallicity: Z < 10% Z5

o
"

Collision
30.1Mo BH

5Mo CHeB Star

@ dynamical interactions: 40!

:
Y @ BH-BH system: kicked out of the cluster

@ BH spin direction: isotropic distribution

3xBinary-Single Fybys
3xBinary-Single Exchange

credit: Abbas Askar (Warsaw): MOCCA simulation

o
Escape Time M. =30.4 Mo
145 Myrs Mi=25 Mo

a=218R0
e=072
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Metallicity evolution:

Time since Big Bang [Gyr]
0.5

13.6 3.2 1.0 0.2
T T T T T

1 S ————— NEW: mean metallicity (standard) |
L N 1
0F ~ \‘\.\ —————— OLD: mean metallicity (low model) -
A - —
[ I~~__ +30 ’
2 S~ T models —

r no models
N L ~ 1

N
% -4 F -
k) F 1
5 —
6 =
7 —
Vo
g L (2,=0.02: Villante et al. 2014) (.
I
I S Ty I A A |

0 2 4 6 8 10 12 14 16 18 20
Redshift

Metallicity model: Madau & Dickinson 2014 with SNe and GRB calibration
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BH-BH properties: classical isolated binary evolution

‘
20+ model M10 o751 model M10 "
050 W " jﬂ 10
= i
v i 10
.( 1226
q (mass ratio) q (mass ratio)
L model M20 o[ model M20
=
2
= 0
e
q (mass ratio) q (mass ratio)
0+ model M26 o7k model M26 j
o) 10°
=
’ E e =
‘
Wi
q (mass ratio) q (mass

@ M10: no BH kicks, 50% RLOF

@ M20: no BH kicks, 20% RLOF,
rotation: 1.2Mco

@ M26: M20 + 70 km/s BH kicks

4 q_lv,tol,z:
— LIGO events within models
— M20/26 better than M10

4 q_Xeff,max:
— models found for LIGO events

@ GW170104: matches found:
doubly conservative

credit: Jakub Klencki (Warsaw)
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