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time [Myr] a[Rg] e

Belczynski + 2016 el LA . 602 Mo [ 2463 0.15

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

HG
35448 | or  423Mg
CHeB

849 Mg | 3,112 0.00

3.8354 |He star 39.0 Mg 84.7 Mg | 3.579 0.00

84.7 Mo | 3,700 0.03

CHeB 822 M;|3.780 0.03

5.0445 |BH 36.5 Mg He star 368 M. | 43.8 0.00

53483 |BH 36.5 Mg He star 342 M | 453 0.00

‘ direct BH

53483 [BH 355 M, Sz BH  308M,| 478 005

l, merger

10,294 @ 0 000

graphic by Wojtek Gtadysz & Belczynski+16 2



From massive stars to gravitational-wave sources Jakub Klencki

Common-envelope = a way to form close-orbit systems

Drag on surrounding Orbit stabilizes as
gas tightens the orbit envelope is ejected

Evolution to contact

ldea by Paczynski (1976), in communication with Webbink, Ostriker

Sketch from MaclLeod 2017, recent review: Ivanova, Justham, Ricker (2020)
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| Which stars do we need for CE? | __» Convective-envelope giants
(Red Supergiants)
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JK+20, 21, also Kruckow+16, Marchant+21 4
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| Which stars do we need for CE? | ___» Convective-envelope giants
(Red Supergiants)
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BH + star

= stable mass transfer
common envelope

binary BH merger



From massive stars to gravitational-wave sources Jakub Klencki

o
BH + star

This talk:

T

stable mass transfer

N\

Stable MT can also

lead to BH-BH mergers

Van den Heuvel+17, Neijssel+19,

\/\/\_/\/W/\/W,w— Marchant+21, van Son+22,

Olejak+21,24, Picco+24,
binary BH merger Dorozsmai & Toonen 24
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Q1: What are BH-BH orbital separation from stable MT?
— delay times & host galaxy predictions
— BH spins (very small separation => high spin)
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Q1: What are BH-BH orbital separation from stable MT?
— delay times & host galaxy predictions
— BH spins (very small separation => high spin)

Q2: Which stars do we need for the stable MT channel?
— link to stellar astrophysics
— BH mass range
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Stable MT from Mdonor > Maccretor ShrinkS the Orbit
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Stable MT from Mdonor > Maccretor ShrinkS the Orbit
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Post-mass transfer orbits? Analytical prediction 4"
ah

10 M® BH + star
104 -

—
o
w

initial orbital period (days)
o

[y
o
—

0.1 0.2 0.3 0.4 0.5
mass ratio (Mgy = 10Mg / Mctar) 8
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Post-mass transfer orbits? Analytical prediction

10 M® BH + star
104 -
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(He core does
not fit the orbit)

10°
0.1 0.2 0.3 0.4 0.5

mass ratio (Mgy = 10Mg / Mctar) 8



From massive stars to gravitational-wave sources Jakub Klencki

New: systematic binary grids with 1D stellar codes \ .
v | X
' ' ' ' ' 10 M® BH + star
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also: Marchant+21, Gallegos-Garcia+21, Fragos+23, Picco+24




From massive stars to gravitational-wave sources Jakub Klencki

New: systematic binary grids with 1D stellar codes \ .
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New: systematic binary grids with 1D stellar codes \ .
2 | X
' ' ' ' ' 10 M® BH + star
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New: systematic binary grids with 1D stellar codes \ .
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Comparison: narrow parameter space for BBH mergers in MESA

| | ||
104 L Analytical estimation 41 L MESA models -
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mass ratio (Mgy = 10Mg / Mgtar) 10
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There is a limit: minimum separation from stable mass transfer ~ 10R _

Orbits after stable mass transfer:

-BH systems

merging BH

101

/ Fast-merging

g . ili
near-core instability (tgel ~ 100 Myr)

» CE chann
He core overflowing (limit in the CE chan

orbital separation (Rg)

10°
0.2 0.3 0.4 0.5

Qini (MgH:1 / Mstar)
JK+(to be subm.) 11



The limit does not disappear
even if we significantly boost
the orbital shrinkage!

Example:
by L2 outflows carrying lots of
orbital angular momentum
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[ ) [ ] ) 1 1 | ] ] 1
Why is there a limit? | Mass transter rate | :
Example: 30 M_ donor ~~1F -

|
~250 R at RLOF s -2} .
©
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© 100 He core overflow

1.0 0.8 0.6 0.4 0.2 0.0

remaining envelope fraction 14
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) ® [ ) 1 1 1 1 ] 1
Why IS there d Ilmlt? 0 _[ Mass transfer rate ] -
Example: 30 M_ donor ~~1F -

|
~250 R, at RLOF s —2F -
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remaining envelope fraction 14
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[ ) [ ] ) 1 1 | 1 1 1
Why is there a limit? (| Mass transfer rate | :
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Why IS there d Ilmlt? 0 _[ Mass transfer rate ] d
Example: 30 M_ donor ~~1F i
|
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Why is there a limit? (| Mass transter rate | _
L
Example: 30 M_ donor ~~1F i
|
~250 R at RLOF S -2F -
©
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initial mass ratio: o
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% unstable mass transfer E . . , . o
1.0 0.8 0.6 0.4 0.2 0.0

remaining envelope fraction 14
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Why is there a limit? (| Mass transter rate | " _
*
Example: 30 M_ donor ~~1F i
|
~250 R at RLOF S -2F -
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Minimum
separation
depends on the
donor star

