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Initial-Final Mass Relation

If Nature always makes smooth functions, then                 should be smooth 
Mf = fbin(Mi, Z, qi)

<latexit sha1_base64="4NIxVPR6SG1OaQ1spu/fIQtOqJM="></latexit>

Mf = fsig(Mi, Z)

<latexit sha1_base64="w4c/4xmrtv2cFhfrvrwvjVzz76I="></latexit>

single: binary:
dN/dMf

<latexit sha1_base64="AHf/NlyukVDXE27Vp0cKCuXbSNE="></latexit>

Mi

<latexit sha1_base64="BtQfxBGx8Blij1LQab4LIQlsIU8="></latexit>

dN

dMi

<latexit sha1_base64="kV+aS84ciuJ1tudh84wNQ7yLu/E="></latexit>

0.1 100

smooth mapping

Mf

<latexit sha1_base64="wuqmQLJUeIi3wJxSDSD66BHVZ4U="></latexit>

dN

dMf

<latexit sha1_base64="wHLlX1j7+6c9qMRgoAq/xxFrGPg="></latexit>



Initial-Final Mass Relation

If Nature always makes smooth functions, then                 should be smooth 
Mf = fbin(Mi, Z, qi)

<latexit sha1_base64="4NIxVPR6SG1OaQ1spu/fIQtOqJM="></latexit>

Mf = fsig(Mi, Z)

<latexit sha1_base64="w4c/4xmrtv2cFhfrvrwvjVzz76I="></latexit>

single: binary:

(Woosley 2019, solar Z)

dN/dMf

<latexit sha1_base64="AHf/NlyukVDXE27Vp0cKCuXbSNE="></latexit>

(Ozel+ 10, 12; Kochanek 12)

core collapse
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If Nature always makes smooth functions, then                 should be smooth 
Mf = fbin(Mi, Z, qi)

<latexit sha1_base64="4NIxVPR6SG1OaQ1spu/fIQtOqJM="></latexit>

Mf = fsig(Mi, Z)

<latexit sha1_base64="w4c/4xmrtv2cFhfrvrwvjVzz76I="></latexit>

single: binary:
dN/dMf

<latexit sha1_base64="AHf/NlyukVDXE27Vp0cKCuXbSNE="></latexit>

Initial-Final Mass Relation

(Ozel+ 10, 12; Kochanek 12)

(Woosley 2019, solar Z)



BH (failed SN)

NS (successful)

core collapse

If Nature always makes smooth functions, then                 should be smooth 
Mf = fbin(Mi, Z, qi)

<latexit sha1_base64="4NIxVPR6SG1OaQ1spu/fIQtOqJM="></latexit>

Mf = fsig(Mi, Z)

<latexit sha1_base64="w4c/4xmrtv2cFhfrvrwvjVzz76I="></latexit>

single: binary:
dN/dMf

<latexit sha1_base64="AHf/NlyukVDXE27Vp0cKCuXbSNE="></latexit>

Initial-Final Mass Relation

(Woosley 2019, solar Z)

(highly uncertain)
(Z, binary, rotation, wind)
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<latexit sha1_base64="wuqmQLJUeIi3wJxSDSD66BHVZ4U="></latexit>

Mi

<latexit sha1_base64="BtQfxBGx8Blij1LQab4LIQlsIU8="></latexit>

(recent: Thompson+19, Jayasinghe+21)

electron-capture collapse 
or thermonuclear explosion
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EMRI-like Event: GW190814

Abbott+20

q ' 0.1

<latexit sha1_base64="f84+5DcLvDi9yQ+Bo453rYKMzT8="></latexit>

N ⇠ 50



Spin Constraints
Long inspiral

|�e↵ | . 0.06

Accurate phase evolution

Lack of Lens-Thirring precession

�p = 0.04+0.04
�0.03

�p = max

✓
�1?, q3

4 + 3q

4q + 3
�2?

◆

<latexit sha1_base64="932uWisEyA4a+7cw6sPQ+svYXnU="></latexit>

�e↵ =
�1k + q �2k

1 + q

<latexit sha1_base64="fh9ATAUd0ctSjlR3J+Nhn01SpBw="></latexit>

primary secondary





Lower-Mass Gap

Not in Galactic XRBs

Upper-Mass Gap



likely low Z

successful SNe? GW190814



GW170817 GW190425

upper
gap?

lower gap?

