The role of accretion in the formation
of gravitational wave sources

Pablo Marchant
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KITP binary 22

Something you might have seen already...

Masses |n the Stellar Graveyard

SRA Neut EM Neutron Stars

O1 (1606.04856):
3 BH+BH

GWTC-1 (2010.14527):
10 BH+BH, 1 NS+NS

GWTC-2.1 (2108.01045):
53 BH4+BH, 2 NS+NS, 3 ?

GWTC-3 (2111.03606):
34 BH+BH, 2 NS+NS, 2 BH+NS, 5 ?
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Formation scenarios

Clommon Chemically
Homogeneous
Evolution p 8/ 3 M _5/ 3
P ~ 1000 days P, ~ 0.5 — 2 days ©

M B (m1m2)3/5

— (m1+mg)t/5

* Dynamical formation:

Kulkarni et al. (2003), Sigurdsson & Hern-
quist (1993), Portegies Zwart & McMillan
(2000), Antonini & Perets (2012) Rodriguez
et al. (2015), Di Carlo et al. (2019)

» Common envelope evolution:

Paczynski (1976), van den Heuvel (1976), Tu-
tukov & Yungelson (1993), Belczynski et al.
(2002), Dominik et al. (2012), Stevenson et
al. (2017), Giacobbo & Mapelli (2018)

» Chemically homogeneous evolution:

n Mandel & de Mink (2016); Marchant et al.
\ (2016); de Mink & Mandel (2016); du Buis-
Merger son et al. (2020); Riley et al. (2020)
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Mass transfer or common envelope?

Belczynski et al. (2016)

time [Myr] a[Rp] e

ZAMS
0.0000 |MS 96.2 Mo . .

35445 |HG 922 Mo

MS 60.2 Mp | 2,463 0.15

599 Mp | 2,140 0.00

HG

35448 | or 423 Mg 84.9 Mo | 3,112 0.00
CHeB

3.8354 | He star 39.0 Mg . MS 84.7 Mg | 3,579 0.00

3.8354 | BH 35.1 Mg MS 84.7 Mp | 3,700 0.03

50445 |BH 35 Mg CHeB 822 Mg | 3,780 0.03

5.0445 | BH 36.5 Mg He star 348 Mo | 43.8 0.00

5.3483 | BH 36.5 Mo He star 342 Mg | 45.3 0.00

direct BH
53483 |BH 365 Mo * ° BH 308 Mo | 47.8 0.05

‘ merger

10,294 @ 0 0.00
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Mass transfer or common envelope?

Belczynski et al. (2016)

time [Myr] a[Rp] e

00000 |MS 962 Mg w2Mol243 015w Most population results rely on sim-

plified semi-analytical models for single

59.9 Mo | 2,140 000 and binary star evolution (tipically the
formulation of Hurley et al. 2002).

35445 |HG 922 Mg

HG
35448 | or  423Mg
CHeB

» Few exceptions include Eldridge & Stan-

way (2016), du Buisson et al. (2020),
Garcia et al. (2021), Fragos et al (2022)

849 Mo | 3,112 0.00

3.8354 |He star 39.0 Mg 84.7 Mg | 3,579 0.00

3.8354 |BH 35| Mg 84.7 Mo | 3,700 0.03

50445 |BH 35 Mg CHeB 822 Mg | 3,780 0.03

50445 |BH 365 Mg o . He star 368 Mo | 43.8 0.00
5.3483 | BH 36.5 Mo ° . He star 342 Mg | 45.3 0.00
l direct BH
53483 |BH 365 Mo ° 3 ° BH 308 Mo | 47.8 0.05
merger
10,294 ® 0 000
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Mass transfer or common envelope?

Belczynski et al. (2016)

time [Myr] a[Rp] e

00000 |MS 962 Mg w2Mol243 015w Most population results rely on sim-

plified semi-analytical models for single

59.9 Mo | 2,140 000 and binary star evolution (tipically the
formulation of Hurley et al. 2002).

35445 |HG 922 Mo

HG ’
3.5448 or 42.3 Mo
CHeB .

