Dynamical Formation of
Compact Object Blnarles

) Carl Rodrlguez .
GRS Harvard Umversﬂy — Instltute for Theory and Computatlon

_ e I\/Ilchael Zevin, Pau Amaro- Seoane Sourav Chatterjee
Kyle Kremer Fred Rasm Clalre Ye, Johan Samsmg AV| Loeb



SRR NI ASTROPHYSICS

HARVARD & SMITHSONIAN

Dynamical Formation of
Compact-Object SIGEWES

~ Carl Rodrlguez | |
Harvard Umversﬂy — Instltute for Theory and Computatlon |

I\/I|chael Zevm Pau Amaro Seoane Sourav Chatterjee
Kyle Kremer Fred Rasio, Claire Ye, Johan Samsmg Avi Loeb

Portegies Zwart & McMillan 2t '.,ijltedn et al. 26) 06, Kocsis et al. 2 , O Leary o a,.’-" )06, -
)7. Sadowski et al. 2008, Banerjee et al. A Dovvnmg et al. 2010, Benachlsta' et
~al - Clauseh et al. 2014, -Bage et al. 2( ZIOSI et aI 014, 2016, Morscher et al;
Rodnguez et al. ’016a.b,c,; Mapelli 17, Abbas et aI 016, 2017, 20 Glesler et aI

Samsmg et aI +, 2017, 2018, Antonini et aI 2016,:2018, Di'Carlo &t al;



. - -
2 - S 2 A 2 4




Forming Black Hole Binaries

| 4+ . CARL'RODRIGUEZ
NI RN R ASTROPHYSICS
- “‘ g T8 ‘R‘* .-

.1 HARVARD & SMITHSONIAN

.

o .
.

s

. i ) i . .

-~ o 1 . | A

. .
. 2 A -
i - — - o — A ' /




.
. . . * . - e ; 1
. . L .
.

. »‘ . : X ' En s ‘..".. - ‘ 3 | .. 4 | . .\‘ \ | ‘ : ' | | | : : | | .._..
“ A ‘ S ‘N on on e : 8 Shagion T TRTLNS =S . .+ . CARL RODRIGUE?Z
Forming blacKk Hole binaries =« s
AR <7 £ : e e e W g | b 7 S R e Fi% TR . a 'HARVARD & SMITHSONIAN




o R R s e | _— LS TR e T e T R DR LR Y
- Forming Black Hole Binaries =~ ..
PSS Gk x : R e i R W g | <4 S S Pomisalt e ity . .y 'HARVARD&SMITHS'.ONIAN




o o ML R - S ERE - N R e T i e T A RICRD DRIGUEZ
- Forming Black Hole Binaries = i
PN Sk ¥ - R e R | A S T o kel HARVARD & SMITHSONIAN




Forming BlackHOIe inaries .' | CENTER%

AAAAAAAAAAAAAAAAA

Common Envelope




Formmg 1IaCK rnoie oinaries v« EnE
7 e L R e A : s, TSN Py S0 | - B4 A 18 Lot e SRSt TR N R v’gﬂq’:& SMITHSONIAN




"y ¥
. : ¢ . '."\f
 CARL RODRIGUEZ

- Forming Black Hole Binaries = i

O 'ﬂ’, " RVARD & SMITHSONIAN
. o S - . -

: M » .
2 : . 5 L L ! 2 -




- Forming Black Hole Binaries -

-

CARL RODRIGUE?Z
ASTROPHYSICS

" HARVARD & SMITHSONIAN

"3)'
L S

. . ~ - : >
» -
2 - = 2 N s : g




\

\

Hole B

RODRIGUE?Z

Va)
(W
(Va)
>
==
o
o
(a 4
—
(Vp
<

CARL
~ HARVARD & SMITHSONIAN

L

.

aries

n

Black

g

-

rmin

-

A ~
| F

0

Dynamical Formation

Energy/Angular Momentum

Y
i




® . - ® . e .
. .

L
.

orming Black Hole Binaries = .. iz

. -
B . - - L . .

» . . - -
v . . ’ - -

o - . = "

Common Envelope

Dynamical Formation



"CARL RODRIGUEZ

HARVARD & SMITHSONIAN

Forming Black Hole Binaries . s

Common Envelope A
Chemically Homogeneous Evolution ~ ™ = = u "
Triples (Lidov-Kozai) '

Stellar triples (field or dynamical)
Stellar BBH/SMBH
Primordial black holes
Highly-eccentric captures in scattering encounters

Formation in AGN disks
And many more...

Dynamical Formation



"CARL RODRIGUEZ

~ HARVAR D & SMITHSONIAN

' FO" min g Black Hole B lnal’ i es " 8 covve v KT

Common Er-

+ Chemically H~
- Triples (I

- Ste'l

- Stel
+ Primorc
+ Highly-ec /es In scattering encounters
+ Formation . disks
- And many niore...

/iamical Formation



HARVARD & SMITHSONIAN

~ 10 Myr






*

Massive particles will
‘segregate” into center
of the cluster



*

Massive particles will

~ 100 Myr ‘segregate” into center
of the cluster



Y o B oL R B N : A Al - S ks Rl o T NN © .. . CARL'RODRIGUEZ
~onaotic interactions - 0 oo [EINOE

7" _SHARVAR D & SMITHSONIAN

Energy/Angular
\ Momentum



~ Chaotic Interactions

CARL RODRIGUEZ

HARVARD & SMITHSONIAN

A RN R ASTROPHYSICS |

E>0

X

IONIZATION

=t

CREATION

TOTAL ENERGY

EZ20

DIRECT
EXCHANGE

E<O

.