(LVC O3a catalog)



GW190814
GW170817

GW190425

GW190521

�e↵

<latexit sha1_base64="tE0mDqBECUB4aRSmugO7174LF6E="></latexit>

Note:       only well constrained for long inspirals

chirp mass

VLIGO / M2.5

<latexit sha1_base64="HRUl/sI98nfiWQT+Qxk3wn3Y0ZI="></latexit>

[300, 3000]

[1, 20]

[0.02, 0.4]

Gpc�3 yr�1

<latexit sha1_base64="J8/SRWErRxUZsWZVvxl1RwruIjc="></latexit>

other BBHs
[10, 100]

(LVC O3a catalog)
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Nature of the Secondary

Clue from GW170817 Mtot = 2.73+0.04
�0.01M�

<latexit sha1_base64="c40q9gYfiNlFbg9JhBgac5Poj44="></latexit>

GW radiation

Neutrino loss

Baryonic ejecta

. 0.1M�

<latexit sha1_base64="giuqnXGisl16/e5WavJqVbqZWiA="></latexit>

Mass loss during bNS merger:
0.03 ⇠ 0.2M�

<latexit sha1_base64="51RZY1LrF6nB9ohOpq9ruh91ZLM="></latexit>

Spin down
. 0.03M�

<latexit sha1_base64="T7qqkqUrb4kRMGcfXCtzx5sO+/s="></latexit>

(�m . 0.2M�) 0.05 ⇠ 0.1M�

<latexit sha1_base64="ngxEASE1SHE78+KOS7U507vevHs="></latexit>



Nature of the Secondary

Clue from GW170817 Mtot = 2.73+0.04
�0.01M�

<latexit sha1_base64="c40q9gYfiNlFbg9JhBgac5Poj44="></latexit>

GW radiation

Neutrino loss

Baryonic ejecta

. 0.1M�

<latexit sha1_base64="giuqnXGisl16/e5WavJqVbqZWiA="></latexit>

Mass loss during bNS merger:
0.03 ⇠ 0.2M�

<latexit sha1_base64="51RZY1LrF6nB9ohOpq9ruh91ZLM="></latexit>

Spin down
. 0.03M�

<latexit sha1_base64="T7qqkqUrb4kRMGcfXCtzx5sO+/s="></latexit>

(�m . 0.2M�) 0.05 ⇠ 0.1M�

<latexit sha1_base64="ngxEASE1SHE78+KOS7U507vevHs="></latexit>

KNe and afterglow studies suggest:
Ek . 1051 erg

<latexit sha1_base64="lcLn4WBSihylCEccvp51XAK/3YM="></latexit>

Erad ⇠ 1048 erg

<latexit sha1_base64="SinFDp4e1ijMug0Msm7IFHmdCNw="></latexit>

Almost certainly made a BH
m ⇠ 2.6M�

<latexit sha1_base64="9o6IMY4VrzhZsDbc9gQ+uQl7EAI="></latexit>

� ⇠ 0.7

<latexit sha1_base64="lhnvnRQa8B19Oa4kCuKK6m7VwGo="></latexit>

mTOV . 2.2M�

<latexit sha1_base64="urzx1mhdFrgJ1+0oWxhmgiibL4E="></latexit>

missing Erot ⇠ 1052.5–1053 erg

<latexit sha1_base64="22CM6pOLr3x2ngzPIdfvRcFLUh4="></latexit>

mmax ' 1.2mTOV

<latexit sha1_base64="K4MelQYRcajBCsIn/kp0vfQNlqo="></latexit>

(~Chandrasekhar mass for NS)