» Few exceptions include Eldridge & Stan-
way (2016), du Buisson et al. (2020),
Garcia et al. (2021), Fragos et al (2022)

849 Mo | 3,112 0.00

3.8354 |He star 39.0 Mg 84.7 Mg | 3,579 0.00

3.8354 |BH 35| Mg 84.7 Mo | 3,700 0.03

5.0445 | BH 35.1 Mo CHeB 822 Mg | 3,780 0.03 A E — _a E .
orb — bind
50445 |BH 365 Mg c & He star 368 Mg | 438 0.00
5.3483 | BH 36.5 Mo ° . He star 342 Mg | 45.3 0.00
§  direct BH
53483 |BH 365 Mo "’ BH 308 Mo | 47.8 0.05
merger
10,294 ® 0  0.00
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Mass transfer or common envelope?

Belczynski et al. (2016)

time [Myr] 2[Ro] e Stars react differently to mass loss if
©2Mo | 2463 015 they have convective or radiative envelope
(Hjellming & Webbink 1987, Ge et al. 2020).
This response determines the stability of
mass transfer.

0.0000 |MS 96.2 Mo

35445 |HG 922 Mo 59.9 Mo | 2,140 0.00

e.g. Pavloovski et al. (2017)

HG
35448 | or  423Mg
CHeB

849 Mo | 3,112 0.00

3.8354 |He star 39.0 Mg 84.7 Mg | 3,579 0.00

3.8354 |BH 35.1 Mp

50445 |BH 35 Mg CHeB 822 Mg | 3,780 0.03

5.0445 | BH 36.5 Mg He star 348 Mo | 43.8 0.00

5.3483 | BH 36.5 Mo He star 342 Mg | 45.3 0.00

direct BH

5.3483 |BH 36.5 Mo BH 308 Mg | 478 0.05

‘ merger

10,294 @ 0 0.00
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Mass transfer or common envelope?

Belczynski et al. (2016)

time [Myr] 2[Ro] e Stars react differently to mass loss if
©2Mo | 2463 015 they have convective or radiative envelope
(Hjellming & Webbink 1987, Ge et al. 2020).
This response determines the stability of
mass transfer.

0.0000 |MS 96.2 Mo

35445 |HG 922 Mo 59.9 Mo | 2,140 0.00

e.g. Pavloovski et al. (2017)

HG
35448 | or  423Mg
CHeB

849 Mo | 3,112 0.00

3.8354 |He star 39.0 Mg 84.7 Mg | 3,579 0.00

3.8354 | BH 35.1 Mg 3,70049%°03

Depending on mass ratio:\
CHeB s22M0 3780 03 AN den Heuvel et al. (2017)

5.0445 | BH 35.1 Mg

P [ ]
50445 |BH 365 Mg o . He star 368 Mo | 43.8 0.00 ¢
5.3483 | BH 36.5 Mo ° . He star 342 Mg | 45.3 0.00
l direct BH
53483 |BH 365 Mo ° 3 ° BH 308 Mo | 47.8 0.05
merger
10,294 ® 0 000
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Mass transfer or common envelope?

time [Myr]

ZAMS
0.0000 | MS 96.2 Mo . O
- 2ammmial N

3.5445

3.5448

3.8354

3.8354

5.0445

5.0445

5.3483

5.3483

10,294

HG

HG
or

CHeB

Belczynski et al. (2016)

He star 39.0 Mg

BH

BH

BH

BH

BH

35.1 Mg

35.1 Mo

36.5 M@

36.5 Mg

36.5 Mo

KITP binary 22

l direct BH
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direct BH
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‘ merger

MS 60.2 Mo

S VT 59.9 Mo

MS 84.9 Mo

MS 84.7 Mo

MS .7 Mo

- CHeB 822 Mo

He star 36.8 Mg

He star 342 Mg

BH 30.8 Mg

a[Ro] e

2,463 0.15

2,140 0.00

3,112 0.00

3,579 0.00

3,70C

9.03

3,780 0.03

43.8

45.3

47.8

0.00

0.00

0.05

0.00

Stars react differently to mass loss if
they have convective or radiative envelope
(Hjellming & Webbink 1987, Ge et al. 2020).
This response determines the stability of
mass transfer.

e.C  This pathway could

potentially dominate!
Neijssel et al. (2019),
Bavera et al. (2020),
Olejak et al. (2021)

==

Depe
van de

And there are important
concerns regarding CE
evolution to form BBHSs

(eg, Klencki et al
2020,2021)

SFEW

/Q
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Hardening through mass transfer
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Hardening through mass transfer

6Mmt
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Hardening through mass transfer

7‘[ Mass transfer is commonly driven on
/6 mt the thermal timescale of the donor

- M
Mt > <~ 1078 Mg yr—*

TKH
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Hardening through mass transfer

7‘[ Mass transfer is commonly driven on
/6 mt the thermal timescale of the donor

- M
Mt > <~ 1078 Mg yr—*

TKH

Eddington limit for the BH is easily
reached during mass transfer (3 ~ 1)

Mpn
10M..

