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Why massive stars? (V. > 7.5 M)

¢ Ophiuchi is the nearest O-type star to Earth

Spitzer, NASA/JPL,



T-h,ey are the progenitors of neutron stars & black holes

EM:

O’Connor & Ott 2011, Ertl et al. 2016, 2020, Farmer et al. 2016,

Morozova et al. (incl. Renzo) 2015, 2016, Renzo et al. 2017,

2020a, b, c, Laplace et al. (incl. Renzo) 2021, Vartanyan et al.
H incl. Renzo) 2021, Zapartas et al. (incl. Renzo) 2017a, 2019,

Compact objects ("

p J 2021a, b, Marchant et al. (incl. Renzo) 2019, Farmer et al.
& transients (incl. Renzo) 2019, 2020, ...

(incl. GW) aw.

LVK collaboration 2015-23, Vigna-Gémez et al. (incl. Renzo) 2018,
van Son et al. (incl. Renzo) 2020, 2021, Callister, Renzo, Farr
2021, Renzo et al. 2021, ...

Spitzer, NASA/JPL,



They shape their environment & the Universe as a whole

£

Compact objects
& transients
(incl. GW)
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IS Star Formation
& cluster evolution

. Nucleosynthesis &
Spitzer, NASA/JPL ’ chemical evolution



Binary interactions change massive star feedback

£

Compact objects
& transients
(incl. GW)

ESO, L. Calgada, M. Kornmesser, S.E. de Mink ; P .
A& Star Formation

& cluster evolution

Nucleosynthesis &
chemical evolution



Why binaries? Most massive stars are born with companion(s)

Spectral Type
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2l e e & e SN
Rich and growing datasets already need theoretlcal advances

S reR

Increased size & precision:
ELT, HST/ULYSSES, JWST, _ :
ATHENA, ROMAN, etc. 1 GW surveys: Ligo/Virgo/Kagra, LISA, 3/ gen.




Examples co-authored studies on individual sources:

Temim et al. 2022 on SNRG292.0+1.8
Renzo & Gotberg 2021 on ¢ Oph.

van der Meij et al. 2021 on HD153919
Renzo et al. 2020c on GW190521
Renzo et al. 2019a on VFTS682
Lennon et al. 2018 on VFTS16 and 72
Kerzendorf ef al. 2017 on Cas A
Zapartas et al. 2017b on SN2002ap

? BE o Rras
Detailed local obs. Large populatlons (stars explosrons, mergers)

student-led

Examples co-authored studies on observed population of stars & transients:

Sana et al. 2022; Chan, H.-S. et al. 2022; Evans, Renzo & Rossi 2020; Evans et al. 2020; Langer
et al. 2020; Renzo et al. 2019b; Zapartas ef al. 2017a, b, 2019, 2021a, b, 2022; Japelj et al. 2018

Examples co-authored studies on GW populations:

van Son et al. 2022a, b; Renzo et al. 2021a; Callister, Farr & Renzo 2021; Renzo et al. 2020a, b;
Farmer et al. 2020, 2019; Marchant et al. 2019; van Son et al. 2020; Vigna-Gomez et al. 2018



Detailed local obs. Large populatlons (stars explosrons, mergers)

MESA

Interior structure and Rapid population synthesis for studying

evolution of stars distributions of stars and transients
< 100 CPUh per star/binary - <

<100 CPUh per ~ 10° binary population

Paxton et al. 2011, 2013, 2015, 2019,

Jermyn et al. 2022 Breivik et al. 2020

used since 2013, 19+ publications also used COMPAS, binary.c since 2017
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Detailed local obs. Large populatlons (stars explosrons, mergers)

MESA

Interior structure and Rapid population synthesis for studying

evolution of stars distributions of stars and transients
< 100 CPUR per starfbinary <100 CPUh per ~ 10° binary population
Paxton et al. 2011, 2013, 2015, 2019,

Jermyn et al. 2022 Breivik et al. 2020

used since 2013, 19+ publications also used COMPAS, binary.c since 2017

Multi-D radiation-hydro for selected phases

105 — 10° CPUh per dynamic timescale

Stone et al. 2020

presently exploring




?