(DEMOCRATIC)
RESONANT
EXCHANGE

DIRECT
FLY-BY

Heggie & Hut 1993

A

DEMOCRATIC
RESONANT

FLY-BY

T

HIERARCHICAL
RESONANT
FLY-BY



Chaotic Interactions = .ouimimm

= 0 - e e .o % AR -y YN HARVARD & SMITHSONIAN




Ch aOti Cln ter aCti ons A ‘.fE,Ni.E.R ';"-OR'.:-'

= 0 - o N S . % AR -y YN HARVARD & SMITHSONIAN




Ch aOti Cln ter aCti ons A ‘.fE,Ni.E.R ';"-OR'.:-'

= 0 - o N S . % AR -y YN HARVARD & SMITHSONIAN




Ch aOti Cln ter aCti ons A ‘.fE,Ni.E.R ';"-OR'.:-'

= 0 - o N S . % AR -y YN HARVARD & SMITHSONIAN




Ch aOti Cln ter aCti ons A ‘.fE,Ni.E.R ';"-OR'.:-'

= 0 - o N S . % AR -y YN HARVARD & SMITHSONIAN




Ch aOti Cln ter aCti ons A ‘.fE,Ni.E.R ';"-OR'.:-'

= 0 - o N S . % AR -y YN HARVARD & SMITHSONIAN




Ch aOti Cln ter aCti ons A ‘.fE,Ni.E.R ';"-OR'.:-'

= 0 - o N S . % AR -y YN HARVARD & SMITHSONIAN




; B T S | R o | Al S b . Bl © <. . . CARL'RODRIGUEZ
R | e‘ g’ng 'na‘ 'es S Ty o N STRAP e ' SN R ASTROPHYSICS |

= 0 - o N S . % AR -y YN HARVARD & SMITHSONIAN

Tbs



; B T S | R o | Al S b . Bl © <. . . CARL'RODRIGUEZ
R | e‘ g’ng 'na‘ 'es S Ty o N STRAP e ' SN R ASTROPHYSICS |

= 0 - o N S . % AR -y YN HARVARD & SMITHSONIAN

Tbs N (TLZ”U) —1



"CARL RODRIGUEZ

'M’ergingBina,ries A ol O s rvorsics

GM\]~"
Ths ~ (nXv) ™ o [na% (1 + )]



"CARL RODRIGUEZ

Merging Binaries = oo

> £ =
Ths ~ (nX0) 7 [na% (1 + GM )]

a =04 AU

e =0

n = 10° pc™°
o =10 km/s
T, — SOM@



"CARL RODRIGUEZ

'M’ergingBina,ries A ol O s rvorsics

GM\]~"
Ths ~ (nXv) ™ o [na% (1 + )]

2002

a = 8.4 AU

e —

n — 106 pC_3 TbS A 40 MyI'
o =10 km/s

T =— SOM@



"CARL RODRIGUEZ

'M’ergingBina,ries A ol O s rvorsics

GM\]~"
Ths ~ (nXv) ™ o [na% (1 + )]

2002

a = 8.4 AU

e —

n — 106 pC_3 TbS A 40 MyI'
o =10 km/s

T =— SOM@



"CARL RODRIGUEZ

'M’ergingBina,ries A ol O s rvorsics

GM\]~"
Ths ~ (nXv) ™ o [na% (1 + )]

2002

a =04 AU
— 3 Aps = 40 Myr

n = 10° pc~
o =10 km/s
TN, — SOM@

at(1 — e2)7/2

mqme VIl

Tow ~ 150000 Myt



"CARL RODRIGUEZ

'M’ergingBina,ries A ol O s rvorsics

2002

GM\]~"
Ths ~ (nXv) ™ o [na% (1 + )]

a =04 AU
— 3 Aps = 40 Myr

n = 10° pc~
o =10 km/s

T = SOM@

Teow
Tbs

~ 4000

at(1 — e2)7/2

mqme VIl

Tow ~ 150000 Myt



"CARL RODRIGUEZ

'M’ergingBina,ries A ol O s rvorsics

2002

GM\]~"
Ths ~ (nXv) ™ o [na% (1 + )]

a =04 AU
— 3 Aps = 40 Myr

n = 10° pc~
o =10 km/s

T = SOM@

Teow
Tbs

~ 4000

at(1 — e2)7/2

mqme VIl

Tow ~ 150000 Myt



"CARL RODRIGUEZ

'M’ergingBina,ries A ol O s rvorsics

2002

GM\]~"
Ths ~ (nXv) ™ o [na% (1 + )]

a = 8.4 AU

e —

n — 106 pC_3 TbS A 40 MyI'
o =10 km/s

T =— SOM@

Tow

~ 4000 x (1 —e?)7/2 ~ 1
Tbs

at(1 — e2)7/2

mqmeo VI

Tow ~ 150000 Myt



CARL RODRIGUEZ

GM\]~"
Ths ~ (nXv) ™ o [na% (1 + )]

2002

= 8615AU
e 3 s = 40 Myr

n = 10° pc~
o =10 km/s

T = SOM@

Tow

~ 4000 x (1 —e?)7/2 ~ 1
Tbs

401 _ p2)7/2 P(e)de = 2e
(=) 150000 Myr

TGW X
mqme VIl



CARL RODRIGUEZ

GM\]~"
Ths ~ (nXv) ™ o [na% (1 + )]

2002

= 8615AU
e 3 s = 40 Myr

n = 10° pc~
o =10 km/s

T = SOM@

Tow

~ 4000 x (1 —e?)7/2 ~ 1
Tbs

401 _ p2)7/2 P(e)de = 2e
(=) 150000 Myr

TGW X
mqme VIl



"CARL RODRIGUEZ

'M’ergingBina,ries A ol O s rvorsics

GM\]~"
Ths ~ (nXv) ™ o [na% (1 + )]

2002

= 8615AU
Y 3 s = 40 Myr

n = 10° pc~
o =10 km/s

T = SOM@

Tow

~ 4000 x (1 —e?)7/2 ~ 1
Tbs

401 _ p2)7/2 P(e)de = 2e
(=) 150000 Myt

TGW X
mqme VIl



"CARL RODRIGUEZ

HARVARD & SMITHSONIAN

Forming Black Hole Binaries . s

Common Envelope A
Chemically Homogeneous Evolution ~ ™ = = u "
Triples (Lidov-Kozai) '

Stellar triples (field or dynamical)
Stellar BBH/SMBH
Primordial black holes
Highly-eccentric captures in scattering encounters

Formation in AGN disks
And many more...

