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stars. For their most massive obje®M, + 40M,) they not considered. However, merger products are prime candi-
found a mass loss corresponding to-8% of the total mass. dates to explain LBV starge.g., Justham et al2014
However, these models neglect the effects of radiationAghakhanloo et al2017) because of their increased luminos-
transport, which could have an important role for the massity, non-standard internal structure, and possible He-enrich-
budget in the merger of very luminous stars. Including ment. He opacity is thought to have a key role in driving
radiation effects would likely increase the mass-loss rateeruptive mass los§liang et al2018, which could make this
during the merger, because the radiation-pressure-dominatetype of mass loss relatively metallicity-independent.
envelope of very massive stars are loosely bound and easily Our simple models presented in Sectidnaddress this
stripped. problem mainly at metallicitZ = 2 x 10°* (e.g., Di Carlo

A back-of-the-envelope estimate of the amount of mass losset al. 20203; however, this challenge is expected to become
can be obtained considering that the energy available to driveprogressively harder at high&; because of the increasing
mass loss ia fraction of the relative kinetic energy of the two  opacity in the stellar envelope.
incoming stars

1 MM, 2.3. The Collapse Challenge: Mass Loss at BH Formation

1 2 6 _
Eicn —2M MZVT 110%erg  Bona (3 At BH formation, 10°3erg of neutrino emission is

expected to suddenly decrease the gravitational mass of the
where we use the aforementioned masses and assumeollapsing core. This in turns creates a shock propagating
v 10kms*! as the velocity dispersion of the cluster, and thorough the envelope that can unbind the outer lafgecs,
Eping IS the typical binding energy of the stars. Our pre-merger Nadezhin198Q Lovegrove & Woosley2013 Fernandez et al.
models (See Sectiorﬁ) On|y have 1053 Me with b|nd|ng 201& While in the calculations O'_f Di Carlo et @0200 the
energy lower than fHerg. This suggests that mergers BH mass accounts for the neutrino losses, the impact on the
resulting in small mass loss might be possible, however, usingE"VeéloPe mass loss was not investigated.

instead the escape velocity form the stain would result in If the envelope is not lost at CC, it still could retain enough
o ; . angular momentum to allow for the formation of an accretion
a signi cantly higher mass loss. Our estimate neglects the

; C . disk. This could result irffultrg)-long gamma-ray burs{g.g.,
stellar reaction to the energy injection during the merger parna et al2019 and the delayed ejection of a sigoant
process. ) o fraction of the envelope. Even in the absence of net rotation,
A second challenge is maintaining the core mass below thepe fallback of large convective cells in the envelope could also
pulsational pair-instabilityPP) regime. The result of a stellar  grive the formation of disks and ultimately produce large

collision _is often approximated using entropy sort(ngagg., amounts of mass loss through jéBuataert et a2019.
Lombardi et al.2002 Gaburov et al2008: this effectively

would result in merging the cores of both stars and increasing
the resulting core mass. Dynamical interaction might also pair
stars in tight binaries merging later in a common envelope If the previous challenges can be overcome, this scenario
event. Merger simulations involving one evolved and one allows for the formation of single BHs in the gap. Dynamical

unevolved star are often invoked to explain the progenitor ofinteractions are then required to pair two of these BHs together

2.4. The Gravitational-wave Challenge: Dynamical Pairing

SN1987A(e.g., Podsiadlowski992 Menon & Heger2017), in a tight orbit. Because of their large masses, these BHs are
and in this case mixing into the core decreasing its mass hagf cient at nding companions to merge with, with typical
been proposed. delay-time distribution of order tens of Myr. Di Carlo et al.

Merger products are also expected to be fast rot@gays de (20204 found a signicant fraction of the merger rate from
Mink et al. 2013, although Schneider et a(2019 found cluster dynamics to involve one BH from the stellar merger
internal redistribution of angular momentum preventing fast scenario (see also Spera et aR019 Di Carlo et al.
surface rotation. If a large amount of angular momentum is2019 2020h Kremer et al.2020. However, to explain the
transported in the core, rotational mixifg.g., Maeder & masses in GW190521, both BHs should have formed via such
Meynet 2000 might increase the core mass pushing the starevolutionary path.
into the PPI regime.