The most common binary
interaction




Stable mass transfer after the donor’s main sequence (case B RLOF)

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



Most massive binaries do not survive the 1% explosion

86—|-11

0 S :
L) /o of massive |Qar|es are disrupted

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



Most massive binaries do not survive the 1% explosion

86—|-11

0 S :
L) /o of massive |Qar|es are disrupted

SN Natal kick

(Shklovskii 1970, Katz 1975, Janka 2013, 2017)

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



Outline: Common, Uncommon

+11o0
861119

Disrupted binary
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Renzo et al. 2019b



Outline: Common, Uncommon, and Extreme

Pulsational
Pair Instability

+11o0
861119

Disrupted binary

— @ o — | @ > e

Renzo et al. 2019b



Common: Disrupted binaries

86711% ‘
Disrupted binary |£ >|
— o « — L ®

Renzo et al. 2019b
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Mass transfer occurs before the 1° explosion

The “widowed” star carries signatures of
its past in a binary



Mass transfer occurs before the 1° explosion

» Spin-up

The “widowed” star carries signatures of
its past in a binary



Mass transfer occurs before the 1° explosion

» Spin-up

* Pollution

The “widowed” star carries signatures of
its past in a binary



Mass transfer occurs before the 1° explosion

» Spin-up
* Pollution

* Rejuvenation

The “widowed” star carries signatures of
its past in a binary



Using the nearest O-type star to Earth to pin accretor’s models

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,
Neuhauser et al. 2019, 2020,
Renzo & Gotberg 2021,
Shepard et al. 2022

Spitzer, NASA/JPL,



Using the nearest O-type star to Earth to pin accretor’s models

Spitzer, NASA/JPL

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,

Neuhé&user et al. 2019, 2020,

Renzo & Gétberg 2021,
Shepard et al. 2022

e.g., Sexton et al. 2015, Kiminki et al. 2017,

Bodensteiner et al. 2018, Raga et al. 2022



Using the nearest O-type star to Earth to pin accretor’s models

Observational constraints of { Oph.:
d~ 107 =4 pc
M ~20M.
20km s ! < vgys S 50km s~ !
vsin(i) > 310km s~ !, i > 56°

(Ter, L) position
Z < Zs, *He- and '“N-rich,
normal '2C and '°0

X Rotating single stars

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




¢ Ophiuchi is single but we can trace it back to a neutron star

0°

tB1706—16

B1706—16




¢ Ophiuchi is single but we can trace it back to a neutron star

0°

500 B1706—16

— 300
[}

B1706—16

SN explosion ~1.78 + 0.21 Myr ago
—=-Radioactive iron rain on Earth

Benitez et al. 2002, Fry et al. 2016, Neuh&user et al. 2020




Self-consistent //\&= /. model

Z = 0.01

M2 = 17M®

P = 100 days

My, =25M;



Not simultaneous!



Not simultaneous!



Does a binary past help with { Oph. 9
Spin-up — Pollution — Rejuvenation

Renzo & Gotberg 2021




Spin up:

Natal rotation would need to be extreme to match

O/ = 0.2

4 6 8 10
time [Myr]

weak-wind problem, neglecting inclination
Renzo & Gotberg 2021



Spin up:

late and to critical rotation

time [Myr]

weak-wind problem, neglecting inclination
Renzo & Gotberg 2021



time [Myr]



Pollution:
Surface composition partly comes from the donor’s core

uoloely ssew uaboulN

Joint constrain on accretion and internal mixing

Renzo & Gotberg 2021



Pollution:
Surface composition partly comes from the donor’s core

Rotation

Thermohaline

“Mixing strength”
uoloely ssew uaboulN

Joint constrain on accretion and internal mixing

Renzo & Gotberg 2021



Rejuvenation:
Core growth changes its outer boundary

— W/ Werit = 0.2

— w/Weit = 0.3
— W/ Werit = 0.4
W/ Werit = 0.5

“Density”

end of H-core burning,

later evolution amplifies differences
(e.g., Renzo et al. 2017)

Renzo & Gotberg 2021, Renzo et al. 2023



MESA ~ Oph:> Accretors # Single (rotating) stars

How to find “widowed” among stars & transients?

g
o Renzo et al. 2019, Renzo & Gotberg 2021

Do accretors show peculiar asteroseismology?