Donor star:

core-He burning
blue supergiant

% unstable mass transfer

1 1 1 1 1 1
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T
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1.0 0.8 0.6 0.4 0.2 0.0

remaining envelope fraction
15
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e o OF * 7
Minimum i * |
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Minimum _(1)
separation il
depends on the =
donor star -3

T -4

Donor star:

[EY
o
W

core-He burning
blue supergiant

[
o
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convective envelope
red supergiant

—
o
[

Main Sequence star

orbital separation (Ry)

Hertzprung Gap
blue supergiant 10° 3

1 1
1.0 0.8 0.6 0.4 0.2 0.0
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Which stars do we need for the stable MT channel?

‘eparation after stable-

<8R,  10Ro 20Ro 50Ro > 100Ro
10°p

donor radius at RLOF (Rg)

10!

initial donor mass (My)

16
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Which stars do we need for the stable MT channel?

-separation after stable -

<8R,  10Ro 20Ro 50Ro > 100Ro
10°p

donor radius at RLOF (Rg)

Zx 107 3x10T4x10T  6x10T 102
initial donor mass (Mg) initial donor mass (Mo)

10!

16
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Which stars do we need for the stable MT channel?

=8e  d0Re  20Rs SURp P 100%e 2.00 2.25 2.50 2.75 3.00 3.25 3.50 3.75 4.00
10°g T - - —

donor radius at RLOF (Rg)

101

1
10 initial donor mass (Mg)

initial donor mass (My)
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Which stars do we need for the stable MT channel?
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Stars that do not work? (yellow) >+\:°

103p : ———

donor radius at RLOF (Rp)

10}

10t . . . - .102
initial donor mass (My)

18
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Stars that do not work? (yellow) >+\:°

Convective-envelope stars ®
103 ————

donor radius at RLOF (Rp)

10}

10t . . . - .102
initial donor mass (My)

18
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Stars that do not work? (yellow) >+‘:°

Rapidly
expanding
HGstars ~ -~ ~ =~ " "'

donor radius at RLOF (Rp)
o

—
o
—
III
|

o
o
—
— 3
e}
N

initial donor mass (My)

Core-He
burning stars

18
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Huge variation with stellar models(!)

high semiconvection low semiconvection

donor radius at RLOF (Rp)
o

—
o
—

.expanding .
- HGstars

Rapidly -

—
o
—

AP . N P T
102 10!
initial donor mass (My)

initial donor mass (Mg)
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Stars that do not work? (yellow) }F\jo

10°p He-enriched

envelopes

l

Very massive stars
transfer ~20-40%
of the envelope
and then contract

donor radius at RLOF (Rp)

10t . . . - .102
initial donor mass (My)

18
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Stars that do not work? (yellow) }F,o

He-enriched
envelopes

l

Very massive stars
transfer ~20-40%
of the envelope
and then contract

l

- 4 ; Mass transfer channels

, R ] may fall off for >30 M _ BH

10! 102
initial donor mass (My)

103m

donor radius at RLOF (Rp)

hence no PPISN pile-up?

18
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o Stellar winds at low metallicity
e Spectra & ionizing feedback of massive hot stars
e Chemically homogeneous evolution?

Vink et al. 2023

BLOEM

Binarity at LOw Metallicity

 Stellar multiplicity at subsolar metallicity (SMC)
e Mass transfer & stellar interaction products

Shenar, Bodensteiner et al. 2024

‘Hotberg’ collaboration
 Discovering helium stars across environments
e He stars in X-ray binaries, supernovae, GW sources, high-z Universe

Klencki, Laplace, Gotberg, Simon-Diaz, Degenaar

Lorentz

19
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Summary

Binary mass transfer channels may drop off going to higher masses

— common envelope: Mgy <~ 15 M,

— stable mass transfer Mgy <~ 30-40 M (JK+in prep.)

Minimum orbital separation from stable MT ~10R |

— determined by the internal structure of the star, not AM loss

— long BBH delay times (>1-5 Gyr), small effective spins
possible exception: unequal mass BBHs (q ~ 0.5)
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Extra slides



Partially-stripped stars as blue supergiants Jakub Klencki

two massive stars
r .l

Mass transfer
from a mass gainer donor!

_ |
{ Not accounted for
( GW source in any GW source
i models!
‘/W\A/\/\/er The brave and brilliant:
Renzo+23

18
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!

