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LISA can see Galactic double white dwarfs formed via common envelope
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Common Envelope Evolution

Is not GW-driven!
But GW passively trace the dynamics
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Common envelope evolution in one slide L
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d. Self-regulated, thermal-
timescale inspiral
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How many sources do we expect?

Nce = RcE,init X Atcg
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RCE,init = 0-18f8:8§ (0-06i8:83)
c.f. LRN rate ~ 0.3 yr!

Kochaneck et al. 14, see also Howitt et al. 20
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Duration (in band) is very uncertain
Atcg ~ 1072 — 10° years

(e.g., Meyer & Meyer-Hofmeister 79, Fragos et al. 19, Igoshev et al. 20,
Chamandy et al. 20, Law-Smith et al. 20)
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Could we detect something?



Could we see it? An answer not relying on a specific model
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Could we see it? An answer not relying on a specific model
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Would we recognize GWs from
common envelope?



“Stealth bias” assuming GR in vacuum: chirp mass
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“Stealth bias” assuming GR in vacuum: chirp mass
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“Stealth bias” assuming GR in vacuum: chirp mass

“Braking index”
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Can LISA see common-envelope events? Maybe!
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Present: LIGO/Virgo BH masses and plilsational pair instability
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Gravitational wave mergers offer an unprecedented view on massive BHs
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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: Life and death of the
progenitors of BHs < 45 M,

(Pulsational) pair instability evolution



Pair-production happens in the interior™ after carbon depletion

t can be off-center
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Simulating the He core captures the important dynamics

H-rich envelope can be lost to:

* winds
* binary interactions

« first pulse

13
He cores computed with MESA



Isolated binary evolution removes the H-envelope anyways

Common envelope (CE)
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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, Renzo et al. 2019, Farmer, Renzo 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, Costa et al. 2021, Woosley & Heger 2021, etc...
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2. Softening of EOS
triggers collapse
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3. Explosive
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triggers collapse
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3. Explosive
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3. Explosive
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2. Softening of EOS
triggers collapse
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3. Explosive
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4c. Photodisintegration
instability and direct ' BH

BH formation
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Resulting stellar BH masses
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Stevenson et al. 2019, Spera & Mapelli 2019, van Son et al. 2020, Costa et al. 2021, Woosley & Heger 2021
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Weak dependence on primordial metallicity

Focus on lower edge of the gap
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Weak dependence on primordial metallicity

Focus on lower edge of the gap
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The dominant uncertainty is the '°C(a,v)!°0 rate
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The feature at ~ 40 M, suggests PPl happens in nature
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The feature at ~ 40 M, suggests PPl happens in nature
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Part 2: Making forbidden BHs ?

The “stellar merger” scenario



Eh)

The “stellar merger scenario
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57.6 M, T ‘ 410 M, 20.5M, 5.

MS

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

TIME [Myr]
.

Collapse it to a BH in the gap

6.2

6.6

Pair it in a GW source with dynamics

F12.0

F45.5

20

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



Four challenges of the “stellar merger scenario”

Lo MS "
57.6 M, T : s ®oaewm,

cHeB
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+ Need dynamics to pair with 2" BH
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F45.5
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di Carlo et al. 20a See also Spera et al. 19, di Carlo et al. 19, 20b, see also Kremer et al. 20, Mapelli et al. 20, Renzo et al. 20c



Part 2: Making forbidden BHs ?

Oversimplified MESA mergers



Merger model: the pre-merger stars

1.0
o 1 —
_8 05 N H . E 58M@
2 : —4He 1H
H 0.0k | | .
21.0F ! !
< C 1
205 18 awMm,
: 1N
00 - 1 | L1 | L ! | ! " | 1 L .
0 20 40 60 80 100
M [M¢)]
Z=2x10"*
21

Renzo, Cantiello et al. 20



Merger model: composition of the merger
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Merger products are He-rich and blue =- envelope instabilities?
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Very massive stars are hardly stable
« ~ 10’ years in S Dor instability strip
* reach core-collapse as BSG
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» 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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Part 2: Making forbidden BHs ?

Envelope fate at BH formation



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

Possible causes for mass ejection at BH formation:

« y-driven shocks

Nadhezin 1980, Lovegrove & Woosley 2014, Fernandez et al. 2018,
Ivanov & Fernandez 2021

+ Jets and disk wind
(even without net rotation)

Gilkis & Soker 2014, Perna et al. 2018, Quataert et al. 2019

* (weak) fallback powered explosion

Ott et al. 2018, Kuroda et al. 2018, Chan et al. 2020, Powell et al. 2021
AE, ~ 103 er ' ' '
v g 23

see also Adams et al. 2017 for possible EM counterpart to BH formation



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



Can convective random motion cause disk formation and collapsar?
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c.f. Gilkis & Soker et al. 14, Quataert et al. 19



Can convective random motion cause disk formation and collapsar?

Specific AM j[em? s~ 1]
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Conclusions
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Dynamical phases are loud but short and thus rare
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Rate of common-envelope initiation with pre-CE separation
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“Stealth bias” assuming GR in vacuum: chirp mass & distance
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Most common envelope events cross the LISA band
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The estimated radiation-driven mass loss is not significant
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Filling the PISN BH mass gap
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Filling the PISN BH mass gap

Move the gap
« decrease by ~2.5¢ the '2C(a, 7)'0
Farmer et al. 20, Belczynski 20

* beyond standard model physics

Choplin et al. 17, Croonet al. 20a,b, Sakstein et al. 20,

pre-BH formation

Straight et al. 20, Ziegler et al. 20

post-BH formation

Avoid pair-instability
« stellar merger scenario
Spera & Mapelli 2019, di Carlo et al. 19, 20a, 20b, Renzo et al. 20c

* decrease overshooting (in pop. )

Farrell et al. 20, Kinugawa et al. 20, Vink et al. 20
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Filling the PISN BH mass gap

pre-BH formation

post-BH formation
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Multiple generations of BBH mergers
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* in nuclear clusters Perna et al. 19
+ in AGN disks

McKernan et al. 12, Bartos et al. 17, Stone et al. 19



Filling the PISN BH mass gap

< Move the gap Avoid pair-instability
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& Accretion: Multiple generations of BBH mergers
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“Impostor” GW events: High eccentricity merger? Lensing?
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