Dynamical Formation



"CARL RODRIGUEZ

~ HARVAR D & SMITHSONIAN

' FO" min g Black Hole B lnal’ i es " 8 covve v KT

Commor

+ Chemica'"

- Triple
- Stellc al)
- Stellal

- Primordia

+ Highly-ecc« aptures In scattering encounters

+ Formation in /AGN disks

- And many more...

Dynamical Formation



CARL RODRIGUEZ

AAAAAA D & SMITHSONIAN

Forming Black Hole Binaries . g

~

|

Commor

+ Chemical!"

- Triple
- Stell al)
- Stellai

- Primordia

- Highly-ecce aptures in scattering encounters

+ Formation in /AGN disks

- And many more...

Dynamical Formation



+ Chemical!"
- Triple
- Stellk
- Stella
- Primordia
+ Highly-ecc« aptures In scattering encounters
-+ Formation in /AGN disks
- And many more...



- Chemicall

»Triples 0

‘ SL

- Primc
- Highly: ptures In scattering encounters
- Formatic N disks

- And many more...



Formmg Black Hole Bmanes i

\G\\

- Chemicall

| .Tr/iplp’ o .Jynamlcal. Formation
S Spins

- Primc .

* Highly: sptures in scatterir Lceentricities

- Formation ' AGN disks Masses
- And many more...



) B N, LA : % " S b W e S © <. . . CARL'RODRIGUEZ
ccen "C' y A . L . e RS0 2o . o ' SRR RO ASTROPHYSICS |

AAAAA RD & SMITHSONIAN

Energy/Angular
\ Momentum



.
. . o - . - - > Pa . 3
. . e
.

o 0 ¥ - g i B EE o7 A ke . b W S e ST . . . CARL'RODRIGUE?Z
ccen , IC' y Sl - | > Wi - | ~ .'. 2 ¥ > ' e ”CENTE,R%’R-«’ ASTROPHYSICS
AP o s o { . T e : | - L W S | b o7 Ry 0t - RS e 4 B . g .. " 'HARVARD&SMITHS'ONIAN

v

Energy/Angular
Momentum

_LIGO Hanford Data (shifted)

_LIGO Livingston Data




B ~ N g il s y ; 2§ o e s . Al TR © <. . CARL'RODRIGUEZ
Ccen ‘ 'C' y AN . LA o o NS SRR o ' SRR AR WL ASTROPHYSICS |
PN Sk i : & e . - S WA g e 7 - Fame T LR o AL TR g 9L HARVARD & SMITHSONIAN

L




~ Eccentricity .-

* | . . CARL'RODRIGUEZ
SN R WO ASTROPHYSICS

HARVARD & SMITHSONIAN

-
r
0
»
L
2
-
.
. .

*

104M
~ 1Ro

2 X 10722 -
X 1%x10722-

—1 x 10722 -

—OI.O4 —01.02 O.IOO O.'OZ O.'O4
Time (days)

Lee, Apj 318, 437 (1993)

Gultiken, Miller, Hamilton
Apd 616, 211 (2004)
ApdJ 640, 146 (2006)

Samsing, MaclLeod, Ramirez-Ruiz
Apd 784,71 (2014)
ApdJd 846,36 (2017)
ApdJ 853,140 (2018)
+ more
Rodriguez et al.
PRL 120, 15101 (2018a)

PRD, 123, 123005 (2018b)

Zevin, Samsing, Rodriguez, et al.
Apd 871, 91 (2019)



| T <o o M. __SEE e _ N gl < S Ish . Bl © . . . CARL'RODRIGUEZ
Ccen ‘ 'C' y R L Ty o NS SRR A SRR RAA L ASTROPHYSICS |

HARVARD & SMITHSONIAN

Eccentricity Distribution (All Redshifts)

= All
0.08 - Primordial

- .1 Ejected

% | In-Cluster
> 0.06 - i Captures
v .

=

Y

O I

S 0.04 - "I

-

= .

0.02 - | |

T e
Rodriguez et al., 2018 (g =t L.,
PRD, 123, 123005 107° 107 104 102 100

Eccentricity (10 Hz)




o /ol Iy
CARL'RODRIGUEZ
ASTROPHYSICS §

ARD & SMITHSONIAN

,"} Ay 4

.., 2018 (00

.23, 123005 108 10°° 10~ 102 10°
Eccentricity (10 Hz)



= o | = W N SR 5 TN o A i . Wb . Bt - TS | . . . CARL'RODRIGUEZ
“Black Hole Spins =

- X e L. } % A PO . e .. HARVARD & SMITHSONIAN

1.0 I | | |

& T

hy + hy (10724

_10 | 1 1 1
-10 -8 —0 -4 -2 0




. » " - . »
. . -« *$ - s 0y ° ) ’ . .
L »

‘\ g ‘. s s v % . L ‘ . - - . . . ‘“ e s "
‘ ‘ -;\ . N / \ . 4 . p - . o .. 2 l' . ‘ - . .:'

CARL'RODRIGUEZ

» - . - . - /
e d‘ . - -
= - - b
- > o . . -
\ >~ . ...
’ — . . . L .
. . N
- Y .
\ - . -, 3 . .
. R .
N . y - e * o - ~ . .. .' s 4
- : . ‘. - .
- - -




. . . . . . -
. " - . » 0 ¢ 3 o . p . . 4
» .
~0\ [ . ‘ 4 R . » A ® . .
4 ’ - . - ’ - .
o g - . N, &) N . e .
» . l 4 . - . : " ‘ - o .

ind
_ ',-:,,,-‘.‘ o i 'cAR.?.'R,o,DR'l.GUE'P










Black Hole Spms ol S e

>




- . .
' \ . b > ' . , . 3 ; » .‘

Black Hole Spins

. . 2 :
- o . » . . . . .
& - = L — 2 2 ) . -

.~ . . CARL'RODRIGUEZ
8 ASTROPHYSICS

~ HARVARD & SMITHSONIAN

>




RODRIGUEZ

CARL’

L .
- L4 .
- z
e @ . ‘*.
R ™
» -
L : o Y
e -
L.
s .
»
Ko .
. »
- . E W
o~
. o - A .
; '
. "
.