with rotation



Nature of the Secondary

Clue from GW170817 Mtot = 2.73+0.04
�0.01M�

<latexit sha1_base64="c40q9gYfiNlFbg9JhBgac5Poj44="></latexit>

GW radiation

Neutrino loss

Baryonic ejecta

. 0.1M�

<latexit sha1_base64="giuqnXGisl16/e5WavJqVbqZWiA="></latexit>

Mass loss during bNS merger:
0.03 ⇠ 0.2M�

<latexit sha1_base64="51RZY1LrF6nB9ohOpq9ruh91ZLM="></latexit>

Spin down
. 0.03M�

<latexit sha1_base64="T7qqkqUrb4kRMGcfXCtzx5sO+/s="></latexit>

(�m . 0.2M�) 0.05 ⇠ 0.1M�

<latexit sha1_base64="ngxEASE1SHE78+KOS7U507vevHs="></latexit>

GW190814 secondary
m = 2.6± 0.1M� � mTOV

<latexit sha1_base64="hPtDo7cglwiDcrpRrfdfn6oRmCM="></latexit>

KNe and afterglow studies suggest:
Ek . 1051 erg

<latexit sha1_base64="lcLn4WBSihylCEccvp51XAK/3YM="></latexit>

Erad ⇠ 1048 erg

<latexit sha1_base64="SinFDp4e1ijMug0Msm7IFHmdCNw="></latexit>

Almost certainly made a BH
m ⇠ 2.6M�

<latexit sha1_base64="9o6IMY4VrzhZsDbc9gQ+uQl7EAI="></latexit>

� ⇠ 0.7

<latexit sha1_base64="lhnvnRQa8B19Oa4kCuKK6m7VwGo="></latexit>

mTOV . 2.2M�

<latexit sha1_base64="urzx1mhdFrgJ1+0oWxhmgiibL4E="></latexit>

missing Erot ⇠ 1052.5–1053 erg

<latexit sha1_base64="22CM6pOLr3x2ngzPIdfvRcFLUh4="></latexit>

mmax ' 1.2mTOV

<latexit sha1_base64="K4MelQYRcajBCsIn/kp0vfQNlqo="></latexit>

(~Chandrasekhar mass for NS)

with rotation
spin down to           after tGW

<latexit sha1_base64="4ShnAkZ4mqO0v8io6+8LjAb98Og="></latexit>

� ⌧ 1

<latexit sha1_base64="L4Gm+EoJTAcNzENJiqW2dTI/Iyw="></latexit>

BH
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(total mass)

GW radiation

Neutrino loss

Baryonic ejecta
. 0.1M�

<latexit sha1_base64="giuqnXGisl16/e5WavJqVbqZWiA="></latexit>

Mass loss during merger:

0.03 ⇠ 0.2M�

<latexit sha1_base64="51RZY1LrF6nB9ohOpq9ruh91ZLM="></latexit>

Spin down
. 0.03M�

<latexit sha1_base64="T7qqkqUrb4kRMGcfXCtzx5sO+/s="></latexit>

(�m . 0.2M�)

0.05 ⇠ 0.1M�

<latexit sha1_base64="ngxEASE1SHE78+KOS7U507vevHs="></latexit>
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BH



Volumetric Rates (z ~ 0)

R170817

<latexit sha1_base64="mLEzT14Vd0AD8FwQafP73vQGXCk="></latexit>

R190814

<latexit sha1_base64="mnK4a/iVYP9ogqh4nIdLuxmpLug="></latexit>

Only a small fraction of
BNS mergers need to
participate 2G merger!

1/200 !!

BBH

RBNS
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Yang20

170817+190425
170817 only
model (ftriple ) d/3)

Rate Ratio

(90% C.L.)
0.064% . � . 2.8%

what’s needed:
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170817+190425
170817 only
model (ftriple ) d/3)

Rate Ratio

(90% C.L.)

AGN-assisted

quadruple
For instance,

(a) 3+1

(b) 2+2

0.064% . � . 2.8%

star cluster

quadruple scenarios

what’s needed:



A Triple Model?

Kick on BNS merger remnant

vk,ej ⇠ 30 to 150 km/s

<latexit sha1_base64="EoqS6MVGZUNTp1LDa+RB0YvyFPs="></latexit>

vk,⌫⌫̄ . 100 km/s

<latexit sha1_base64="R1q9I+yIf0GS9zVArWzB4Q7PZPQ="></latexit>

GW

Neutrinos

Dynamical Ejecta

vk,bh ⇠ 100 km/s

comparable to orbital
speed for a ⇠ 1AU

vk,GW . 30 km/s

<latexit sha1_base64="4ohVHRJHflm3/oTJ1ekvKfzl/vw="></latexit>

(highly uncertain)

(mass ratio 0.8 . q < 1)

<latexit sha1_base64="wohFibK1d11f8xHqM0QHFoDDIis="></latexit>



A Triple Model?