We do not investigate how realistic is the merger structure 3. Constructing a Merger Model
proposed by Spera et al2019 and Di Carlo et al. ] ) )
(2020a 20201. Following these studies, we assume that no We use Modules for Experiments in Stellar Astrophysics

mass is lost during the merger process and we do not considefMESA revision 12778; Paxton et al.
the effects of rotation. 2011, 2013 2015 2018 2019 to construct a post-merger
structure. We do not compute the dynamical phase of the
2.2. The Evolution Challenge: Winds and Envelope merger, but rather construct an ad hoc post-merger structure
Instabilities starting from the pre-merger stars. Details of the numerical

o implementation, together with the microphysics inputs, are
After the merger, low metallicity is necessary to prevent gjyen in Appendix

large line-driven wind mass logg.g., Farrell et al202Q

Kinugawa et al2020, or it needs to be artcially suppressed

(Belczynski et al2020. The angular momentum distribution

might also lead to centrifugally driven mass |fissnger1998 Following Di Carlo et al.(2020h, we assume that the

Heger et al200Q Zhao & Fuller2020. merger happens at the end of the main sequence of a
Other modes of mass loss such as continuum-driven windsMl; = 58M, star atZ = 2 x 10°*. Using Brott et al(2011)

and or luminous blue variabl€LBV) eruptions are typically  overshooting, its main-sequence lifetime jg = 4.15 Myr,

3.1. Initial Chemical Composition

2
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Figure 1. H and He proles of the two pre-merger stgtsp and middle panéls
and of the merger produdisottom pangl In the bottom panel, soli@iashej
lines indicate the envelope composition for theix” (“primordial’) model.

Renzo et al.

composition of the second star and increase the envelope mass
with the initial composition; that is, with a He abundance of
X(*He) ; 0.24. This corresponds to a merger between an
evolved primary and a newly formed secondary star with its
primordial chemical composition.

4. Post-merger Evolution

We evolve our merger models until the onset of CC. The left
panel of Figure shows their post-merger Hertzsprung-Russell
(HR) diagram. The evolution proceeds from left toward cooler
temperatures. The more He-ritmix” model has a higher
luminosity(L). This can be understood considering that
where is the mean molecular weight for an ideal gas with
constant opacitfe.g., Kippenhahn et &013. Most of the He
and carbon core burning happens within the hot S Doradus
instability strip(S Dor, gray band in Figurg), where the star
spends 1.% 10°years for modetmix” and 8.1x 10*years
for model“primordial”

Afterward, both evolve into the observationally forbidden

Both models have by construction the same core structure of the most massivéegion beyond the Humphrey-Davidg¢iD) limit (dotted gray

star pre-mergethicker line3. The least massive Star 2 is too young to have a
well-de ned He core.

and the corresponding Heliufhle) core mass is 29Me.
This value is below the limit for any kind of Pl pul§e@enzo
et al.20203. We evolve up to ys aM, = 42M, star with the

. . . I
same setup. Very massive stars have comparable lifetimes, anﬁ

by this time, the second star has a central He abundanc
X{(*He) = 0.76 extending out to mass coordinate 25M,

(see the middle panel of Figur. The Kelvin-Helmholtz
timescale of these stars is of ordef {@ars. After the merger, a
relaxation phase of comparable duration is expe@titough
both the luminosity and radius are likely to be higher right after
the merger; see, e.g., Schneider efal9.