Gade-Pedersen, Renzo et al., in prep.

Rejuvenation impact on reverse mass-transfer?
Renzo et al. 2023

Do accretors retain their spin? = long GRBs?
Lee 2006, Cantiello et al. 2007, Briel et al. 2022

Implications?

SNIIP plateau end as probe of rejuvenation?

Zapartas et al., (incl. Renzo) 2017, 2021, Goldberg & Renzo, in prep.




Uncommon: Compact objects with a companion are the exception

Renzo et al. 2019b

19



Often the only way to see stellar-mass compact objects’

Non-interacting X-ray binaries Gravitational waves
Shenar et al. 2022, EI-Badry et al. 2022ab, 2023 Webster & Murdin 1972, Bolton 1972, Including BBH, BHNS, BNS,
van der Meij et al. (incl. Renzo) 2021, LIGO, Virgo, Kagra collaboration

Chawla et al. 2020, etc
20

Exceptions: pulsars beamed to Earth & serendipitous microlensing



Use Galactic X-ray binaries to constrain exceptional GW sources

Non-interacting X-ray binaries Gravitational waves
Shenar et al. 2022, El-Badry et al. 2022ab, 2023 Webster & Murdin 1972, Bolton 1972, Including BBH, BHNS, BNS,
van der Meij et al. (incl. Renzo) 2021, LIGO, Virgo, Kagra collaboration

Chawla et al. 2020, etc.
20



The X-ray binary HD153919/4U 1700-37

3.0

2.5

HD 153919

N
o

NGC 6231
.,
M, ~ 60+ 10Mg i
My ~2.54+027 Mg 7156082 Sco
P ~ 3.4days, e ~0.22
y~ 60km s~

348 347 346 345
| (degrees)

b (degrees)
(=

=
=}

0.5

0.0

van der Meij et al. (incl. Renzo) 2021, see also Jones et al. 1973, Ankay et al. 2001, Hammerschlag-Hensberge et al. 2003

Vincent van der Meij
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The X-ray binary HD153919: a Galactic analog of GW190814’s progenitor?

b (degrees)

N
o

=
U

=
=}

HD 153919

M, ~ 60+ 10M
Mo ~2.54+0.27M
P ~ 3.4days, e >~ 0.22

v~ 60km s !

M] :23Z|ZIM/)

Black
KHole

\

M, :2.5948;83:‘2\/}@" "
Neutron -
Star

van der Meij et al. (incl. Renzo) 2021, see also Jones et al. 1973, Ankay et al. 2001, Hammerschlag-Hensberge et a

/. 2003




The motion on the sky constrains past evolution of the X-ray binary

b (degrees)
3

Vincent van der Meij

1.00
0.75 =
Teluster == 4.6 Myr
0.50
349 348 347 346 345 344 343
| (degrees)

van der Meij et al. (incl. Renzo) 2021

342
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The motion on the sky constrains past evolution of the X-ray binary

b (degrees)
3

Teluster — Tkin = To =2 2.5 Myr = M jnit 2 50 M
{P,v,e} = Core-collapse dynamics
{P,e,M.,M,} = Past binary interactions

1.00

0.75 ",
Teluster == 4.6 Myr

0.50 Vincent van der Meij
349 348 347 346 345 344 343 342
| (degrees) 22
van der Meij et al. (incl. Renzo) 2021



How to make a small compact object from a big star?

P ~3.4days, e ~0.22,
v~ 60km s~!

HD153919

van der Meij et al. (incl. Renzo) 2021, Nathalia Torres’ summer project, see also Belczynski & Taam 2008

23



How to make a small compact object from a big star?

P ~3.4days, e ~0.22,
v~ 60km s~

Need mass transfer before
donor’s He core formed

HD153919

23

van der Meij et al. (incl. Renzo) 2021, Nathalia Torres’ summer project, see also Belczynski & Taam 2008



How to make a small compact object from a big star?