A fraction          of BNS
mergers have a tertiary BH

ftriple

<latexit sha1_base64="QObFN5qwzLOyiR/DYUY5AvDfrFU="></latexit>

0.064% . � ⌘ R190814

Rbns
. 2.8%

2G-merger probabilityfm

<latexit sha1_base64="MAyDu8TGE8cihpcyv2/XUqhrPh8="></latexit>

� = ftriplefm

<latexit sha1_base64="BZvBJQvhmuFYUJM2XYpFrIfyUaE="></latexit>

0.2% . fm . 8%

<latexit sha1_base64="gyhbboTdyhEL1TKvMdmN5htxOqg="></latexit>

what’s needed:fm =
⌦loss cone

4⇡

<latexit sha1_base64="qSL+3VErBLOfL+TlBT3eip97OxI="></latexit>

ftriple = 1/3

<latexit sha1_base64="3INAhEe6Su+QuvOIAp75ZiAM7pw="></latexit>

if



For               , 

Average Over           & Orbital Phase       

BH2

BH1
rp

<latexit sha1_base64="1wUTvzfK01WAXibdpW8YpHIqsUs="></latexit>

a

<latexit sha1_base64="SYq77o53l30I07F4/g8QsmoAWuU="></latexit>
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log(a/A=)
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-1.5

log
a
fm
@
vk,Ah

-4.0

-3.5

-3.0

-2.5

-2.0

-1.5

magnitude: log-normal

� = 0.3

<latexit sha1_base64="wY3d2XOu04bwbWgNyJJdND0wO2Q="></latexit>

direction: isotropic

P (log vk,bh[km/s])

<latexit sha1_base64="A3ZA3LeHLILXxxQ9AItRkf5loko="></latexit>

a ⇠ 1AU hfmivk,bh ⇠ 1%

~vk,bh

<latexit sha1_base64="dqYPPb7omoyiBndomEgdeqHzvwQ="></latexit>

vorb

<latexit sha1_base64="53ic8w+ErK7LeSYluCWI4Vbf47Y="></latexit>

vk,bh

<latexit sha1_base64="HDoJz2E7Gggi9nY71DNhfRicXBQ="></latexit>

loss cone

µ = 2 (or 100 km s�1)

<latexit sha1_base64="7vBEW7LpGEm0FjweVAOq1YxEmss="></latexit>

(outer orbit slightly eccentric
before BNS merger)



Average Over SMA    f                 

dP

dlogPorb
/ P�0.2

orb

<latexit sha1_base64="EPuZs2KwlLgfSyBS5yeeAQ11BZg="></latexit>

Sana+17
(caveat: biases)

Power-law distribution

PL index:              ?p ' 0.3

<latexit sha1_base64="N9Qd+czh0imtfyvl5SYSeH7N78E="></latexit>

min SMA:

(caveat: orbital migration)
dP

d log a
/ a�p (a & amin)

<latexit sha1_base64="si2kNI9mkTMx6oQVvPohwZypNHA="></latexit>

a

<latexit sha1_base64="/MbAgNoVnC65haOxWqrd+tMJIl0="></latexit>



Power-law distribution

PL index:              ?p ' 0.3

<latexit sha1_base64="N9Qd+czh0imtfyvl5SYSeH7N78E="></latexit>

min SMA:

TAMS

He-dep
C-dep

Klencki+20

3⇥ 20R� ' 0.3AU

<latexit sha1_base64="/KYkYkwrNbzDTwP4i4a6efG5OwY="></latexit>

dP

d log a
/ a�p (a & amin)

<latexit sha1_base64="si2kNI9mkTMx6oQVvPohwZypNHA="></latexit>

Average Over SMA    f                 a

<latexit sha1_base64="/MbAgNoVnC65haOxWqrd+tMJIl0="></latexit>

TAMS



2G Merger Fraction (%)

50 100 150

0.3 AU

0 0.16 0.43 0.58

0.3 0.22 0.70 0.97

2/3 0.28 1.0 1.4

1 AU

0 0.12 0.18 0.17

0.3 0.16 0.28 0.27

2/3 0.21 0.39 0.39

amin

<latexit sha1_base64="vMUXRquiIB3BPxQ87ztUvFt4JCA="></latexit>

p

<latexit sha1_base64="fqbhQIpamdapvJdSyhF5dScsaUs="></latexit>

v̄k,bh[km/s]