Medd ~ 3 X 10_7 ( ) M@ yr_l
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Hardening through mass transfer

7\[ Mass transfer is commonly driven on
/6 mt the thermal timescale of the donor

- M
Mt > <~ 1078 Mg yr—*

TKH

Eddington limit for the BH is easily
reached during mass transfer (3 ~ 1)

Mpn
10M..

Medd ~ 3 X 10_7 ( ) M@ yr_l

Orbital evolution can be computed from
orbital anqular momentum loss

. . M, °
L = BMpnt$or Uor
BV Qo ( T o b)

(see, for example, Sobermanetal. 1997)
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Hardening through mass transfer
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Hardening through mass transfer
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Hardening through mass transfer

—— 30Mg + 10Me, P, =10 ¢
= 30Mo +6Me, P, =100 c
— 30Mo +4.5Mpo, P, = 1000~ days

15 20 29 30

KITP binary 22 14th of March, 2022



Hardening through mass transfer

— 30Moy + 10Mn, P, =10d - 13M o, P, = 10 days
= 30Mo +6Mp, P, =100 d -8Ma, P ="
— 3OM@ -+ 4.5M@, Pi — 100C 1ayS B 6M@, Pi =1

15 20 29 30 15 20 29 30
Mdonor [M@] Mdonor [M@]
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Hardening through mass transfer

15 20 25 30 15 20 25 30
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Hardening through mass transfer

Credit: ALMA (ESO/NAOJ/NRAO)/K. Blundell (University of
Oxford, UK), R. Laing, S. Lee & A. Richards, Ap]J Letters.

SS433 parameters from Hillwig & Gies (2008)
' Maonor = 12.3 + 3.3 M
Mpy = 4.3+ 0.8 M
P,, = 13.1 days
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Detailed simulations of the OB+BH phase

oo

CE ejection

Q"

Stable mass

O Hydrogen rich star

‘ Helium star

\_/A %Blaok hole formation

transfer

¢
¢ J - v ‘ v
Wide binary v/_\ ‘

BH

Y 0 =
. Stabl
A CE ¢jection ST THESS

° - ‘ tran‘sfer

Merger
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Detailed simulations of the OB+BH phase

oo

CE ejection

Q"

Stable mass

O Hydrogen rich star

‘ Helium star

\_/A %Blaok hole formation

transfer

v
® J - \ Paxton et al. (2015)
Wide binary ‘ V ' |

i

B - ® J = P “ ‘ (=
®
A CE ejection Stable mass

. - transfer

Merger Marchant, Pappas

et al. (2021)
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Binary model outcomes

log Py, [days]

Mgy Mg,
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Binary model outcomes

No interaction

log Py, [days]

Interaction at ZAMS

Mgy Mg,
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Binary model outcomes

No interaction

Interaction with
convective envelope

................................................................................... Interaction after MS

l()g Forb [days]

Interaction at ZAMS

Mgy Mg,
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Binary model outcomes

No interaction

Interaction with
convective envelope

Interaction after MS

l()g Forb [days]

Interaction at ZAMS

Mgy Mg,
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Binary model outcomes

No interaction

Interaction with
convective envelope

Is the boundary at
low enough black

hole mass? ,
................................. e Jt@raction after MS

l()g Forb [days]

Interaction at ZAMS

Mgy Mg,
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Binary model outcomes

No interaction

Which systems survive

CE evolution? Interaction with

o9 S PSS .