P ~3.4days, e ~0.22,
v~ 60km s~

Need mass transfer before
donor’s He core formed
_|_

HD153919 Lucky SN kick direction

23

van der Meij et al. (incl. Renzo) 2021, Nathalia Torres’ summer project, see also Belczynski & Taam 2008



Future: build empirically anchored scenario for outstanding GW events

Galactic My, ~25My, My/M; ~ 0.1
X-ray binaries gravitational waves

24



Future: build empirically anchored scenario for outstanding GW events

50 M, accretor

Is it rejuvenated? Past
& future?
Final compact object?

N
Evolution across Z

Is there a connection?
Is it robust?

dats ‘@°

Rate of events?

Implications for Ligo/Virgo
and 3" gen. detectors

Constrain SN kick

Galactic My, ~25My, My/M; ~ 0.1
X-ray binaries gravitational waves

24






The most extreme stellar explosions:
(Pulsational) pair instability SNe




Pair-instability SNe are the best understood supernovae

Radiation pressure dominated:
Ptot =~ Prad

MHe Z 32M®

0. Evolved Massive
He core

see Fowler & Hoyle 1964, Rakavy & Shaviv 1967, Barkat et al. 1967, 1968, Fraley 1968, Glatzel et al. 1985,
Woosley et al. 2002, 2007, Langer et al. 2007, Chatzopoulos et al. 2012, 2013, Yoshida et al. 2016,
Woosley 2017, 2019, Marchant, Renzo et al. 2019, Farmer, Renzo et al. 2019, 2020, Leung et al. 2019, 2020,
Renzo et al. 2020a, b, c Croon et al. 2020a,b, Sakstein et al. 2020, 2022, Costa et al. 2021,
Renzo et al. 2020b Woosley & Heger 2021, van Son et al. (incl. Renzo) 2020, Hendriks et al., in prep., etc...



—50My —81 My ——250Mg

— T i L el
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0. Evolved Massive
He core 1. Pair production
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vy 08100/ [& M

Density

Renzo et al. 2020b



2. Softening of EOS
triggers collapse
r<i

—

0. Evolved Massive

He core 1. Pair production

Yy —+ete

Renzo et al. 2020b



3. Explosive
2. Softening of EOS i(gr):iigoin)
triggers collapse

1‘1<§ ‘

—)

0. Evolved Massive

He core 1. Pair production

Yy —+ete

Renzo et al. 2020b



3. Explosive

2. Softening of EOS i(g:zig;n) ’
triggers collapse

r<t “
*®

) !

—)

0. Evolved Massive

He core 1. Pair production

Yy —+ete

Renzo et al. 2020b



3. Explosive

2. Softening of EOS i(g:zig;n) ’
triggers collapse

l‘1<§ “
&

) !

4a. Pair Instability
supernova with
complete disruption

—)

0. Evolved Massive

He core 1. Pair production

Yy —+ete

Renzo et al. 2020b



2. Softening of EOS
triggers collapse
r <j

—

0. Evolved Massive

He core 1. Pair production
Yy —+ete

Renzo et al. 2020b

3. Explosive
(oxygen)
ignition

4a. Pair Instability
N \\ AR ) supernova with

. r / complete disruption
<.
- -
- -
- <&
“r ‘\
-
L TRy
‘ L 1

4b. Pulse with mass ejection

5. v-cooling



3. Explosive

2. Softening of EOS :g:i);ig;n) ’
triggers collapse

r<t ‘

r 4a. Pair Instability

LA A supernova with

. r / complete disruption
k.
- -
- - -
- <&
“r ‘\
-
// % \
0. Evolved Massive ‘o v -
He core 4b. Pulse with mass ejection

1. Pair production
Yy = ete

S - @

7.BH

5. v-cooling

Renzo et al. 2020b



4c. Photodisintegration
instability and direct ' BH

BH formation

3. Explosive
(oxygen)

2. Softening of EOS ignition

triggers collapse

l“1<;

4a. Pair Instability
N \\ AR ) supernova with

no BH

. r / complete disruption
k.
-
- - -
- <&
. g~
-
// % \
0. Evolved Massive ‘ N

4b. Pulse with mass ejection

He core 1. Pair production
7Y eter

- @

7.BH

S

5. v-cooling

BH

Renzo et al. 2020b



4c. Photodisintegration
instability and direct ' BH

BH formation

3. Explosive

2. Softening of EOS i(g:ﬁ:-.n) ’
triggers collapse

ro<d —)

no BH

) !