- ¥, .
o/ | .
..' »

il L

g
.
-
.
.

le

0

H

ac




. . - . - e . . b
. ) X . v » .
' \ ' : ) . . ®

. B | P WK SR A A o el P W e R .. . CARL'RODRIGUEZ
Black Hole Spins i

- 9 Ao S R . e P HARVARD & SMITHSONIAN




" CARL RODRIGUEZ

SN RN ASTROPHYSICS |

HARVARD & SMITHSONIAN

Fraction of Systems with <0

100%
g\ 10% — {. N ,,,'l\\\‘,,/ll)\\\ II"I: Y —
S ’ s
> . Iso. Fb.
|
A ' Iso. Prop.
g2 ' Iso. Full
| 8
D 1%} . Polar Fb.
y
_ : Polar Prop.
“ Polar Full
E 4
i : Clusters
- &
0.1% | ' 'k -
| | | |

5 10 15 20 25 30 35 40 45 50
Chirp Mass (M)

Rodriguez et al., 2016
ApdL, 832, L2

See also:
Farr et al. 2017
Nature, 548, 246

Abbott et al., 2018
arXiv: 1811.12940

108
10°
102
Q
L
O 101
10—

107

10— 10
108
10°
102

Q
10!
10—4

107

1010

Farr, Holz, Farr, 2018
ApdL, 854, L9

aligned, high
— aligned, low

— aligned, very-low

— aligned, very-very-low

isotropic, high

— isotropic, low
—— isotropic, very-low

isotropic, very-very-low

10°

| L I | I | | | LI I
101 107
number of events



\

. CARL'RODRIGUEZ
(8 ASTROPHYSICS

L He RVARD & SMITHSONIAN

8_

@)
l

Posterior Probability
D

N
|

GW150914
GW151012
GW151226
GW170104
GW170008
GW170729
GW170809
GW170814
GW170818
GW170823

From LIGO/Virgo
01/02 Catalog
Posterior Samples

—0.6

—0.4

—0.2

0.0

Xeff

0.2

0.4

0.6



\ b <) ® : v . L P - o - . . > -
\ . , - . 4 . . . . '. -, 2 0. ® ‘ .
- - - a

:- P RS ) - . e ¢ : ".":‘
. CARL'RODRIGUEZ

<°°6‘

| From LIGO/Virgo
01/02 Catalog

| 0“ 'osterior Samples

GW150914
GW151012
GW151226
GW1701"
GW~

8_

@)
l

A

" Probability




; B T S | R o | Al S b . Bl © <. . . CARL'RODRIGUEZ
R | e‘ g’ng 'na‘ 'es S Ty o N STRAP e ' SN R ASTROPHYSICS |

= 0 - o N S . % AR -y YN HARVARD & SMITHSONIAN




; B T S | R o | Al S b . Bl © <. . . CARL'RODRIGUEZ
R | e‘ g’ng 'na‘ 'es S Ty o N STRAP e ' SN R ASTROPHYSICS |

= 0 - o N S . % AR -y YN HARVARD & SMITHSONIAN

e ~ TIq -+ 19
CLfNO.7



)| PR SRS . R . | <l S Bes Bl T ¢ Nt . . . CARL'RODRIGUEZ
1 e‘ g’ng ’na‘ 'es 3 o o NS SRR - A RIS ASTROPHYSICS |

HARVARD & SMITHSONIAN

Recoil Kicks for In-cluster Mergers

350 - =1

300 1

250 1

Number

100 -
e ~ TIq -+ 19

af ~ 0.7

50 -

107 10° 10! 102 103 10
Kick Speed (km/s)



ey ¥ .}

n?
cAR?. Ronmeué?’

7Vlergmg Bmanes A

Recoil Kicks for In-cluster Mergers

3507 [ y=1

300 1

250 1

Number

100 -

50 -

100" 10° 10" 102 103 104
Kick Speed (km/s)



?4

:'_: {::::_._}'ergmg

B"in arles

Recoil Kicks for In-cluster Mergers

350 1

300 1

e o y=1

1007 10° 10" 102 103
Kick Speed (km/s)

104




). : B QDA " | E ke = ' e . b T W ' A . . . CARLRODRIGUEZ
~wvlerging binaries = coosEmEE

HARVARD & SMITHSONIAN

Recoil Kicks for In-cluster Mergers

350 - =1

300 1

Escape

250° Speed

Number

100 -
e ~ TIq -+ 19

af ~ 0.7

50 -

10" 10° 10" 102 103 104
Kick Speed (km/s)



). : B QDA " | E ke = ' e . b T W ' A . . . CARLRODRIGUEZ
~wvlerging binaries = coosEmEE

HARVARD & SMITHSONIAN

Recoil Kicks for In-cluster Mergers

350 - =1

300 1

Escape

250° Speed

Number

100 -
e ~ TIq -+ 19

af ~ 0.7

50 -

10" 10° 10" 102 103 104
Kick Speed (km/s)



?4

:'_: {::::_._}'ergmg

B"in arles

Recoil Kicks for In-cluster Mergers

350 1

300 1

e o y=1

1007 10° 10" 102 103
Kick Speed (km/s)

104




?4

:'_: {::::_._}'ergmg

B"in arles

Recoil Kicks for In-cluster Mergers

350 1

300 1

e o y=1

1007 10° 10" 102 103
Kick Speed (km/s)

104




Recoil Kicks for In-cluster Mergers

3507 [ y=1

300 1

10" 10 10" 102 103 10%
Kick Speed (km/s)




e - - - A - » - » . o - -y .
. ki . " . - » @ p . 4 - * . - ) ee - ‘.'. .