<latexit sha1_base64="Xk9yHJqD9Zrt8CeO1igWynF0Dl8="></latexit>

A fraction          of BNS
mergers have a tertiary BH

ftriple

<latexit sha1_base64="QObFN5qwzLOyiR/DYUY5AvDfrFU="></latexit>

0.064% . � ⌘ R190814

Rbns
. 2.8%

2G-merger probabilityfm

<latexit sha1_base64="MAyDu8TGE8cihpcyv2/XUqhrPh8="></latexit>

� = ftriplefm

<latexit sha1_base64="BZvBJQvhmuFYUJM2XYpFrIfyUaE="></latexit>

ftriple = 1/3

<latexit sha1_base64="3INAhEe6Su+QuvOIAp75ZiAM7pw="></latexit>

0.2% . fm . 8%

<latexit sha1_base64="gyhbboTdyhEL1TKvMdmN5htxOqg="></latexit>

what’s needed:
predictions

if



2G Merger Fraction (%)

A fraction          of BNS
mergers have a tertiary BH

ftriple

<latexit sha1_base64="QObFN5qwzLOyiR/DYUY5AvDfrFU="></latexit>

0.064% . � ⌘ R190814

Rbns
. 2.8%

2G-merger probabilityfm

<latexit sha1_base64="MAyDu8TGE8cihpcyv2/XUqhrPh8="></latexit>

� = ftriplefm

<latexit sha1_base64="BZvBJQvhmuFYUJM2XYpFrIfyUaE="></latexit>
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170817 only
model (ftriple ) d/3)

observation

prediction

Q: Is large          allowed??ftriple

<latexit sha1_base64="ybvhH9lug8zqPGwPL3yW5YfAlYY="></latexit>



A Practical Triple Model

10

10

40
ZAMSaout ⇠ 1AU

<latexit sha1_base64="l7nefWO9+qo8t2dkCCFVcZaVJ/8="></latexit>

ain ⇠ 0.2AU

<latexit sha1_base64="l4QWnDwR5cbXXviUKmC6BQWhAGA="></latexit>

(Z . 0.1Z�)

<latexit sha1_base64="ZV3p7dtCBnjWMZadEbmvopSu1f4="></latexit>



A Practical Triple Model

RLOF

aout ⇠ 1AU

<latexit sha1_base64="l7nefWO9+qo8t2dkCCFVcZaVJ/8="></latexit>

ain ⇠ 0.2AU

<latexit sha1_base64="l4QWnDwR5cbXXviUKmC6BQWhAGA="></latexit>

binary accretion
(~50% lost)