Co-developed

4a. Pair Instability
LA A supernova with

N r / complete disruption
MESA -
—) with R. Farmer, P. Marchant ~ _ g
= >~
// % \
0. Evolved Massive ‘ N

4b. Pulse with mass ejection

He core 1. Pair production
7y ete”

S - @

5. v-cooling B H

7.BH

Renzo et al. 2020b



Predicted PISN BH “mass gap”

Nuclear physics uncertainties



12C (&, v)'°0 rate determines C/O ratio and thus how unstable cores are

-3 —2 -1 0 1 2 3
gcCi12

< lower Rate higher = 28

Farmer, Renzo et al. 2020, see also Farmer, Renzo et al. 2019, Costa et al. 2021, Woosley & Heger 2021, Farag, Renzo et al. 2022



12C (&, v)!'°0 reaction rate was undersampled in off-the-shelves tables

3.0

—e— linearly interpolated 52 point rate, 0 =0
= MESA cubic interpolated 52 point rate, 0=0

2.5 A

Normalized rate
= N
w (=]

Iy
=]
s

0.5
I T T S T T R T O O 0.0
-3 -2 -1 0 1 2 3 " 20 21 22 23 2.4 255
gc12 Temperature/(108 K)
< lower Rate higher = 28

Farmer, Renzo et al. 2020, see also Farmer, Renzo et al. 2019, Costa et al. 2021, Woosley & Heger 2021, Farag, Renzo et al. 2022 Mehta et al. 2022



BH mass gap from single He cores with updated '>C(«, y)'°0 rate

180 T T T T I T T T T I T T T T I T T T T I T T T T I T T T T 1
—— This work (DeBoer et al 2017)
BHs

—— Farmer et al 2020 (Kunz et al 2002)

160

140

120 Reproducibile results

100 show your worl:,‘

80

Mgy [Mc)]

Luger et al. 2021, Luger et al. (incl. Renzo), in prep.

60

40

-3 -2 -1 0 1 2 3
Mehta et al. 2022 g [120 (a, ")/) 160]
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Pushing further up with 3« rate uncertainties

SE)BOO keV) [keV b]O
1277.0 98.0 119.0 140.0°  161. 182.0  203.0
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3073 -2 —1 0 1 2 3
o2C(a, ) 30

Farag, Renzo et al. 2022



GW detection are populating the predicted “gap”

8(300 keV) [keV' b

77.0 98.0 119.0  140.0  161. 182.0  203.0
20T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
E — faa=1 3 Ebrahim “Eb” Farag
110 E f3a = 1.378
100§

o
(=]

Mass Gap

1 New lower edge of the gap:

| ¢4 max(Mpy) = 69f?§M@

70

60

Maximum Mpy [Mg)

50
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179 466 45

40 BHs

perbaded i b b beaaa b laiailig

30 I T I T T T I Y

-3 -2 -1 0 1 2

o2C(a, ) 30

Farag, Renzo et al. 2022



Where are (P)PISN?




GW population challenges predictions

10!

=
o
°

“Merger rate”

dr/dm1[Gpc~3yr-1Mgl]

0.5

FPpISN, primary

0.0
10 20

Hendriks, van Son, Renzo, lzzard, in prep., data from Abbott et al. 2022

30 40
Primary mass [Mo]

50

60

70

David D. Hendriks

Lieke van Son
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(P)PISN mass range and final BH masses as free parameters

10!
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°
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Farmer+19
AMco, ppi = + 10
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AMco, ppi= —5

AMco, ppi= — 10
AMco, ppi= — 15
. pri = —20

10

20

30 40 50
Primary mass [Mo]

Hendriks, van Son, Renzo, lzzard, in prep., data from Abbott et al. 2022

70

Lieke van Son
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Combine constraint from EM and GW surveys

“Event rate”
Revent(2) [d% Neyent/dt dV(] (yr=t GpC_3)

Hendriks, van Son

106 1 4 Frohmaier et al. 2021 CCSNe |
4 Frohmaier et al. 2021 SLSNe
10 ¢ +
104 +
103 +
%
.
102 + i b *
* * L ]
10t S
*
*
0 @®@ BHBH merger = CCSN
107 ¢ *%% BHNS merger PPISN
%% NSNS merger = PISN
1071 . . . . . . .
0 1 2 3 4 6 7 8

5
Event redshift [Z]

, Renzo, lzzard, in prep.

