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Massive stars are typically born with companions
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Why care about the accretor?

Stellar populations

accretors lurk in samples

(10 — 120/0) Renzo et al. 2019b

+

Oe/Be stars, stragglers

Pols et al. 1991, Wang et al. 2021
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Why care about the accretor?
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Transients

Common: H-rich SNe
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Zapartas et al. (incl. MR) 2019
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Uncommon: H-rich/H-poor SNe

L-GRB, LBV, SNIIn ?

Petrovich et al. 2005, Cantiello et al. 2007



Most common massive binary evolution path: stable case B RLOF

Credits: ESO, L. Calgada, M. Kornmesser, S.E. de Mink



Accretors may live alone, but they are not single stars

86—|-11

_220/0 of massive binaries are disrupted

Renzo et al. 2019b, Kochanek et al. 2019,
Eldridge et al. 2011, De Donder et al. 1997



Accretors may live alone, but they are not single stars
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_220/0 of massive binaries are disrupted

SN Natal kick
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Accretors may live alone, but they are not single stars
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_220/0 of massive binaries are disrupted
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Kinematics of the widowed stars




Accretor stars can be runaways...
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...but most are only walkaways
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...but most are only walkaways

Under-production of runawa

Probability x 103/ [km s ]

mass transfer increases the
accretors’ masses
and overall widens the binaries

Renzo et al. 2019b Numerical results: http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/624/A66
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http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/624/A66

The accretor is modified by the interaction

* Spin-up

» Pollution

* Rejuvenation




Constraints on widowed accretors

from the nearest O-type star

Renzo & Gétberg 2021



The runaway { Ophiuchi is the nearest O-type star to Earth

see

Walker et al. 1979,

Herrero et al. 1994,

van Rensbergen et al. 1996,
Hoogerwerf et al. 2001,
Villamariz & Herrero 2005,
Walker & Koushnik 2005,
Zee et al. 2018,

Gordon et al. 2018,
Neuhd&user et al. 2019, 2020,
Renzo & Gétberg 2021, :
Shepard et al. 2022 NASA, JPL-Caltech, Spitzer Space Telescope




The runaway ¢ Ophiuchi is the nearest O-type star to Earth

Many observational constraints!
d~ 107 £4pc
M ~20Mg

20km s7! < vgye S 50km s!

~

vsin(i) 2 310km s~!, i > 56°

- (Tefr, L) position
' Z < Z, *He- and *N-rich, normal
12C and %0

Rotating single stars don’t match

(van Rensbergen et al. 96, Howarth & Smith 01, Villamariz & Herrero 05)




¢ Oph is single today but we can trace it back to a neutron star
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Self-consistent /&= /. model

M) = 25M,

Z = 0.01

(Murphy et al. 2021)

M, =17M;

P = 100 days
(case B RLOF)

Renzo & Gotberg 2021



Orbital evolution: v Mass & v spatial velocity
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Orbital evolution: v Mass & v spatial velocity
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HRD of both stars: the donor

log,o(L/Le)

log,o(L/Le)

5.6 T

54

521

5.50 -

525

450 -

1 1 1

1

4.55

4.50 4.45 4.40

log,o(Tegt/ [K])

4.35

Renzo & Gotberg 2021

Case B mass transfer is short
AtrLor ~ 10*yr ~ T,
but has long-lasting impact
on both stars.
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HRD of both stars: the donor & the accretor v
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HRD of both stars: the donor & the accretor v
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Internal structure of the accretor

Spin up: surface and interior



HRD: accretor rotation
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v Surface rotation rate
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v Surface rotation rate
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Accretors are likely Oe/Be stars
Wsurf = 0.75 Werit
decretion disk & emission lines

(Pols & Marinus 94, Vinciguerra et al. 20, Bodensteiner et al. 20)
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Internal rotational profile: single stars
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Internal rotational profile: accretor
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Internal structure of the accretor

Pollution: “He and *N



Internal mixing in the accretor
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HRD: Helium surface abundance
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Composition profile: comparison with rotating single stars
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Composition profile: comparison with rotating single stars
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Composition profile: accretor’s surface is polluted by donor’s core
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Internal structure of the accretor

Rejuvenation: core-envelope boundary



Refresher: formation of the helium core in single stars
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Refresher: formation of the helium core in single stars

« center surface —
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Refresher: formation of the helium core in single stars
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Refresher: formation of the helium core in single stars
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Refresher: formation of the helium core in single stars
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Refresher: formation of the helium core in single stars
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Evolution of the accretor’s core through RLOF
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Evolution of the accretor’s core through RLOF
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Evolution of the accretor’s core through RLOF

Mass fraction X (1H)
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Evolution of the accretor’s core through RLOF
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Evolution of the accretor’s core through RLOF
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Evolution of the accretor’s core through RLOF
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Evolution of the accretor’s core through RLOF
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Evolution of the accretor’s core through RLOF
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Rejuvenation changes the core/envelope boundary

“Density”
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Consequences of rejuvenation

Blue loops in high-mass stars?



Low-Z massive accretors
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Consequences of rejuvenation

Easier to unbind the envelope



The common envelope in GW progenitors is initiated by the accretor

Belczynski et al. 16

™ @

J  directBH
: ®

Does RLOF rejuvenation impact how easy
it is to remove the envelope ?

Renzo et al. 2022b
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The common envelope in GW progenitors is initiated by the accretor

™ O
//" “\\
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Does RLOF rejuvenation impact how easy
it is to remove the envelope ?