: . g ‘A » g’ v E s b : .,. B ‘»d .-‘J’ & . . Y | . ;
- ‘:¢~ . g "- . s';.. .-.. y* % °.. . \ 0“, ' " v 3 i : . A . | . £ \ v
\ Lo Bt . . ".;' " A . - e b ' '!' d ¢ : . - \ ‘
b ) Y » A _.,-—. .'a.,.‘: g e ’ : . » " .. '. A . s p .
o. ) .". ‘ .. ...  § .. t‘ 4 : . " S B » ‘; ~ 4 4
. l. : A g 3 . g . - ' n. d ¢ ' : R ; :. ..:q .~ . . '
s o ... ;'..I‘ 3" .. . .‘”". ‘. ... . : - » e, | : P . .'..-. LI . “'. t - ‘.'. %
» L 2 oot . .°- 2 \ 3 L . r y S .. "y P 3 > A i L. 5

.‘ J .
I
.. - - .
L ) ‘e -
.*. .
o W AN .
<+ » :
g -
‘ - 4 - s
-

i
. .
- e

. TR )
F -
=

350 -

300 1

% -

100" 10° 10" 102 10®  10°
Kick Speed (km/s)




N

-~ \ :

350 1

300 1

10" 10 100 102 103 10
Kick Speed (km/s)



.. T v " F g 3 . : » 4 . o ¢
| ek, N : 4 : A .. ™ L v . A ‘e
' - - -

. . CARL'RODRIGUEZ

350 1

300 1

107" 109 10’ 102 103 10%
Kick Speed (km/s)



. ‘ ‘. g -

 CARL'RODRIGUEZ

350 1

300 1

107" 109 10’ 102 103 10%
Kick Speed (km/s)



’0?."'. ‘. t
L ¥ ._ ARD & SMITHSONIAN
o - ".}. -' . ."
. =2 p e th

» ‘..

A
 CARL'RODRIGUEZ

350 1

300 1

107" 109 10’ 102 103 10%
Kick Speed (km/s)



..\ ° ® - . -
‘ . . -’ - 4 . » 4 . . o . ‘ J .
Sl W L i ] " \ 4 “ R e

i
 CARL'RODRIGUEZ

- - e . - \ 4 " o . - _ R - ‘. - -
' o o * . ; ' . . . . . . .
. - . y ~.. - = y P % ' .
.0( ) ' . S . N, » R 9". .."' e .. o o .. L . ) ' ' t '
. .. P - ' . » :- } ' ‘ g .. ) . . ’ ‘ . e . e 'Y g o y 5 : ’ - ) o
¢ . - ’ . £ : vt Sl . Y A A TR ‘o . < .
- P - : " o.'. - . . - - » ) . x - - ' . o '. p : ¥ '. . ". '. X 4 i - ;
- - . | : . . VY i . L e i | R ASTROPHYSICS
- : . p . 3 o -. . . . L X .' . . L B |
. . . X ¥ . e . . : A5 e . . ’ ‘ . 2 us o 4 42 4 b | -
. M . - . . . ¢ & . . “» e : . - s W B.ES - : 8 w T 3 - Y -
» - - ..'..' y ‘. 4. 4 A - . 3 - . v ) N . g - . ka ..."0 ..7 : i' ¢ 4 » P ¢ - - 2
. - . " e s A '0 ‘8 . . - . - A 2 4 £ . . - 0 - . . s * "~~I
: - . : . . ; 1.5 s » - : g n 4 » ’ v e N R o g
| - a _= : : " = £ o 2 3 o i

& SMITHSONIAN

¥ L

350 1

300 1

107" 109 10’ 102 103 10%
Kick Speed (km/s)



N

.

350 1

300 1

107" 109 10’ 102 103 10%
Kick Speed (km/s)



350 1

300 1

107" 109 10’ 102 103 10%
Kick Speed (km/s)



e, JEE EUR RS KA Y TR | o el Wb . Bt - TS © <. . . CARL'RODRIGUEZ
e | u | ’p e e‘ ge‘s R s P IR SRR o - SN A A RS ASTROPHYSICS |

HARVARD & SMITHSONIAN

Rodriguez et al., 2019
PRD, 100, 043027

== 1G + 2G

.~
.~
y

Fraction of Mergers
=

0.1 0.2 0.3 0.4 0.5
Xbirth

-O IIIII ] ] IIIIIII ] ] IIIIIII ]
-



. B SRR FRC Rl oy L TR | B T S D W R e © <. . . CARL'RODRIGUEZ
1 u ’p e e‘ ge‘s SR T o N SRR ks - SRR R RO ASTROPHYSICS

AAAAAAAAAAAAAAAAAAA

I
»
" .
B
»
»
.
.
.
»
*
..
.
1
-

Rodriguez et al., 2019
PRD, 100, 043027

== 1G + 2G

.~
.~
y

Fraction of Mergers
=

0.1 0.2 0.3 0.4 0.5
Xbirth

-O IIIII ] ] IIIIIII ] ] IIIIIII ]
-



. B SRR FRC Rl oy L TR | B T S D W R e © <. . . CARL'RODRIGUEZ
1 u ’p e e‘ ge‘s SR T o N SRR ks - SRR R RO ASTROPHYSICS

AAAAAA D & SMITHSONIAN

I
»
.
B
»
»
.
.
»
*
..
.
1
-

Rodriguez et al., 2019
PRD, 100, 043027

== 1G + 2G
2G + 2G

-

3
/

/

il
~~-
-

-

-
N
|

Fraction of Mergers
S

O
=

0.1 0.2 0.3 0.4 0.5
Xbirth



. B SRR FRC Rl oy L TR | B T S D W R e © <. . . CARL'RODRIGUEZ
1 u ’p e e‘ ge‘s SR T o N SRR ks - SRR R RO ASTROPHYSICS

AAAAAA D & SMITHSONIAN

I
»
.
B
»
»
.
.
»
*
..
.
1
-

Rodriguez et al., 2019
PRD, 100, 043027

== 1G + 2G
2G + 2G

-

3
/

/

il
~~-
-

-

-
N
|

Fraction of Mergers
S

O
=

0.1 0.2 0.3 0.4 0.5
Xbirth



. B SRR FRC Rl oy L TR | B T S D W R e © <. . . CARL'RODRIGUEZ
1 u ’p e e‘ ge‘s SR T o N SRR ks - SRR R RO ASTROPHYSICS