Lieke van Son
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Combine constraint from EM and GW surveys

“Event rate”
Revent(2) [d% Neyent/dt dV(] (yr=t GpC_3)

Hendriks, van Son

10 ¢
10° ¢
10% ¢
103 ¢
102 ¢
10% ¢
10° ¢

107!

=4 Frohmaier et al. 2021 CCSNe |

4 Frohmaier et al. 2021 SLSNe

@®¢ BHBH merger
*%%x BHNS merger
%% NSNS merger

— CCSN
PPISN
= PISN

— Fid.
== AMco, pp= - 15

0 1 2 3

, Renzo, lzzard, in prep.

4 5
Event redshift [Z]

Lieke van Son

33



EM detections of (P)PISN and PISN exist but are controversial

Time since collapse (days)
200 408 y

0 600
1044 T T T T
ol SN 1961V
T
o
3 10%f .
2
‘0
8 41| |
‘€ 10
o]
—
10+ Ml
l/
1039 L L n 1 L n n 1 n L n 1 L n L | n
-200 0 200 400 600

Time to peak (days)
Woosley & Smith 2022

Other candidates
« SN2006gy

SN2006jc
PTF12dam
iPTF16eh
SN2016iet
PS15dpn

Gal-Yam et al. 2007
Foley et al. 2007
Tolstov et al. 2017
Lunnan et al. 2018
Gomez et al. 2019

Wang & Li 2019

see Renzo et al. 2020b for short review
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Upcoming constraints will elucidate the existence of (P)PISN

GW [
116 L,
EM constraints| + KX'GR&} - ’ e -
constraint Gaahl
. ,Wp” ! K J
RUbln Observatow 04 starting this year! ‘
[SST ~® -

35

e.g., Whalen et al. 2013, 2019, Regos et al. 2020, Tanikawa et al. 2021, 2022



The physics of (P)PISN is well understood, but ...

...new GW data challenge predictions and open new questions

’
— .
* Envelope fate ? ' ° -
[ M '

Renzo et al. 2020c, Farrell et al. 2020, Vink et al. 2021
o AN, L

* Post-pulse BH formation £ . , N =

Powell et al. 2021, Rahman et al. 2022, Miller, Renzo et al., in prep.

- Binary interactions 2 TR ' 4

Marchant, Renzo et al. 2019
» -— .
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Summary & Conclusions




Binary interactions modify the life and fate of both stars
= large influence on stellar feedback & explosions




11 . .
86J_r22 O/o of binaries are disrupted at the first explosion
Learn binary & explosion physics from the most common outcome

Renzo et al. 2019b




Ejected accretors carry information on their binary past
MESA ~ ¢ Oph = Accretors # Single (rotating) stars

Renzo et al. 2019b, 2023, Renzo & Gotberg 2021




14+1 1 /o of binary remains bound
a minority can become GW-sources

Renzo et al. 2019b




Extreme sources probe the edge of physical distributions
Galactic systems provide context and physical insight



1. Pair production
T ete

BH masses revealed by GW require
studying binarity in (P)PISN progenitors

LVK collaboration 2022, see also Marchant, Renzo et al. 2019, Renzo et al. 2020c, 2023



Theory needs to keep up with new data

detailed obs. < large samples
R :

Coming up: detailed & statistical view
EM ground: SDSS-V, Rubin/LSST, SKA

EM space: Gaia DR4-5, HST/ULYSSES, JWST, ATHENA

GW: 04-5, LISA, TianQin, 3 generation

Neutrinos: Borexino, DUNE
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Why understand widowed stars?

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

Binary interactions
. ZAMS O

X
«\e@e .
G\“ Tutukov et al. 1993,
Belczynski et al. 2016, Renzo et al. 2022

Transients

Common: H-rich SNe

ot merge
. Mass gainers
........ N ./
oK

- L

Zapartas et al. (incl. Renzo) 2019

+

Uncommon: H-rich/H-poor SNe

L-GRB, LBV, SNIIn ?