Renzo et al. 2022b

1. Binary evolution until detachment

2. Continue evolution of accretors as single
stars

3. Compare binding energy of accretors and

single stars of same total mass at given R
24

Belczynski et al. 16



The binding energy is the cost to “dig” into the star
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« Gravitational potential energy
* Internal energy

* ay, free parameter

fraction of internal energy usable to eject envelope

Z =0.0019 ~ Z, /10
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Comparing 20 M, non-rotating single star vs. accretor
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Taking the ratio:

accretors are easier to unbind

NS progenitor
15— 17M;,

Renzo et al. 2022b
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Taking the ratio: accretors are easier to unbind
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NS or BH progenitor r — 100Re — 300Rq
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Taking the ratio: accretors are easier to unbind

BH progenitor
30 — 36 M,

Renzo et al. 2022b
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If the common-envelope donor is a former accretor

™ O

RLOF .7 7
,/ N

1 direct BH
.

; merger

Belczynski et al. 16

Implications for common-envelope
» Fewer “reverse” stellar merger

» Wider post-CE separation
* Mass-dependent (?) impact on GW merger rates
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Conclusions




¢ Ophiuchi

Accretors are not single stars

Most common product of massive binary evolution
= important contaminants of populations of stars and transients

Binary SN disruption produces more walkaways than runaways
=- kinematics, appearance, and structure probe binary interactions

Mass transfer modifies accretors spin-up, pollution, and rejuvenation
= MESA binary models of ¢ Ophiuchi v/
= 4N and “He from the donor, inward angular momentum transport

= Observed composition constrains mixing & accretion efficiency

Evolved accretor’s core boundary results in easier to eject envelopes
= Implications for asteroseismology & common envelope in GW progenitors
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Some binaries do survive the 1* core-collapse

Non-interacting X-ray binaries Gravitational waves

Shenar et al. 2022, El-Badry et al. 2022ab, Webster & Murdin 1972, Bolton 1972, Including BBH, BHNS, BNS,

Chawla et al. 2020, etc van der Meij et al. (incl. MR) 2021, etc. LIGO, Virgo, Kagra collaboration



Post-SN velocity of surviving binaries

NS + Main sequence BH + Main sequence
-1 1T —r T 1
0,10 _ p fiducial (oyge = 265km s~ 1) BH kick = NS kick
= B Double Maxwellian
Q
0 S 0.08 -
5 £
z - 0.06
o 8
#* 5 0.04
E
© 0.02
Z
000 | 1 : L . . . . m |
50 100 150 0 50 100 150
Renzo et al. 2019b -1 -1
see also, e.g., Usys [km S ] Usys [km S ]
Brandt & Podsiadlowski 1995 i . .
Kalogera 1996 Velocity respect to the pre-explosion binary center of mass

Tauris & Takens 1998 Numerical results: http:/cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/624/A66


http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/624/A66

Mass transfer history: A or ~ 2 x 10* years
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Renzo & Gotberg 2021
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Surface rotation rate ?

— I ‘

I, 400 N )
[ S — -
faal [ W/ Weit = 0.4 i

8*200 | w/Wait =03 |

= [ w/Weit =02 b

[ Binary accretor

e ...,
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Renzo & Gétberg 2021 time [Myl']

e but “weak wind problem”:

|M0bs‘ ~ 8.8 |Mw1nd thcory| 6.8
Moy T = 107°° < Ty = ~ 10~

(Marcolino et al. 2005, Lucy 2012, Lagae et al. 2021)

X Decreasing the wind: w > wej

age 9.07133:

4.46

log Teff




Do BHs receive kicks 9

NO YES

= most remain together with their widowed , ,
= most are single and we can’t see them...

companion




Do BHs receive kicks 9

NO YES

= most remain together with their widowed , ,
= most are single and we can’t see them...

companion

-
-

...but we can see the
“‘widowed” companions



A way to constrain BH kicks with Gaia

# stars

Renzo et al. 19b

Probability x 10°

Massive runaways mass function (v > 30kms~', M > 7.5 M)
' T T T T T T T T T T T T

BH kick=NS kick
1 0 (Ukick =265km s ) :
gl (no fallback) ;
0.0
BH: 0y = 100 km s
1.0 NS: 0jex = 265km s~ 1
' (no fallback for BH)
0.0 : . : : :
BH momentum kick
(0ick = 265 km s 1, fiducial)
1.0
00— L e
0 10 20 30 40 50 60
M is [M(D]

ass

Numerical results publicly available at:
http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/624/A66



http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/624/A66

SN natal kick

Observationally: vpysar > VOB —stars

Physically: v emission and/or ejecta anisotropies

Credits: C. D. Ott, S. Drasco



SN natal kick

Observationally: vpyuisar > VOB —stars

Physically: v emission and/or ejecta anisotropies

Credits: C. D. Ott, S. Drasco



How far do they get?

0.7
0.6

- b
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Renzo et al. 19b

' I N ' LI i 1
- W > 75M, oo
| m > 15M,

max{L} [pc]

“Distance traveled”
(No potential well)



Nevertheless: widowed stars can escape local dust clouds

forM > 7.5Mg:
(D) =128pc
(Drun) =525pcC
(Dya) = 103 pc

‘ Renzo et al. 19b

| Zw18

Credits: ESA/Hubble & Nasa, A. Aloisi



Thermohaline mixing = double diffusion

Cool fresh water

credits: M. Cantiello

Stable thermal gradient
+
Unstable composition gradient

Heat needs to diffuse for mixing to happen
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