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Gravitational wave mergers offer an unprecedented view on massive BHs

Abbott et al. 2022



Part 1: Life and death of the most massive black-hole progenitors
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Part 2: Making forbidden black holes ?
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Part 1: (Pulsational) pair instability

Maximum Mgy from single He cores



Pair-production happens in the interior™ after carbon depletion

t can be off-center



Simulating the He core captures the important dynamics

H-rich envelope can be
lost to:

* winds
* binary interactions

« first pulse

He cores computed with MESA



Isolated binary evolution removes the H-envelope anyways

Stable mass transfer (RLOF)
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Pair-instability SNe are the best understood supernovae

Radiation pressure dominated:
Ptot =~ Prad

Mye > 32M,,

Y

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, MR et al. 2019, Farmer, MR et al. 2019, 2020, Leung et al. 2019, 2020,

Renzo, Farmer et al. 2020b Renzo et al. 2020a,b, Croon et al. 2020a,b, Sakstein et al. 2020, 2022, Costa et al. 2021, Woosley & Heger 2021, efc...
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2. Softening of EOS
triggers collapse
r<i
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0. Evolved Massive

He core 1. Pair production

Ty = ete”
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3. Explosive
2. Softening of EOS i(gr):iigoin)
triggers collapse
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3. Explosive

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

2. Softening of EOS i(g:zig;n) ’
triggers collapse
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2. Softening of EOS
triggers collapse
r <j
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3. Explosive
(oxygen)
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triggers collapse

r<$

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

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

1. Pair production
Yy = ete

- @

7.BH

S

5. v-cooling

Renzo, Farmer et al. 2020b



4c. Photodisintegration
instability and direct ' BH

BH formation
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Resulting stellar BH masses
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see also:

Rakavy & Shaviv 1967, Fraley 1968, Woosley et al. 2002, 2007, Woosley 2017, 2019, Marchant, MR et al. 2019, Leung et al. 2019, Farmer, MR et al. 2019, 2020, 8
MR 2020a, Stevenson et al. 2019, Spera & Mapelli 2019, van Son et al. (incl. MR) 2020, Costa et al. 2021, Woosley & Heger 2021, Mehta et al. 2022




Part 1: (Pulsational) pair instability

Implementation in pop. synth.



Miyiial -+ CO core mass’ — BH mass

and composition! (Patton & Sukhbold 2020)

Black hole remnant mass distribution for single star evolution
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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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Using “recipes” out-of-the-box leads to artificial features
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Pair-instability mass loss for top-down compact object mass calculations
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Mgy = Mproto—NS + Mtanback
(Fryer et al. 2012, 2022)

4

Mgy = Mpre—explosion - (AMSN P AMv,core + AMeyy + AMppy + - - - )

New fit to Farmer, MR et al. 2019
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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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Miyiial -+ CO core mass’ — BH mass

and composition! (Patton & Sukhbold 2020)

Black hole remnant mass distribution for single star evolution

at Z=0.001
-/‘
60 ) cc . PRISN + CC
« N ‘/. L4
50
;G’ New prescription with Mco ppisn shifted
— 40 —— New prescription
& - Farmer + 19 prescription
g — Pre-sn mass
=30
©
=
5
g20
10
0 + + + +
1] 50 100 150 200

ZAMS mass [Me]
Hendriks, van Son, MR et al., in prep. “Initial maSS”

250

David D. Hendriks

Univ. Surrey

Fryer et al. 2012
+
Farmer,-MR-etal—2019
Renzo et al. 2022

12



Part 1: (Pulsational) pair instability

How robust are these predictions?