AAAAAA D & SMITHSONIAN

I
»
.
B
»
»
.
.
»
*
..
.
1
-

Rodriguez et al., 2019
PRD, 100, 043027

10714  S~_ etected 2G + 2G

~

~~
~~
Ny

Fraction of Mergers
S

O
=

0.1 0.2 0.3 0.4 0.5
Xbirth



, Vo SRR LR TR Carl ., Rodriguez -
‘ o .". e,

. . . . N -

- : § ' . . 3 .. . - - . . .
' . o b o -+ / ....-.. ‘ .. . I L 3 ‘ |
' s 8 ¢ : ' : e . . : .
A . - » - ‘e . . " R = L e e '
; .. | S ‘ . 4 . ; : . - . ’ . . T : . ' ,’ :: ’-,,:‘?; -,::‘.‘: :.:::-:.':‘:: : . -
. d : ] ’ o= E » . M ' ‘ b g . : . In 2, ' .
| . Sloihe | gl A N Y | - T R MIT KAVL
| | : .. ) ¥ i | :.' . . ol 55 4 - - J '. E e, : . ¥ .’ ‘ . . -
' , 5. 2. 3 - . p . 4 y . .. - : e A . ) R I

© " INSTITUTE

1 G Xbirth = 0.0
Actual Distribution (z< 1) Detected Distribution

Bl All Mergers

1073 -+

| 20 40 60 80 100 120 140 160 20 40 60 80 100 120 140 160
Rodriguez et al., 2019 Total Mass (M) Total Mass (M)

PRD, 100, 043027



. v A | F =N R IS Ty . 7 e s B | . .+ . CARLRODRIGUEZ
Ay | u . ’p e e’ ge’ s L 9 T o NSRRI b - SRR RO ASTROPHYSICS |

HARVARD & SMITHSONIAN

1 G Xbirth = 0.0
Actual Distribution (z< 1) Detected Distribution

Bl All Mergers

10_13
: LIGO/Virgo

IAS

2G

10_2?

| 20 40 60 80 100 120 140 160 20 40 60 80 100 120 140 160
Rodriguez et al., 2019 Total Mass (M) Total Mass (M)

PRD, 100, 043027



). b PR ER S ey B TR | Gl T S Wb . Bt - TS © <. . . CARL'RODRIGUEZ
B | u ' ’p e e‘ ge‘s - A% ;- - e 2 s . o ' SRR ASTROPHYSICS |

HARVARD & SMITHSONIAN

1 G Xbirth = 0.0
Actual Distribution (z< 1) Detected Distribution

Bl All Mergers | .
1G + 1G : E—

.._
@- LIGO/Virgo
. 4

A
.- >
F

10_2?

—6—
_._

| 20 40 60 80 100 120 140 160 20 40 60 80 100 120 140 160
Rodriguez et al., 2019 Total Mass (M) Total Mass (M)

PRD, 100, 043027



. Y A ‘ =T AT R oo o Ll . Py TVl e s B Sl . . . CARL'RODRIGUEZ
N | u ' ’p e e’ ge’ s P ol S R R o SR R RO ASTROPHYSICS

HARVARD & SMITHSONIAN

1 G Xbirth = 0.0
Actual Distribution (z< 1) Detected Distribution

Bl All Mergers
1G + 1G
= Jd 1G + 2G

LIGO/Virgo
IAS

10_2?

| 20 40 60 80 100 120 140 160 20 40 60 80 100 120 140 160
Rodriguez et al., 2019 Total Mass (M) Total Mass (M)

PRD, 100, 043027



. v A | F =N R IS Ty . 7 e s B | . .+ . CARLRODRIGUEZ
Ay | u . ’p e e’ ge’ s L 9 T o NSRRI b - SRR RO ASTROPHYSICS |

HARVARD & SMITHSONIAN

1 G Xbirth = 0.0
Actual Distribution (z< 1) Detected Distribution

Bl All Mergers
1G + 1G

= 4 1G + 2G

2G + 2G

LIGO/Virgo
|IAS

10_2?

| 20 40 60 80 100 120 140 160 20 40 60 80 100 120 140 160
Rodriguez et al., 2019 Total Mass (M) Total Mass (M)

PRD, 100, 043027



. v A | F =N R IS Ty . 7 e s B | . .+ . CARLRODRIGUEZ
Ay | u . ’p e e’ ge’ s L 9 T o NSRRI b - SRR RO ASTROPHYSICS |

HARVARD & SMITHSONIAN

1 G Xbirth = 0.1
Actual Distribution (z< 1) Detected Distribution

Bl All Mergers
1G + 1G
= 4 1G + 2G

2G + 2G : —_— LIGO/Virgo
3 IAS

1

10_2?

| 20 40 60 80 100 120 140 160 20 40 60 80 100 120 140 160
Rodriguez et al., 2019 Total Mass (M) Total Mass (M)

PRD, 100, 043027



Multiple Mergers

| . . . CARL'RODRIGUEZ
SN IR N ASTROPHYSICS |

HARVARD & SMITHSONIAN

1(;.

Xbirth = 0.2

Actual Distribution (z< 1)

Detected Distribution

10_2?

Rodriguez et al., 2019
PRD, 100, 043027

20

Bl All Mergers
1G + 1G

= 4 1G + 2G

2G + 2G

40 60 80 100 120 140 160
Total Mass (My)

20

LIGO/Virgo
|IAS

40 60 80 100 120 140 160
Total Mass (My)



. v A | F =N R IS Ty . 7 e s B | . .+ . CARLRODRIGUEZ
Ay | u . ’p e e’ ge’ s L 9 T o NSRRI b - SRR RO ASTROPHYSICS |

HARVARD & SMITHSONIAN

1 G Xbirth = 0.5
Actual Distribution (z< 1) Detected Distribution

Bl All Mergers
1G + 1G

= 4 1G + 2G

2G + 2G

LIGO/Virgo
|IAS

10_2?

| 20 40 60 80 100 120 140 160 20 40 60 80 100 120 140 160
Rodriguez et al., 2019 Total Mass (M) Total Mass (M)

PRD, 100, 043027



). b PR ER S ey B TR | Gl T S Wb . Bt - TS © <. . . CARL'RODRIGUEZ
B | u ' ’p e e‘ ge‘s - A% ;- - e 2 s . o ' SRR ASTROPHYSICS |

HARVARD & SMITHSONIAN

1 G Xbirth = 0.0
. Actual Distribution (z< 1) Detected Distribution

EEm All Mergers| -

1G + 1G |- |
1 1G+2G |- LIGO/Virgo

2G + 2G IAS

N
G)
RPYERL VNN

10_3?