Petrovich et al. 2005, Cantiello et al. 2007



Orbital evolution: v Mass & v spatial velocity
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log,o(L/Le)

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

v Models match ¢ Oph.
L, T, Mass, age, velocity

Renzo & Gotberg 2021 (data from Villamariz & Herrero 05)



Mass transfer history: A or ~ 2 x 10* years
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v Surface rotation rate ?

e but “weak wind problem”:

" 1
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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

g OphIUChI Renzo & Gotberg 2021, Renzo et al. 2022



Accretor stars can be runaways...

Probabilit
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Velocity w.r.t. pre-explosion binary center of mass
Renzo et al. 2019b 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

...but most are only walkaways

all

Probability x 103/ [km s 1]
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Velocity w.r.t. pre-explosion binary center of mass
Renzo et al. 2019b 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

...but most are only walkaways

Probability x 103/ [km s~ ]

Renzo et al. 2019b

Under-production of runawa

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

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

70

70



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

Post-SN velocity of surviving binaries

NS + Main sequence BH + Main sequence
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p fiducial (oyq = 265km s~ 1) BH kick = NS kick
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Renzo et al. 2019b
see also, e.g., _ Usys [km S_l] Usys [km S_l]
Brandt & Podsiadlowski 1995
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

How far do they get?

0.7 @ >75M,
0.6L m >15M,

0 10 100 1000
max{L} [pc]

“Distance traveled”
Renzo et al. 2019b (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



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



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
Massive runaways mass function (v > 30kms~!, M > 7.5 M)
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Numerical results publicly available at:

Renzo et al. 19b 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

Low-Z massive accretors
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Miyiial -+ CO core mass’ — BH mass

and composition! (Patton & Sukhbold 2020)

Black hole remnant mass distribution for single star evolution
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see also:

Belczynski et al. 2016,

Spera & Mapelli 2017,

Stevenson et al. 2019,

van Son et al. (incl. Renzo) 2022, ...



Miyiial -+ CO core mass’ — BH mass

and composition! (Patton & Sukhbold 2020)

Black hole remnant mass distribution for single star evolution
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Using “recipes” out-of-the-box leads to artificial features

peak rate —s

transition CCSN — PPISN
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Pair-instability mass loss for top-down compact object mass calculations
M. RENzo,"? D. D. HENDRIKS,® L. A. C. VAN SON,*%% AND R. FARMER®
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Mgy = Mproto—Ns + Mialiback
(Fryer et al. 2012, 2022)

4

Mgy = Mprefexplosion - (AMSN + AMv,core + AA/[env + A1MPPI 4 )

New fit to Farmer, Renzo et al. 2019

Renzo et al. 2022, RNAAS



Miyiial -+ CO core mass’ — BH mass

and composition! (Patton & Sukhbold 2020)

Black hole remnant mass distribution for single star evolution

at Z=0.001
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Miyiial -+ CO core mass’ — BH mass

and composition! (Patton & Sukhbold 2020)

Black hole remnant mass distribution for single star evolution
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Metallicity?

Small effect

Focus on lower edge of the gap

Core
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Farmer, Renzo et al. 2019

CO coremass (Mco [Mg))

— 107° — 107°
10 === 5x10% - 2x107% |
L conooomo 10—4 3><10—3 “ll
[ —— 5x107* "‘
0 I N Y Y Y N Y S O I oL d
30 40 20 60 70

Metallicity shift
A max{Mgy} ~7%
over 2.5 orders of magnitude

Comparable or smaller effects:
mixing, winds, nuclear reaction network
size, rotation, code used, etc...

Renzo et al. 2020a, Farmer, Renzo et al. 2019, 2020,
Marchant & Moryia 2020, Costa et al. 2021, Woosley & Heger 2021



The '2C(«, v)'%0 ends He core burning

More '2C = C shell burning delays %0 ignition to higher p
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Farmer, Renzo et al. 2020
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Convection during the pulses quenches the PPl mass loss

45 -42 M, “time dependent decel.”