Metallicity? Small effect

Focus on lower edge of the gap
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Metallicity shift
Amax{Mgy} ~7%
over 2.5 orders of magnitude

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

13



Treatment of time-dependent convection? Not the edge

Matters for least massive PPI, not for the most massive BH progenitors
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Treatment of time-dependent convection? Not the edge

Matters for least massive PPI, not for the most massive BH progenitors
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The input physics that matters: '’C(«,)'%0 reaction rate

-3 —2 -1 0 1 2 3
gcCi12

< lower Rate higher =

Farmer, MR et al. 2020, see also Farmer, MR et al. 2019, Costa et al. 2021, Woosley & Heger 2021, Farag, MR et al. submitted
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12C(a, v)'%0 reaction rate was undersampled in tables

3.0

2015 points, o= -1
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Farmer, MR et al. 2020, see also Farmer, MR et al. 2019, Costa et al. 2021, Woosley & Heger 2021, Farag, MR et al. submitted Mehta et al. 2022



BH mass gap from single He cores with updated '>C(«, y)'°0 rate
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Pushing further up with 3« rate uncertainties
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Pushing further up with 3« rate uncertainties
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Conclusions on the physics of (pulsational) pair-instability

+ Pair-instability evolution of single He cores

is robustly understood. ‘ ° et
-—)

» Main uncertainties are time-dependent

convection, and nuclear reactions rates . , ; -

o maX(MBH) below the gap: 69+34 M. 1. Pa roucton /

* min(Mgy) above the gap: 139739 M.,

18



Part 2: Making forbidden black holes ?

10!

T@ 100

Abbott et al. 2022
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Part 2: Filling the BH mass “gap”

More ideas than events



Filling the PISN BH mass gap

pre-BH formation

post-BH formation

Move the gap Avoid pair-instability
- decrease by ~2.5¢ the '2C(a, )'°0 * “wet” stellar merger scenario
Spera & Mapelli 2019, di Carlo et al. 19, 20a,b, Renzo et al. 20c,
Farmer et al. 20, Belczynski 20, Costa et al. 21 Kremer et al. 20, Costa et al. 22, Ballone et al. 22
* pop. I1l/low winds Farell et at. 20, Kinugawa et al. 20,
° Beyond Standard model phyS|CS Belczynski et al. 20, Vink et al. 21
Choplin et al. 17, Croonet al. 20a,b, Sakstein et al. 20,22 » Mass loss from above the gap
Straight et al. 20, Ziegler et al. 20 Shibata et al. 21, Siegel et al. (incl MR) 21
Accretion: Multiple generations of BBH mergers
* in proto-cluster Roupas & Kazanas 2019a,b * in clusters Fragione et al. 20, Liu & Lai 20
* PBHs before re-ionization de Luca etar. 2020 ¢ in nuclear clusters Perna et al. 19

* in isolated binary van Son et al. (incl. MR) 2020 ¢ in AGN disks

* in halos Safarzadeh & Haiman 20 McKernan et al. 12, Bartos et al. 17, Stone et al. 19

“Impostor” GW events: High eccentricity merger? Lensing? 20



Part 2: Filling the BH mass “gap”

The stellar merger scenario



The stellar merger scenario

di Carlo et al. 20a

L Ms @ TmMs Ms
° 57.6 M, T ‘ atom, 205m 5.
cHeB 4% MS
%2 s74m, 41.9 M,
L cHeB
4.3 99.3 M,
=
>\
£las
s
EF5.2
6.2
6.6
F12.0 )
145.5

See also Spera et al. 19, di Carlo et al. 19, 20b, see also Kremer et al. 20, Mapelli et al. 20,

Make a star with a small core and
oversized envelope to avoid PPISN

Collapse it to a BH in the gap

* Pair it in a GW source with dynamics

Renzo et al. 20c, Costa et al. 22, Ballone et al. 22

21



Four challenges of the “stellar merger scenario”

Lo MS ;
57.6 M, T . smS ®oem,

l)

Mass loss (and core structure) =

9

cHeB
(42 574 M,

H4.3 055, * Wind and eruptions =
2las « Loss of envelope at BH-formation ?
= Because of v losses — Assumed zero
=F5.2 see Nadhezin 1980, Lovegrove & Woosley 2013

6.2

6.6 . . .