To construct the merger product, west relax (e.g.,
Morozova et al.2015 Vigna-Goémez et al2019 the most
massive star model tdo; = My + My S Mying, Where the
mass lost to winds Mying is Oonly ~ 0.9M, using the Vink
et al.(2007) algorithm. The mass relaxation procedure does not
account for the release of gravitational or internal energy from

the newly accreted mass. Then, we relax the chemical

composition of the merger.
The top and middle panels in Figuteshow the pre-merger

composition of the two stars, and the bottom panel shows two

different merger products. For both, we enforce the hypothesi
of the “stellar merger scenafiomaintaining the same

composition and mass of the core of the most massive sta

(thick lines in Figurel).
The fact that the second star has already synthesized a lar

amount of*He means that choices need to be made for the

envelope composition. Usually, mergers are built assuming that

the lowest entropy layers sink to the bottom. However, this

line in Figure2; Humphreys & Davidsori994. There model
“mix” spends its last ~3800 years, while the model
"primordial” only spends-600 years beyond the HD limit,
owing to its lower luminosity.

While both the S Dor strip and the HD limit have been
observationally determined & Z., Davies et al.(2018
cently showed that the empirical HD limit is likely metallicity
dependent. This might support the theoretical results of Jiang

t al. (2018, who found that He opacity is the likely driver of
outbursts in luminous stars close to the HD limit and the S Dor
strip. Overall, LBVs are known to be at the metallicity of the
Small Magellanic Cloud(e.g., Szeifert et al1993, and
observation of narrow-lined SN@ particular their isolation
relative to other explosiohsnight be compatible with LBV
eruptions happening in more metal-poor parts of galaxies.

The location of our merger models on the HR diagram
suggests that they could be affected by envelope instabilities
and severe mass loss. The noisiness of the curves is caused by
the numerical instabilities, possibly related to physical
instabilities in the envelopdsee Sectiod.1).

The top-right panel of Figur2 shows the evolution of the
central temperature and density. By construction, both merger
models avoid the instability regiqgray arepand proceed to
CC avoiding pulses. Conversely, a M0 single-star model,
hits repeatedly the Rlalthough off-center; see Renzo et al.

S20202) resulting in large mass loss. The bottom-right panel

F,hows the averaged adiabatic index , which stays above the
dotted line indicating instabilitfe.g., Renzo et al20203.
onversely, the averaged adiabatic index of theMd®nodel

ggrops signi cantly below 43 repeatedly during PI pulses.

4.1. Estimates for the Continuum-driven Mass Loss

would result in a larger He core mass entering the PPI regime Figure 3 shows the temporal evolution of the ratio of the

and violating the hypothesis of the scenario. Instead, in mode
“mix” (solid lines in the bottom panel of Figutgwe fully mix

the envelope of the most massive star with the entire second

star at merger time. This represents the most favorable scenar
preventing growth of the He core, leading to the formation of
an He-rich envelope witi(*He) ; 0.52. The total mass in
each element is conserved to better than 2%.

As for the opposite limiting case, in modgbrimordial
(dashed lines in the bottom panel of Figdjewe ignore the

luminosity L to the Eddington luminosity

4 E&Mc
L 1

(2

, Ledd
io

whereG is the gravitational constar] the total mass, and

the speed of light. Dashed lines only consider electron-
scattering opacity ; 0.21+ X(*H))cn?g>*, while solid
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Figure 2. Left panel: HR diagram of the post-merger evolution. Each dot is separated by 500 years. The dashed black lines show for comparison afiH-rich 140
star from Renzo et a(2020a smaller overshooting, encounters the PPI)aserd a 100M, model(same overshooting, expected to encounter the PRé yellow

stars mark the onset of CC. Top-right panel: evolution of the central temperature and density. Bottom-right panel: time evolution of the ighteduagensge
adiabatic index, the star becomes pair-unstable when it drops below the dotted horizo(Ranzmeet al20203.
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Figure 3. Eddington ratio post-merger as a function of the time left to CC.
Solid lines use only the electron-scattering opacity_fog, while the dashed

lines use the total opacity. The bldeed lines correspond to thémix”
(“primordial’) merger models. In both cases, the post-merger model exceeds an
Eddington ratio of I(dashed horizontal lingindicating that eruptive ahdr
continuum-driven mass loss could occur.