] —OI.75—O.50—O.25 0.00 0.25 0.50 O.|75 —OI.75—O.50—O.25 0.00 0.25 0.50 O.|75
Rodriguez et al., 2019 Xeff Yeff

PRD, 100, 043027



Multrple Mergers o Dhafiae EIOW T

HARVARD & SMITHSONIAN

1 G Xbirth = 0.1
. Actual Distribution (z< 1) Detected Distribution
E Bl All Mergers
1G + 1G : I
e 1 1G +2G |- LIGO/Virgo

2G + 2G

1072 - _
==
10_3? -
] —OI.75—O.50—O.25 0.00 0.25 O.ISO O.|75 —O 75—-0.50-0.25 0.00 0.25 0.50 0. 75
Rodriguez et al., 2019 Xeff Yeff

PRD, 100, 043027



). b PR ER S ey B TR | Gl T S Wb . Bt - TS © <. . . CARL'RODRIGUEZ
B | u ' ’p e e‘ ge‘s - A% ;- - e 2 s . o ' SRR ASTROPHYSICS |

HARVARD & SMITHSONIAN

1 G Xbirth = 0.2
. Actual Distribution (z< 1) Detected Distribution

EEm All Mergers| -
1G + 1G T .

=1 1G+2G |. LIGO/Virgo é
2G + 2G IAS

2G " "
1072 - _

10_3?

] —OI.75—OI.50—O.25 0.00 0.25 O.ISO O.|75 —OI.75—O.50—O.25 0.00 0.25 0.50 O.|75
Rodriguez et al., 2019 Xeff Yeff

PRD, 100, 043027



CARL RODRIGUEZ

HARVARD & SMITHSONIAN

A RN R ASTROPHYSICS |

1(;.

Xbirth = 0.5

Actual Distribution (z< 1)

Detected Distribution

100 -

2G "

10_23

B All Mergers|

1G + 1G
= 4 1G + 2G
2G + 2G

Rodriguez et al., 2019

PRD, 100, 043027

LIGO/Virgo
|IAS

—0.75-0.50-0.25 0.00 0.25 0.50 0.75

Xeff

o I

Xeff

—0.75-0.50-0.25 0.00 0.25 0.50 0.75



’- ' : - ' i ' . - \ ' | .. e 3 | CARt;ODRIGUEZr
~Multiple Mergers =~ s
2g+2
1 G flat 58 1.0
f1g+2g — 10% .

LIGO
Y obs — 100
!. fogizg = 30% =

flg—l-lg — 60%

lg+1g lg

4 _ See also:
Gerosa & Berti 2017 ]
ZG PRD, 95, 124046 Fishbach, Holz, Farr 2017

ApdL, 840, L24




. . CARLRODRIGUEZ
A ASTROPHYSICS
< : |

1.0
-0.5
-0.0
r—0.5

~1.0

=¥
~1.5 &
—2.0
—2.5
~3.0
~3.5

—4.0

2g
See also:

Fishbach, Holz, Farr 2017
ApdL, 840, L24

Gerosa & Berti 2017
PRD, 95, 124046



<. . . CARL'RODRIGUEZ

Pulsational-Pair Instabilities




CARL RODRIGUE?Z

AAAAAAAAAAAAAAAAAAA

v, He, C, O, Si



He Core Mass
M € [40M s, 65M©



~v, He, C, O, Si

He Core Mass
M € [40Mg, 65M Q)]




He Core Mass
M € [40Mg, 65M Q)]




Pulsational-Pair Instabilities g

HARVARD & SMITHSONIAN




(e
T W
Py

Pulsatlonal-Palr Instab:lltles b

ENTER FOR’
P, ‘ y 3

ﬂy%e++e

—
Mgy < 45M

He Core Mass
M € [40Mg, 65M Q)]




He Core Mass
M € [65M), 135M @)




Pulsational-Pair Instabilities s

AAAAA RD & SMITHSONIAN

-
i
.
»
.
.
> .
2
»
.
-
.
.
.
B
»
. ’
..
.
.
.

| | | | | I I |

1000 || —

00
-
-
|
|

Number
»
o
o
I
|

N

-

-
|
]
|

200 [~ | . -

———r

| 4 s 4 | 4 |

0 20 40 60 80 100 120

Total intrinisc merger mass [M_] Belczynski et al., 2016
A&A, 594, A76




_ CARL'RODRIGUEZ

Pulsa tlonaI-Palr Instabllltles .

ARD & SMITHS NNNNN

Xblrth = 0.0
Actual Distribution (z< 1) Detected Distribution

Bl All Mergers
1G + 1G

= 4 1G + 2G

PACIE L€

10_13
: LIGO/Virgo

10_2?

20 40 60 80 100 120 140 160 20 40 o0 80 100 120 140 160

Rodriguez et al., 2019 Total Mass (Mo) Total Mass (Mo)
PRD, 100, 043027



.+ . CARL'RODRIGUEZ
-~ "CENTER FOR
. ot :‘ 2

PulsatlonaI-Palr Instabllltles 3

Xblrth = 0.0
Actual Distribution (z< 1) Detected Distribution
B All Mergers | |
1G + 1G
10-1 = 4 1G + 2G
e 2G + 2G LIGO/Virgo
IAS

10_2?