C,‘? 3 convective envelope
5=l

= Is the boundary at
Df low enough black

hole mass? ,

%O ................................. LT COTTEEP TR OP PO P T PPPT PEPTEPPTPOPPEPPPEPPITE Interaction after MS

Py

Interaction at ZAMS

Mgy Mg,

KITP binary 22 14th of March, 2022



Binary model outcomes

Mdonor,i — SOMQ

Bl No int./ZAMS RLOF Common envelope
mm st. MT (tyy, > ty) mm st. MT (tyn < tg)

3.90

3.45

3.40

3.39

3.30

3.25

0 O 10 15
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Binary model outcomes

Mdonor,i — SOMG)

Bl No int./ZAMS RLOF Common envelope
mm st. MT (tyy, > ty) mmm st. MT (tyy < tg)

3.90

3.45

3.40

3.39

3.30

3.25
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Binary model outcomes

Mdonor,i — SOMG)

Bl No int./ZAMS RLOF Common envelope
mm st. MT (tyy, > ty) mmm st. MT (tyy < tg)

3.90
3.45
3.40
3.39
3.30

3.25
Common

envelope
evolution
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Binary model outcomes

Mdonor,i — SOMG)

Bl No int./ZAMS RLOF Common envelope
mm st. MT (tyy, > ty) mmm st. MT (tyy < tg)

3.90
3.45
3.40
3.39
3.30

3.25
Common

envelope
evolution

Stable MT,
wide BBH

Stable MT,
merging BBH

KITP binary 22 14th of March, 2022



Outer Lagrangian point overflow

Mdonor,i — 30M®

Bl No int./ZAMS RLOF Common envelope
mm st. MT (tyy, > ty) mm st. MT (tyn < tg)

3.90
3.45
3.40
3.30
3.30

3.25
flow

L2 overflow

0 O 10 15

KITP binary 22 14th of March, 2022



Outer Lagrangian point overflow

Mdonor,i — SOMG

Bl No int./ZAMS RLOF Common envelope
i o SEREE (hm =) (e S S Extension of Kolb &
Ritter mass transfer
3.45 . .
prescription to account
3.40 for overflow of outer L.
Lo ([ . 335 points
Qorb 3.30
' 3.25
flow
< 3.20

L2 overflow

Typical fraction of 10%
ejected through outer
L. points, systems
remain stable!

0 O 10 15
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Binary model outcomes

Mdonor,i — SOMQ

Bl No int./ZAMS RLOF Common envelope
mm st. MT (tyy, > ty) mm st. MT (tyn < tg)

3.90
3.45
3.40
3.35
3.30

3.25

0 O 10 15

KITP binary 22 14th of March, 2022



Binary model outcomes

Gallegos-Garcia —
Mdonor,i = 30Mo et al. (2021) r

Bl No int./ZAMS RLOF Common envelope
mm st. MT (tyy, > ty) mm st. MT (tyn < tg) =)

3.50 Pop-synth significantly

overestimates CE
contribution.

3.45

3.40

3.35

3.30

3.25

0 O 10 15
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Binary model outcomes

Gallegos-Garcia T

Mg . = 30M >
onor,i © et al. (2021) i

Bl No int./ZAMS RLOF Common envelope -
mm st. MT (tm > ty) mm st. MT (tm < ty) '

3.50 Pop-synth significantly

overestimates CE
contribution.

3.45

340 .............................
3.39 Fabry et al. (2021)
3.30 | |
Impact of tidal deformation
oA on stellar structure and
3 90 evolution. Possible impact in
3

MT stability.

0 O 10 15
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Binary model outcomes

Mdonor,i — SOMQ

Bl No int./ZAMS RLOF
mm st. MT (tn, > tg)

3.90

3.45

3.40

3.35

3.30

3.25

KITP binary 22

Common envelope

mm st. MT (tmm < tg)

Gallegos-Garcia
et al. (2021)

Pop-synth significantly
overestimates CE
contribution.

Fabry et al. (2021)

Impact of tidal deformation
on stellar structure and
evolution. Possible impact in
MT stability.

Picco et al. (in preparation)

Stable MT potentially

important to form NS+NS
and WD+WD GW sources

14th of March, 2022




How can EM observations contribute?

Mdonor,i = 30M¢
et MT (o > ) st MT (b < th Independent of evolution prior to

first BH formation, we need BH+O
star systems with the right masses

and periods.

3.00
3.45
3.40
3.35
3.30

3.25

Rough position of known
BH-HMXBs

0.0 0.1 0.2 0.3 0.4 0.9 0.6
MBH/Mdonor,i
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How can EM observations contribute?

Mdonor,i — SOMG)

et M (o > ) mmm st MT (b < ) Independent of evolution prior to
first BH formation, we need BH+O
star systems with the right masses

and periods.

3.00

3.45

3.40

3.35

3.30

3.25

Population at higher
P is terra incognita.

Maybe not for long?