+ Need dynamics to pair with 2" BH
+12.0
Requires nuclear cluster and/or AGN disk?
F45.5

See also Spera et al. 19, di Carlo et al. 19, 20b, see also Kremer et al. 20, Mapelli et al. 20, 21
di Carlo et al. 20a Renzo et al. 20c, Costa et al. 22, Ballone et al. 22



Estimates of mass loss for stellar collisions: AMerger S 12%

SPH simulations - no radiation

Ballone et al. 22

22



Angular momentum budget of the merger

SPH simulations - no radiation
Angular momentum

- Surface: Centrifugally-driven M

Langer 88, Heger et al. 00

» Core: Core-growth by mixing

de Mink et al. 09, de Mink & Mandel 16, Marchant et al. 16

Y

| will assume no rotation

Maeder & Meynet 2000 22
Ballone et al. 22



Merger model: the pre-merger stars
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Renzo, Cantiello et al. 20, see also Costa et al. 22

58 Mo

42 M,

23



Merger model: composition of the merger
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o
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Merger products are He-rich and blue =- envelope instabilities?

L
6.7 | &Oé’j«.. — mix
"’&g"u..‘ — primordial
6.6 [ s At =500yr
> 6.5
~ [
~ [
=64
&
= 63
62 F
6.1
s | s s s | s s L 1
48 4.6 44
logyo(Tet/ [K])

Renzo, Cantiello et al. 20, see also Costa et al. 22

Very massive stars are hardly stable
« ~ 10’ years in S Dor instability strip
* reach core-collapse as BSG

\
» LBV eruptions, helped by He opacity?

Jiang et al. 18
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Merger products are He-rich and blue =- envelope instabilities?
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Renzo, Cantiello et al. 20, see also Costa et al. 22
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Hirai et al. 2021

» LBV eruptions, helped by He opacity?

Jiang et al. 18
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The estimated radiation-driven mass loss is not significant

B e e
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Renzo, Cantiello et al. 20



Do BHs form via a failed, weak, or full blown SN explosion?

Possible causes for mass ejection at BH formation:

* v-driven shocks
Nadhezin 80, Lovegrove & Woosley 13, Piro 13, Fernandez et al. 18
+ Jets, (even without net rotation)

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

» weak fallback powered explosion

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

AE, ~ 1073 erg

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

26



Accretion disks and v-driven shocks remove little mass for BSG
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Nadhezin 1980, Lovegrove & Woosley 2013, Piro et al. 2013, Coughlin et al. 2018, Fernandez et al. 2018, lvanov & Fernandez 2021



Accretion disks and v-driven shocks remove little mass for BSG

MEQA  « RR{D4+FLASH credits: R. Fernandez
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Part 2: Filling the BH mass “gap”

Filling the gap “from above”

Siegel et al. (incl. MR) 2021
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Extrapolation of long-GRB models to progenitors above the gap

Specific Angular Momentum

N
o

=
w

® -+

above the gap
(with no rotation)

=
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10910 j(r) [cm?s™2]

[
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logao r [cm] Disk so massive it
self-neutronize
and does r-process
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Result: BH in the gap, r-process nucleosynthesis, and observable transient

0.8 Final BH mass [Mg]
N 135

125 Mssy; ~ 10 — 60 M,

115

105 Mr—process ~1-20M¢

95

85

75
65 ~ 10~ 2-few/year

Rubin & Roman rate:

0.2 - . .
9.0 9.2 9.4 9.6 9.8

logio rp [cmM]
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Conclusions




(Pulsational) pair instability is well understood — but questions remain

Progenitor evolution
& pre-PPISN
binary interactions

3 - Input physics:
7 ¥ 2C(a, )0 rate ?
time-dependent conv. ?

1. Pair production
Ty = ete”
. '

Final BH formation & fate of H-rich envelope

31



Filling the PISN BH mass gap

pre-BH formation

post-BH formation

Move the gap Avoid pair-instability
- decrease by ~2.5¢ the '2C(a, )'°0 * “wet” stellar merger scenario
Spera & Mapelli 2019, di Carlo et al. 19, 20a,b, Renzo et al. 20c,
Farmer et al. 20, Belczynski 20, Costa et al. 21 Kremer et al. 20, Costa et al. 22, Ballone et al. 22
* pop. I1l/low winds Farell et at. 20, Kinugawa et al. 20,
° Beyond Standard model phyS|CS Belczynski et al. 20, Vink et al. 21
Choplin et al. 17, Croonet al. 20a,b, Sakstein et al. 20,22 » Mass loss from above the gap
Straight et al. 20, Ziegler et al. 20 Shibata et al. 21, Siegel et al. (incl MR) 21
Accretion: Multiple generations of BBH mergers
* in proto-cluster Roupas & Kazanas 2019a,b * in clusters Fragione et al. 20, Liu & Lai 20
* PBHs before re-ionization de Luca etar. 2020 ¢ in nuclear clusters Perna et al. 19