: !
i

<«

This is where we can
learn about
mass gainers

'y

i

nmm e AN
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Post-interaction binaries

\“\\ 1 \\\ b \‘\ 4 \‘ \
' ok \ 2dFS 2553 Sk Srd 35
50F 5 * v i
L= odFS 163 ;
A = *- S L SMQSGS FS69 -
45| N : ‘ N\
'5.- . S\ i
?5 R %
—— \ N 0 \\
© **3 e .8
~ ¢ 9FTS 291"
~ i o ]
— 4.0 ** %; *
o P
s *gb ersi
| N ‘ yColumbae \
3.5F * A
# e \
: ‘HR6819
3.0¢ N Y _
' *GO_Cygj\ “\*LB1 \
5.0 4.8 4.6 4.4 4.2 4.0 3.8
. log( Tett/ K) , _
Hot stripped stars Cool partially-stripped
& subdwarfs stars
(Gotberg+2023, Drout+2023, Wang+21) Ramachandran+ (2024)

Also: Bodensteiner+20, El-Badry+22ab, Shenar+20, Villasefior+23, Ramachandran+23, Pauli+22, Irrgang+22
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From massive stars to gravitational-wave sources

Just the tip of the iceberg?

Prediction:
~ 1% of the Main Sequence are partially-stripped stars (Dutta & JK 24)
(more at low Z & beyond TAMS? JK+22)

Debasish Dutta

(IITP, India

Need: large spectroscopic samples - ISTA 09/24)

— 40000 massive stars in the Milky Way (<2030, IACOB, WEAVE, 4MOST)
— 1000 massive stars in the SMC (BLOeM collaboration)

y
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From massive stars to gravitational-wave sources

Z = 0.02 ' Convective Enveldpe =
mmmmm $ Case A start MS ®
Case B end MS [
10000 - mmmmm Case C onset He burning + 1
last model &
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=
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E
o
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Various evidence: Effect:
mixing increases with mass very massive stars never expand

/] all stars I Big stars[\
0.4 N i
6.0 __ | :
0.3 i ;’_,_,ﬁ}
N 40 Mg ]
5 D _— J
S 0.2 S L |
Z.q; - i
P =l B ]
0.1 { — ZAMS (X.=0.72) = = =
' — mid-MS (X, = 0.36) 20 = :
— TAMS (X, =0) il |
0.0 -+ Fitted mid-MS = 1
1 2 3 25 50 45 |- \ :
M/ Mg M/ Mg [ He- zws\ ZAMS j
| | 1 | | | 1 1 | 1 1 1 1 1
Jermyn et al. (2022) 5.5 5.0 4.5 4.0
3D simulations by Evan Anders log (T/K)

also Johnston et al. (2023) Sander+2012
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6.0 v

[M;‘.IIH] g 2.5"": — ¥ IM/H]

Formation of Gaia BH3 — M= 22} — -

Problem for binary evolution
only if common envelope
cannot be avoided

El-Badry 2024

o
~
T

v:#,}ry [M;’H] v},?,ry m&i\%‘s

10R.  B0R.  10QR. B00R. A0R, BOR.  N0QR. '300R.

L

6.0 i AL T 7] T T T n
n'. Q/llg?vcrit =0 ‘. Q!’“m’it = “’,— Jov l|= 0.06; QL{L‘;T =15 ".
Qfflers =02, = OfQeris = — for %0.25 appp =15
‘ " " ; A £ S0.3% apd =15
L 5 1 Y '
5.8 ct - —— fy, =0.33; aypri=3.0

It can be solved
if the BH progenitor star
stayed compact
< 300 Rsun
(mixing, case B merger) 54+

vary rotation vary convectio

IR, R, iR, 3R, . iop. 90R. iR R,
475 450 425 400 375 3.50 475 450 425 400 375 3.50

log(T./K) log(To/K)
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Giant stellar mergers products do not expand

L, eBE el Similar to a MS
5.6 - o Ar=2x10%yr | I 5 00 star but it has a
- -J‘:‘ BSGs = i hidden He core
5.2 - envelope:
o L, Teff, radius
DJ 50 ol 9 9
~ (~ of a MS star)
~ 4.8 -
en
@]
— 4.6 -
44 - core:
' lifetime,
4.2 - BH/NS fate
4 13Mp* Case B-e

46 44 42 40 38 3.6 34

log Teﬂ‘" / K

systematic 1D models of

Schneider, Podsiadlowski, Laplace (2024) accretors/stellar mergers 29
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Amedeo Romagnolo

GW population models
likely overpredict the CE
- channel

log(L/L o)

Romagnolo+
(2022, 2024 in prep),
also Marchant+21,
Gallegos-Garcia+21

15



From massive stars to gravitational-wave sources Jakub Klencki

Major question for CE: what is the final separation?

Simulation: no real answer
Observations: no massive post-CE systems (yet)

| | ' mm——————— = )
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Moreno+22
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Major question for CE: what is the final separation?

CE
RSG + BH

Post-CE binary

A: accretion from the CBD B: resonant interactions
/"fﬁ#;ﬂ Outflows . f”fﬁf{ﬁ. " T
(Qe3 + (@ o)

o "“_fy__,.--""ﬂ 4%_&_ ) L»,_..-—"‘"f
— —_—h

Wei+2023 : depending on the disk mass & lifetime,
a circumbinary disk can completely change the post-CE orbit

also: Gagnier+23,24, Tuna & Metzger+23
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