lines correspond to using the stellar surfaspacity in the 0.3 —=—————t—— '5'0 —
calculation of the Eddington luminosity. lo (T'/ K])
Both our merger models evolve with high Eddington ratios, 810

and the more luminous and He-ritimix” model reaches 1 Figure 4. Outer structure of the opacity for two different values of the effective
about 1000 years before CC. Again, this suggests thattemperature. The tofbotton) panel shows thémix” (*primordial’) model.
radiatively driven eruptive mass loss might occur even at low [ e hatched regions indicate convectionlagy(Ter/[KI) 4.5 with two

o . - separate regions in thHemix” model (and none in théprimordial mode).
metaII|C|ty (e.g., Smlth2014 IncreaSIngZ has a Iarge effect Colored regions mark convective regiondoggq(Terr /[K])  4.2.
over the opacity , decreasind_gqq and thus increasing the
Eddington r_atio. Not _surprisingly, preliminary calculatio_ns at \yhile dashed lines show models iy (Terr /[K]) 42,
Z = 0.02 with our simple setup proved to be numerically beyond the HD limit.

unstable. _ _ While our models havezZ = 2 x 10°%; Z,/100, two
Figure4 shows the internal structure and opacity joat  gpacity bumps are still evident at both times, one caused by
two selected times for our models. Solid lines correspond Opartial  recombination of iron (F& roughly at
when the models reach an effective temperaturejog (T/[K]) 5., and one due to partial He recombination
logio(Tert/[K]) 4.5 roughly in the SDor instability strip,  atlog(T/[K]) 4.6. The presence of these opacity bumps
drives inef cient convection layeréshading and hatching in

5 The surface opacity is the average of the Rosseland mean opacity from-igure4). The interplay between density i_nhomoﬁleneitiels due
optical depth = 2/3 down to = 100. to convection and the close-to-super-Eddington luminosity was
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10 T e e would result in adding the He cores together, which would
I l violate the hypothesis allowing these mergers to avoid the PPI

regime.

I ] Assuming that the core does not grow, the envelope of the

0.5 . merger necessarily becomes He-enriched, with the extent of the

f 1 enrichment depending on when the merger occurs during the

M x dt [Mo)]

main sequence of the secondary star. It could be prevented by

I 1 allowing the least massive star in the merger to be youngdr

0.0 e I I I less evolvepthan the most massive ofeg., our‘ primordial

Y =———— mode), so that less He is present in its core. Given the small

lifetime differences between very massive stars, this would

require not only a non-starburst star formation history, but also

ne-tuned timing.
Wind We use detailed stellar evolution calculations to evolve two
— Eddington merger products that assume either an evolved or an unevolved
secondary. Because of the He-enrichment, the merger product

can be signicantly more luminous than a star of similar mass

o S L AR — (see Figure2). It is already possible that most stars with

5.0 2.5 0.0 —25 =50 =75 M  100M. will experience large outbursts of mass I(&sg.,
log,(years to core collapse) Conti 1979, and the He-richness might exacerbate (isng

Figure 5. Absolute value of the mass-loss rétettom pangland cumulative et al. 2018. This suggests that LBV-like outbursts or

== Total

mass losgtop pane) as a function of time until CC for otimix” model. continuum-driven mass loss can occur even at metallicity as
low asZ = 2 x 10°%; Z./100.

found to be a key driver of LBV eruptiorfat least aZ = Z, We estimated the amount of mass that can be lost by these

Jiang et al2015 2018. stellar merger products due to their proximity to the Eddington