20 40 60 80 100 120 140 160 20 40 o0 80 100 120 140 160

Rodriguez et al., 2019 Total Mass (Mo) Total Mass (Mo)
PRD, 100, 043027



. . . CARL'RODRIGUEZ

© LIGO/Virgo
|IAS

20 40 60 80 100 120 140 160 20 40 o0 80 100 120 140 160

Rodriguez et al., 2019 Total Mass (Mo) Total Mass (Mo)
PRD, 100, 043027



HARVARD & SMITHSONIAN

Fraction of Mergers
S

0.0 0.1 0.2 0.3 0.4 0.5

Rodriguez et al., 2019 Xbirth

PRD, 100, 043027









(V|
J

D

i

I"v

Ad

TROP

e
R »

CA




sl VRS T T > | e : : . o 7y .o . CARL'RODRIGUE?Z
- Escape Speeds -
~1-10 km/s ~10-100 km/s
Open CIUSterS o0 e SC Merging Original BBHs :
e SC Merging Exchanged BBHs
50 {1 v LIGO VIRGO Detections
40 .I ] 107
3 .
2 30 .
N
. 20- 1o~
10-
0. .10-3
0 10 20 30 40 50 60 70 80 90 Di Carlo et al.,

m;1 [Mo]

MNRAS 487., 2, 2019



~Escape Speeds -

" CARL RODRIGUEZ

-CENTE,R"FLDR; ASTROPHYSICS |

HARVARD & SMITHSONIAN

-
-

~1-10 km/s ~10-100 km/s

Open Clusters GCs

1 !
e SC Merging Original BBHs : ; »
e SC Merging Exchanged BBHs . At
50{ % LIGO VIRGO Detections S .
s [ ] ® O‘ .:.
° 1071 |
L] ]
{ »
] (]
4
L] |
[}
A
'i
10‘2_: d
0- '10-3 ', ‘.."-
0O 10 20 30 40 50 60 70 80 90 g
m1[Mo] Pk

Di Carlo et al.,
MNRAS 487., 2, 2019



s © <4 .+ . CARL'RODRIGUEZ
SN RO ASTROPHYSICS |

HARVARD & SMITHSONIAN

~1-10 km/s

Open Clusters

e SC Merging Original BBHs
e SC Merging Exchanged BBHs
501 * LIGO VIRGO Detections

1071

10-2

.....

0 10 20 30 40 50 60 70 80 90
m1[Mo]

Di Carlo et al.,
MNRAS 487., 2, 2019

~ 30100 kmls
GCs

~100-1000 km/s

Nuclear Star
Clusters

1000

S00

200

Total Mass (Mg,,.)

Antonini & Rasio 2016
Apd, 831, 187

Z=0.25Z,,
M=0.5—5x10"Mg,,

* o o « Qp.oo

o $% wen Sp e doaecgt 7o

..‘O o 4 . ™

¥ o —— o oo s
s AT e

PN

.
‘;!.' rd - ‘.'r" * 1"'."'. s L
I RS | "',.‘"'Q‘ A
AP “:QJT -~ A

—



| | ’ n EE -, g Y SRR . Beh . Bl T ¢ IRV | - . CARL'RODRIGUEZ
Escape Speeds = o mmmmm

HARVARD & SMITHSONIAN

~1-10km/s  ~10-100 km/s  ~100-1000 km/s  ~1,000-10,000 km/s

Open Clusters  GCs Nuclear Star AGN
+ SCHergh Orgoa Bfe N | ;'_ CI u 3 ter S

50{ * LIGO VIRGO Detections 8
=f Z=0.25Z,,
ol | Mg=0.5-5x10"Mg,,
- 7 s
ég - o o0
0'(') 1070 5o 40 50 6 7o 8 5 g ~ | @
m1[Mo] - ’
3g| E ’2"-'“ B
Di Carlo et al., "7
MNRAS 487., 2, 2019 3

Antonini & Rasio 2016
Apd, 831, 187



www.jpl.nasa.gov



G|
s - -

[ Sl

www.jpl.nasa.gov



Wwww.jpl.nasa.gov



www.jpl.nasa.gov



Active Galactic Nuclei

: | | .. CARL'RODRIGUEZ
| SN S RN ASTROPHYSICS |

HARVARD & SMITHSONIAN

~10,000 km/s

Stone, Metzger, Haiman, 2017
MNRAS 464, 946

Bartos, Kocsis, Haiman et al.,
2017 Apd, 835, 165

McKernan, Ford, Bellovary
et al., 2018 ApJ, 866, 66

Secunda, Bellovary, Low
et al., 2019 ApJ, 878, 85



-}Actlve Galactlc Nuclel B

HARVARD & SMITHSONIAN

Yang et aI 2019
PRL (in pres),
arXiv: 1906.09281

0.035
0.030
0.025
0.020
0.015
0.010
0.005

0.000E.__. 77— - e = r—— :
0 o0 100 150 200

dP/dm;




-?-fActlve Galactlc Nuclel U e TR

HARVARD & SMITHSONIAN

Yang et aI 2019
PRL (in pres),
arXiv: 1906.09281

0.035
0.030
0.025
0.020
0.015
0.010
0.005

0.000E._. 7<= - = r—— :
0 50 100 150 200

dP/dm;
dP/d ) i




Dynamlcal Neutron Star Bmanes 7 T




TN . 4 . e
 CARL RODRIGUEZ

no



 Dynamical Neutron Star Binaries?. s

3 ;’.'. 15| 7
L - 20} _

o 3
PRI 25| — _
= Models with Ngg 2 200

b = Models with Ngg S 10

& 0o NGC 3201

g 30

NGC 3201 r (arcsec)
(ESO/MPG 2.2-m telescope) Kremer, Ye, Chatterjee, Rodriguez, & Rasio

ApJL 855, L15 (2018)



ynamical Neutron Star Binaries? . s

non — core — collapsed, r. = 2. 35 pc
Ny =116, Nng =161

Ye, Fong, Kremer, Rodriguez et al., Iin prep

core — collapsed, r. =0. 16 pc
NBH = ]., NNS = 283

».“. - J‘.

+

‘o
. LS ’

L B .
LY IR . "4 .
rol ‘,' .
. . .
’ . ~ .
» ‘ LI . o+ "
. '. . 2 & .
. . .
R . ",
AN w e N .
N
_.\’ . e, e
rm * .
. * . .-
.' . .
. " iy » -
L. L A
R . .
- Y s ) ‘Q
” " -
- LI ‘.
- el
L 'h "-
. .t ., .
- .-,
. . N . .
o

NSs
BHs
other stars
core radius




namical Neutron Star Binaries 7 mmumm
non — core — collapsed, r. = 2. 35 pc e — collapsed, r. =0. 16 pc

NBH — 116, NNS = 161 NBH — 1, NNS = 283

NSs
BHs
other stars
core radius

Ye, Fong, Kremer, Rodriguez et al., Iin prep