A Practical Triple Model

He-star
25

aout ⇠ 1AU

<latexit sha1_base64="l7nefWO9+qo8t2dkCCFVcZaVJ/8="></latexit>

ain ⇠ 0.2AU

<latexit sha1_base64="l4QWnDwR5cbXXviUKmC6BQWhAGA="></latexit>

weak orbital migration

14

12



A Practical Triple Model

BH1

23

aout ⇠ 1AU

<latexit sha1_base64="l7nefWO9+qo8t2dkCCFVcZaVJ/8="></latexit>

ain ⇠ 0.2AU

<latexit sha1_base64="l4QWnDwR5cbXXviUKmC6BQWhAGA="></latexit>

weak natal kick

vk ⇠ 20 km/s ⌧ vorb ⇠ 100 km/s

<latexit sha1_base64="LVgRzpNMJnGaeGf65pd3FnxxPYM="></latexit>

14

12



A Practical Triple Model

aout ⇠ 1AU

<latexit sha1_base64="l7nefWO9+qo8t2dkCCFVcZaVJ/8="></latexit>

strong natal kick

NS1

binary center-of-mass kick

vk ⇠ 300 km/s ⇠ vorb,in

<latexit sha1_base64="mDaYGgFRoAzobYer6F7lPvFdpiM="></latexit>

vk,b . 30 km/s ⌧ vorb ⇠ 100 km/s

<latexit sha1_base64="+I3KRRNCngzCcd/SkYafxuqcoJE=">AAADJ3icbZJLaxsxEMfl7SvdPuK0x15ETaCH4O4mJnZvIbm0txTqJGAZo9WOE2FptUjaGCP2A+W7FHIrybHfpNoXtEkHVsz+/qPRjEZJLrixUXTfC548ffb8xdbL8NXrN2+3+zvvzowqNIMpU0Lpi4QaEDyDqeVWwEWugcpEwHmyOqn082vQhqvsh93kMJf0MuNLzqj1aNE/uV44oiVe7SUlEWCM4RIfRBUie3glPxsiBG6DlE 5KTKqIOKpC2ohFfxANv0xG8eE+rp2D0bhx4niM42FU2wC1drrY6f0kqWKFhMwyQY2ZxVFu545qy5mAMiSFgZyyFb2EmXczKsHMXd1tiXc9SfFSaf9lFtf07x2OSmM20pe6K6m9Mg+1Cv5PmxV2OZk7nuWFhYw1By0Lga3C1dXhlGtgVmy8Q5nmvlbMrqimzPoLDkOSwpJI7UiVWcuyAamrWFq2v4kjiRJpVZ8SLbOOrHkKlosUWiRZk4bRLkjmTjZTyLtcEjoEHYLcgKtWLvx0H2nHD7TjTst9G65ehQB/ZEgyWDMlJc18A3YDQqh1OYvnzpH6wl2LBnFZ1vM/rIeMHzvd/M/2h/FoOPk+Ghx9a1/CFvqAPqJPKEZjdIS+olM0RQzdoFt0h+6Dm+A2+BXcNaFBr93zHv1jwe8/oVgIZA==</latexit>
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BH1
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A Practical Triple Model

aout ⇠ 1AU

<latexit sha1_base64="l7nefWO9+qo8t2dkCCFVcZaVJ/8="></latexit>

He core

common envelope

NS1 BH1

23



A Practical Triple Model

NS1
aout ⇠ 1AU

<latexit sha1_base64="l7nefWO9+qo8t2dkCCFVcZaVJ/8="></latexit>

He-star

BH1

23

3~5 
RLOF

< 2 



A Practical Triple Model

NS1
aout ⇠ 1AU

<latexit sha1_base64="l7nefWO9+qo8t2dkCCFVcZaVJ/8="></latexit>

natal kick (ultra-striped SN)
NS2

vk . 50 km/s

<latexit sha1_base64="pu9mb9qOiZ0hCRSPeZ3qgI2IFHo="></latexit>

binary center-of-mass kick

BH1

23

outer orbit mildly affected

vk,bns

<latexit sha1_base64="OE5spNseEjj+Et7C7mK5H7kZtiA="></latexit>

vk,bns . 25 km/s ⌧ vorb ⇠ 100 km/s

<latexit sha1_base64="zSMYL88M45z6JCjnK6CKomeISSs=">AAADKHicbZJLbxMxEMed5VXCK4UjF4sIiUMUdtPQhFtVOMCtSKStFEeR1ztprdjrle1tFFn7hfpZOPSGwpFPgvclQctIa41///HYM7NxJrixYbjrBPfuP3j4aO9x98nTZ89f9PZfnhqVawYzpoTS5zE1IHgKM8utgPNMA5WxgLN4/anUz65AG67S73abwULSi5SvOKPWo2Xv89XSES3xehCnpiACjDFc4tEHIrUjg7V8X1KBmz Cl44KUAVEY+j0Z4DJi2euHw4/TcXQ4wpVzMJ7UThRNcDQMK+ujxk6W+50fJFEsl5BaJqgx8yjM7MJRbTkTUHRJbiCjbE0vYO7dlEowC1eVW+C3niR4pbT/Uosr+vcJR6UxWxn7SEntpbmtlfB/2jy3q+nC8TTLLaSsvmiVC2wVLnuHE66BWbH1DmWa+7didkk1ZdZ3uNslCayqtpWZtSxqkLiSJUWzjR2JlUjK9ynRMOvIhidguUigQZLVaRhtg2TmZD2ErM0loUXQIsgMuHLlwo/3jnZ8SztutcyX4apVCPBXdkkKG6akpKkvwG5BCLUp5tHCOVI13DWoHxVFNf/Dasj4rtPO/3Q0jMbD6bdx/+hr8yfsodfoDXqHIjRBR+gLOkEzxNA1ukE79Cu4Dm6Cn8GuDg06zZlX6B8Lfv8BwGQJ6w==</latexit>