Rough position of known
BH-HMXBs

0.0 0.1 0.2 0.3 0.4 0.9 0.6
MBH/Mdonor,i
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How can EM observations contribute?

Maonor,i = 30M¢
et MT (o > ) st MT (b < th Independent of evolution prior to
first BH formation, we need BH+O
star systems with the right masses

and periods.

3.00
3.45
3.40
3.35

3.30

MWC 656 (Casares et al. 2014)
Mpg = 10 — 16 M.

Mgy = 3.8 — 6.9 M.,

Porb — 060.37 days

3.25

Rough position of known
BH-HMXBs

0.0 0.1 0.2 0.3 0.4 0.9 0.6
MBH/Mdonor,i
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How can EM observations contribute?

Maonor,i = 30M¢
et MT (o > ) st MT (b < th Independent of evolution prior to
first BH formation, we need BH+O
star systems with the right masses

and periods.

3.00
3.45
3.40

3.35

HD96670

(Gomez & Grindlay et al. 2021)
Mo = 22.773¢ Mg

Mpy = 6. 2_0 - Mo

P, = 5.28 days

3.30

3.25

Rough position of known
BH-HMXBs

0.0 0.1 0.2 0.3 0.4 0.9 0.6
MBH/Mdonor,i
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How can EM observations contribute?

Mdonor,i — SOMG)

Hll No int./ZAMS RLOF Common envelope

st MT (tm > tr) st MT (tm < tr) Independent of evolution prior to

500 first BH formation, we need BH+0O
3.45 star systems with the right masses
2 40 and periods.
3.39
3.30 Mahy et al. (submitted)
3.25 Mo ~ 26 M@
3.20 Mpyy > 7 Mg
P,v, = 14.6 days

5
21
) Rough position of known

0 BH-HMXBs

0.0 0.1 0.2 0.3 0.4 0.9 0.6

MBH/Mdonor,i
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How can EM observations contribute?

Maonor,i = 30M¢
et MT (o > ) st MT (b < th Independent of evolution prior to
first BH formation, we need BH+O
star systems with the right masses

and periods.

3.00
3.45
3.40
3.35

3.30 Shenar et al. (in preparation)

Mgy > 9.2790 Mg
Porb — 10.4 days

3.25

Rough position of known
BH-HMXBs

0.0 0.1 0.2 0.3 0.4 0.9 0.6
MBH/Mdonor,i
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How can EM observations contribute?

Mdonor,i — SOMG)

binaries that don't form
disks.

(eg. Sen et al 2021)

et T (o > ) mm st MT (s < ) Independent of evolution prior to
5-20 first BH formation, we need BH+O
L stars sses
340 and What are the conditions
for a BH+OB star to be X-
3.39 .
ray active?
3.30 St »n)
3.25 M Drop in luminosity
2 90 M expected for wide
3
Fe

Rough position of known
BH-HMXBs

0.0 0.1 0.2 0.3 0.4 0.9 0.6
MBH/Mdonor,i
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EM taking back the stellar BH crown?

DR3

101

a [mas]

109 -

101 E

total OB+BH:
b <G < 20:
P < 3yr:
a>1o0:

a>3o0

at

. " s'.o.:‘q’

..:'." .'..;.
RS ASF b

- e il ae

o°.‘,6 A'.“

C i

: 100.0%
: 93.1%
: 90.9%
. 87.8%
L 76.5%

10°

KITP binary 22

5

Number of po

P [days]

Janssens et al. 2022

Possible identification
of more than a hundred
OB+BH systems by Gaia

INn DR3
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Thanks for your attention!
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Mdonor — 3OM@, MBH — 4.5M@, Pl — 1000 days

— New
| = New, P/p=kT/umg
New, dA/d® =const.
Kolb

My = 7.5M@, P; = 31.6 days

= Mgy = 4.5M®, P; = 1000 days
He dep.
0 C dep.

.0
4.8 4.6 4.4 4.2 4.0 3.8

13.7
Mdonor/M@
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M ; = 30M, including Lo outflows
Bl st MT (ta; > 135) B4 L3 overf.

Bl st. MT (tp,, < tg) B L, overf.
Bl CE merger

- = Lj — Lo —_- I

- gccretor —  donor

End=ot=H& L e L e

IIIIIII ] " R R R R " B R RN

—2.0 —1.5 —1.0 —0.9 0.0
logp g = logyo(Ma/Ma)
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