Due to insuf cient theoretical understanding, our models do limit, and found that they can shed up tolM, during the last
not include eruptive LBV-like mass loss or continuum-driven few hundred years prior to CSectiond.1). This circumstellar
winds in addition to line-driven winds. Nevertheless, following material could leave visible imprints in the light curves and
Paxton et al(2011) and Cantiello et al2020 we can estimate  spectra of a terminal transigfetg., Arcavi et al2017 Vigna-
the extra mass loss of models exceeding the EddingtonGomez et al2019, if the nal BH formation ejectga small

luminosity as amount of mass(e.g., Gilkis & Soker2014 Quataert et al.
L Leqd 2019' . . . .
Medd — ©)] However, the amount of material lost during the evolution is
Vesc not large enough to affect the scenario for BH formation in the

L . L Pl mass gap. We note that stronger mass loss is expected in
whereL andLeqqare the luminosity and Eddington luminosity, more me?al—prich environment, sogthat this scenario cgn only

and Ves is the surface escape velocity. We only use this 10 500\, helow a metallicity threshold. Ultimately, multidimen-
estimate in post-process the amount of mass that the star woulgion51 radiation hydrodynamical simulations and a better
have lost, and we neglect the structural reaction that this mayheoretical understanding of LBV eruptions is needed to

cause(Renzo et al2017). . precisely quantify the pre-collapse mass of these luminous,
Figure5 shows the mass-loss rate hist@gttom pangland He-rich merger remnants.
cumulative mass lostop pane) for our “mix” model. The Finally, an estimate of neutrino-driven mass l@¥adez-

wind mass-loss ratgn blue; Vink et al.200]) removes mass  hin 198Q Lovegrove & Woosley013 is required to establish
earlier on but becomes subdominant a few hundred yearshe actual size of the BH formed at CC. The oversized

before CC. Then, the Eddington-driven mass I@®en;  envelopes and He-enrichment keep our merger models
Equatlo_n(S)) becomes dominant. Thg total mass I¢théck relatively blue at the onset of O®g,(Terr /[K]) 2 4.1); that
purplg is the sum of the two and is only about1Me, is, in the intermediate regime where the amount of mass loss at
corresponding to a totalnal mass of 98Me. At higherZ BH formation is uncleate.g., Fernandez et &018. Further

more mass loss would be expected. The lower luminosity andgygies of the hydrodynamics at merger and at BH formation
Eddington ratio of théprimordial "model result in a smaller 5.0 needed to assess whethertellar merger scenati@an
mass-loss estimate than for tiraix” model. contribute a signicant populations of BHs inside the PI SN
mass gap.
In the meantime, population synthesis simulations could
We tested a stellar merger scenario for the production of BHsbracket the range of possibility by considering varying degrees
in the Pl mass gap. To avoid the PI regime, this scenarioof envelope mass loss before and at CC.
assumes that the core mass of the primary star is unaffected by
the merger, with the mass of the secondary fully mixed into the We are thankful to U.Ndi Carlo, R.Fernandez, YGOt-
envelope(Di Carlo et al.2019 2020a 2020k Spera et al. berg, Y.Levin, and N.Smith for helpful exchanges, and to the
2019. We do not explore how realistic this assumption is, referee for the prompt and constructive feedback. The Flatiron
which needs to be addressed using hydrodynamic calculation#nstitute is supported by the Simons Foundation.
(e.g., Lombardi et al2002 Glebbeek et al2013 Schneider Software: mesaPlot (Farmer2018, mesaSDK (Town-
et al. 2019. Standard entropy-sorting post-merger structuressend 2019, ipython/jupyter (Pérez & Grangef007),

5. Discussion and Conclusions
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Appendix
MESASetup

We useMESAversion 12778 to compute our models. The
MESAequation of staté€EOS is a blend of the OPAI(Rogers
& Nayfonov 2002, SCVH (Saumon et al1995, PTEH (Pols
et al. 1995, HELM (Timmes & Swesty2000, and PC
(Potekhin & Chabrie2010 EOSs.

Radiative opacities are primarily from OPAlglesias &
Rogers1993 1996, with low-temperature data from Ferguson
et al. (2005 and the high-temperature, Compton-scattering
dominated regime by Buchler & Yuelil976. Electron
conduction opacities are from Cassisi et(2007).
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