Explosive
C/Oburning
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Amount of mass lost per pulse
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Summary of EM transients

Approximate supernova type

(mass-loss dependent, Sec. 7)

Pulse delay to core-collapse

o
[s ~

(Sec. 6)

Thermonuclear ignition
(Sec. 5.1)

Radial expansion
max R(v < V) (Sec. 5.2)

Number of

mass ejections
(Sec. 5.3)

Mcsm He-rich
(Sec. 6)

Thermal stability
(Sec. 5.1.1)

BH remnant
(Sec. 3)

Renzo, Farmer et al. 2020b
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Winds, mixing, v physics? Also small effects
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What is the fate of the H-rich envelope at BH formation?

Possible causes for mass ejection:

» y-driven shocks

Nadhezin 80, Lovegrove & Woosley 13, Piro 13, Fernandez et al. 18,
Ivanov & Fernandez 21

+ Jets (even without net rotation)

Gilkis & Soker 2014, Perna et al. 18, Quataert et al. 19, Antoni & Quataert 22

» weak fallback powered explosion

Ott et al. 18, Kuroda et al. 18, Chan et al. 20, 21

AE, ~ 1073 erg

see also Adams et al. 17 & Basinger et al. 20 for possible EM counterpart to BH formation



What is the fate of the H-rich envelope at BH formation?

Possible causes for mass ejection:

» y-driven shocks

Nadhezin 80, Lovegrove & Woosley 13, Piro 13, Fernandez et al. 18,
Ivanov & Fernandez 21

+ Jets (even without net rotation)

Gilkis & Soker 2014, Perna et al. 18, Quataert et al. 19, Antoni & Quataert 22

» weak fallback powered explosion

Ott et al. 18, Kuroda et al. 18, Chan et al. 20, 21

Different predicted outcomes for RSG/BSG
= Z-dependence

AE, ~ 1073 erg

see also Adams et al. 17 & Basinger et al. 20 for possible EM counterpart to BH formation



Treatment of time-dependent convection? Not the edge

Matters for least massive PPI, not for the most massive BH progenitors

. 45 - , r r r

T T % T T T T T X3
#r@ xX1 b ® s XX XXX
32 X : x XX T X g
] X { 35t XXX oo %7
r ) ¢ 1 b )(Xx 0,900 ]
30L xx .. .._ _(X ° .... [ J ]
L 30p . ®, | L]
30 32 34 34 36 38 40 42 44

T T T T T T T T T T T T
60 L E ® “classic MLT” X “time dependent decel.” ]

[ CC § PPI+CC . ]
0 L 1 L 1 L 1 L 1 L 1 L 1 " 1 " B i
25 30 3 40 45 50 55 60 65 70
Mpe [MQ]

Renzo et al. 2020a



Treatment of time-dependent convection? Not the edge

Matters for least massive PPI, not for the most massive BH progenitors
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Can isolated binary evolution “pollute” the gap?

van Son et al., incl. MR, 2020

Fiducial
Eddington limited

O

Stable BH accretion
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..O

Wlth unlimited accretlon some blnary BHs can enter the gap
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Can isolated binary evolution “pollute” the gap?

van Son et al., incl. MR, 2020

Fiducial

Eddington limited

O

... but those entering

Stable BH accretion
Super-Eddington

.O

the gap don’t merge within 13.7 Gyr
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even with the most optimistic assumptions:
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Can rotation move the gap? Barely...

log,y T [K]

Rotation = bigger My. = can increase the rates
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see also Glatzel et al. 1985

Chatzopoulos et al. 2012, 2013

Rotation stabilizes only for very
extreme assumption:

» No core-envelope coupling
* large initial rotation

* low Z (~ no winds)

only ~20% shift of instability
<4% for “realistic” coupling



Can the final core-collapse result in an explosion?

Parametric 1D explodability criteria 3D simulations not conclusive yet

are not really applicable.
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Renzo, Farmer, et al. 2020b, see also Ertl et al. 2016,2020, O’Connor & Ott 2011, Mdller & Mandel 2020, Couch et al. 2020



Isolated binary evolution removes the H-envelope anyways

Stable mass transfer (RLOF)
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