* in isolated binary van Son et al. (incl. MR) 2020 ¢ in AGN disks

* in halos Safarzadeh & Haiman 20 McKernan et al. 12, Bartos et al. 17, Stone et al. 19

“Impostor” GW events: High eccentricity merger? Lensing? 32
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The '2C(«, v)'%0 ends He core burning

More '2C = C shell burning delays 'O ignition to higher p

Helium shell Center Carbon Off-center Carbon Explosive Oxygen  Center Oxygen

Reduced o
12¢ (a,7)'°0 » Core
o > Collapse
Median
12¢ (a,7)'°0 > —_— [E—— — pulsations

2 16 .
12¢C (@, 7)"°0 reaction rate

Y
Enhanced Pair
12¢: (o, )0 > —_— ——p Instability
vy SNe
(A) (8) © (D) (E)

Farmer, Renzo et al. 2020

Mgu

No remnant



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

. T T T ]
EG 40 | ) 1St + 21’1d X 3I'd /:
g 20t
= [ Larger cores
< 0 o g !
10
_ i More energetic pulses
EQ 100 3 i3
£ 101 More mass loss
=¥
5 10-2L (and longer delays)
1073 i + E
E 1 ) ] ) ] ) ] ) ] ) 1 7
30 35 40 45 50 55
Mco [Me)]

Renzo, Farmer et al. 2020b



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

SN Ib SNlic/Ib/Ibn SN Ib
<lyr > 10°yrs
Oscillation Weak Strong
210" em < 10%cm
> L5R, < L.500R,
1 2-3 1
>

$0.1M, <3M, 2 3M,

(Ty) —4/3 S 001,T - 4/3 < 0.01

(Ty)— 4/3 < 0.01,T, —4/3 < 0.01

Instability starts off-center

Instability starts in the center

Yes No Yes
30 35 40 50 60 70 80 90 110 10 (M)
1 1 1 1 1 | | 1 | |
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Winds, mixing, v physics? Also small effects

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 T T T T T T T T T
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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
Super-Eddington
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Can isolated binary evolution “pollute” the gap?

van Son et al., incl. MR, 2020

... but those entering

Stable BH accretion
Super-Eddington

.O

Fiducial
Eddington limited

O

the gap don’t merge within 13.7 Gyr

Mass accretion leads to orbital widening

even with the most optimistic assumptions:
e < 1% systems with M, = 90 M, e No systems with My, > 100 M,

Mergers, Fiducial Mergers, Stable accretion Mergers, CE accretion
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Can rotation move the gap? Barely...

Rotation = bigger My. = can increase the rates

9.6 |
- W = OO
= w=0.2
9.4 A
A W =
= 0.4
& - 4 2 9
2 9ol 11<3- 5w ]
9 L
r — 50Mp :
90 = — 61M@ i
) Marchant & Moryia 2020 — T2Mg ]
4.0 15 5.0 5.5 6.0

logyo p [gr cm™?]

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
are not really applicable.

3D simulations not conclusive yet

0.8

———— €
o NS/BH boundary 2 100 —— 285_SFHx
: « PPI+CC 3 —— 285_SFHo
5 —— 28515220
0.6 + CC S —— 2100_SFHx
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102 4
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Powell, Muéller, Heger 2021
max AMce S 3.5M

explosion . .

NS formation ] from v-driven engines

0.2
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’%.o 02 04 06 08 10 12 14 AN GEEl, EY3)
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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



Gravitational waves from super-kilonova
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Siegel et al. (incl. MR), 2021
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“sad trombone”
v decreases
as BH and its ISCO
grow
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