A Practical Triple Model

aout ⇠ 1AU

<latexit sha1_base64="l7nefWO9+qo8t2dkCCFVcZaVJ/8="></latexit>

merger kick

BH2

2.6

vk,bh ⇠ 100 km/s ⇠ vorb

<latexit sha1_base64="Jqoou/HAOvRc0wN27ICcmgzyWck="></latexit>

vk,bh

<latexit sha1_base64="HDoJz2E7Gggi9nY71DNhfRicXBQ="></latexit>

vorb

<latexit sha1_base64="53ic8w+ErK7LeSYluCWI4Vbf47Y="></latexit>

BH1

23

outer orbit strongly perturbed



Q: Is Large            Allowed?ftriple

<latexit sha1_base64="dx3oHrpW6p1uiWql1xrlQZr4+8s="></latexit>

Observation: none of the ~20 Galactic BNS systems are in triples!



Q: Is Large            Allowed?ftriple

<latexit sha1_base64="dx3oHrpW6p1uiWql1xrlQZr4+8s="></latexit>

Observation: none of the ~20 Galactic BNS systems are in triples!

30%

30%

30%

10%

binary

triple

higher-order

~2/3 of them must have lost the tertiary

High-Z

wind mass lossenvelope expansion

wider separation
lower mass compact objects

faster natal kicks

single

Massive Stars

(approximate)

(Moe & Di Stefano 2017)
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Q: Is Large            Allowed?ftriple

<latexit sha1_base64="dx3oHrpW6p1uiWql1xrlQZr4+8s="></latexit>

Observation: none of the ~20 Galactic BNS systems are in triples!

Solution: low-Z triples in the early Universe (Initially suggested by Shri)

dP

d lo
g tGW

/ t
2/7

GW

<latexit sha1_base64="8ZUulnPD4iPBWFSzKqjONirquOw="></latexit>

delay-time distribution (DTD) for 2G merger

BNS mergers many Gyr ago



ultra-faint dwarfs
(UFDs)

SN-Ia

Pop III
enrichment

z~6 z~1.5
(1Gyr) (4Gyr)

r-process
enrichment

history

UFD enrichment

(i) Rapid (<Gyr)
BNS mergers

(A)

(ii) Triples help 
retain BNS
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 > 6 Gyrs ago



SN-Ia

Pop III
enrichment

z~6 z~1.5
(1Gyr)

r-process
enrichment

history

Large fraction
of BNS mergers
 occurred many 

Gyrs ago

Rbns

<latexit sha1_base64="OPdIqw2MXYHeuIUz27AQYF8LJC0="></latexit>

               decreases
faster than RIa

<latexit sha1_base64="mL5ZsbOrombhLoPp2YE+ubZI9Sw="></latexit>

DTD steeper
than      t�1

<latexit sha1_base64="YSWXIPKlMxAKhUpzWQkN//Ho294="></latexit>

(B)

ultra-faint dwarfs
(UFDs)

(4Gyr)



Predictions

GW phase perturbation
    by tertiary in BNS mergers

Mass of secondary: 2.5 ~ 2.8 (but up to 3.4)

Eccentricity:                      in LISA bande ⇠ 10�2.5

<latexit sha1_base64="1UFMug0XFLn1y0YZzCx5/if+los="></latexit>

Spin of secondary: 0.6 ~ 0.7
GW190814-like
Future Events
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       triple BNS in the Milky Way105

<latexit sha1_base64="N3wtkBryaV1bI4x2XwzEyxhLrCk="></latexit>



Summary

GW190814 consistent with 2G merger from low-Z triple

Key is the merger kick on remnant BH vk,bh ⇠ 100 km/s

<latexit sha1_base64="QcbIOVEzITG7tcICjMZKuiOB1NM="></latexit>

Requires                     of BNS mergers to have a BH tertiaryftriple & 10%

<latexit sha1_base64="SH+WFKQv7zW76wwT98aRVmw1VCg="></latexit>

Many testable predictions
(Study low-Z triples!!)
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