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Black holes in the pair-instability mass gap

PISN BH mass gap

How to populate the PISN BH mass gap?

• Stellar mergers
• Hierarchical BBH mergers
• Modifying stellar physics at low metallicity
• Gas accretion onto PopIII remnant BHs
• To some extent: nuclear reaction rates & rotation

DiCarlo+ 2019, Renzo+ 2020b

Antonini & Rasio 2016, …

M. Renzo et al.: CSM from Pulsational Pair-Instability
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Fig. 2. Final BH masses as a function of the initial He core mass. The scale in the horizontal direction is logarithmic. The colors in the background
indicate the approximate range for each evolutionary path, see also Section 3. The right panel shows the masses inferred from the first ten binary
BH mergers detected by LIGO/Virgo, with a red shade to emphasize the overlap between PPI and CC, and green and blue hatches to indicate the
fate of the progenitor in di↵erent BH mass ranges.

3. Overview of the evolution of the progenitors

Figure 2 shows the BH masses resulting from our grid as a
function of the initial He core mass (MHe,init, bottom axis)
and approximate maximum CO core mass reached during the
evolution (MCO, top axis). Both can decrease because of PPI
mass-loss episodes toward the end of the evolution. We es-
timate the BH mass as the mass coordinate where the bind-
ing energy of the collapsing star reaches 1048 ergs, to allow
for the possibility of mass loss during the CC from, either
a weak explosion (Ott et al. 2018; Chan et al. 2020), or
ejection of a fraction of the envelope due to neutrino losses
(Nadezhin 1980; Lovegrove & Woosley 2013). This estimate is
typically within a few 0.01 M� of the total final mass of the He
star. We do not account for other energy loss terms during the
core collapse, such as neutrinos themselves which might carry
away (part of) the core binding energy. This e↵ect is typically
estimated to be . 10% of the precollapse core rest mass en-
ergy (e.g., O’Connor & Ott 2011; Belczynski et al. 2016; Spera
& Mapelli 2017), and can shift our BH mass estimates further
down.

The colored background in the left panel of Figure 2 indi-
cates approximately the evolutionary path for the corresponding
mass range. The four possibilities are summarized as follows, in
order of increasing initial He core mass:

CC: Relatively low mass He cores end their lives in a core col-
lapse (CC, blue on the left of Figure 2) event without losing mass

to pair-production driven pulses. For these models, the layers
which are unstable to pair production (if any) are not massive
enough to cause an episode of mass ejection. In this mass range,
the outcome of core-collapse is most likely BH formation, pos-
sibly associated with a weak SN with large fallback (Ott et al.
2018; Kuroda et al. 2018; Chan et al. 2018, 2020). We return on
the “explodability” of our grid of models in Section 7.

PPI+CC: With increasing MHe,init, the pair instability becomes
progressively more violent. The energy release by thermonuclear
explosions causes significant radial expansion. Increasing fur-
ther in mass, models experience one or more mass loss episodes,
before the core is stabilized by the consumption of fuel and en-
tropy losses to neutrinos, and the stars finally collapse (PPI+CC,
green in Figure 2).

PISN: For 80 M� . MHe,init . 200 M�, our models are com-
pletely disrupted in a PISN, and produce no remnant (yellow
vertical area in Figure 2). Our lowest mass model going PISN
and leaving no remnant has MHe,init = 80.75 M�, corresponding
to a maximum CO core mass of ⇠ 55 M� (see also Farmer et al.
2019).

CC: For extremely massive cores, MHe,init & 200 M�, the
energy release by the explosive thermonuclear burning triggered
by the pair instability is insu�cient to fully disrupt the star. This
happens because most of that energy is used to photodisintegrate
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FIG. 7.ÈDensity in the central regions of model 14A 7.598 s after core collapse. A dense disk (red ; 109 g cm~3) of gas is accreting into the black hole. The
centrifugally supported torus has a radius of 200 km. Still higher densities exist in the disk inside the inner boundary of our calculation (50 km). Gas is
accreting much more readily along the polar axis because of the lack of centrifugal support and has left behind a channel with relatively low density (blue ; 106
g cm~3). Should energy be deposited near the black hole, this geometry will naturally focus jets along the rotational axis.

cosity was calculated using where r is the sphericall\ acs r,
distance from the origin and a was 0.1. Another calculation,
which assumed that with H the density scalel\ acs H,
height and a \ 0.1, gave about one-half as much energy to
the plumes. In practice the plumes shown in Figure 16
would result from using a larger value of a B 0.2 in the
latter expression.

The plumes (or wind) are thus artiÐcial in the sense that
they are generated by an ““ alpha viscosity.ÏÏ However, the
dissipation modeled by a may have a real physical originÈ
magnetic energy dissipation in and above the disk. Very

roughly, the MHD Ñux from the disk is a small fraction, say
1%È10% , of the magnetic energy density in the disk, B2/8n,
times the speed, about the speed of light in the innerAlfve" n
disk. The Ðeld itself might have an energy density 10% of
ov2. Then for density D1010 g cm~3, v D 1010 cm s~1 and a
disk area of 1013 cm, the MHD energy input is D1051 ergs
s~1.

The matter that is ejected has mostly been at high tem-
perature, and is initially composed of nucleons. AsT9 Z 10
these nucleons reassemble in nuclear statistical equilibrium,
and provided remains near 0.5, the freezeout composi-Y
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Fig. 1. Evolution of a massive He core undergoing (pulsational) pair instability evolution. Three final outcomes are possible: full disruption without
a compact remnant (4a.), formation of a BH because of the photodisintegration instability (4c.), or episodic mass loss (4b.) and final stabilization
of the core, followed by a regular core-collapse event.

getic enough to reverse the collapse into an explosion and disrupt
the star, (e.g., Bond et al. 1984; Fryer et al. 2001; Heger et al.
2003, step 4c in Figure 1). In these cases, the final fate is core
collapse (CC), forming a massive black hole (BH). Therefore, if
these stellar explosions do occur in nature, a “PISN black hole
mass gap” (also called “second mass gap”1) is expected between
the most massive BH that can be formed without encountering a
PISN fate and the least massive BH formed because of the pho-
todisintegration instability.

The most massive BHs below the gap result from the evo-
lution of He cores with final masses just below ⇠ 60 M� (e.g.,
Yoon et al. 2012; Woosley 2017; Farmer et al. 2019). In these
stars, the explosive burning of step 3 in Figure 1 releases less
energy and thus is only able to eject a fraction of the outer layers
of the star. This produces a mass-loss pulse (step 4b in Figure 1),
1 The “first gap” is the apparent lack of compact objects with masses
between the maximum neutron star mass, max{MNS} ' 2 M� and the
least massive BH known min{MBH} ' 5 M�, (e.g., Farr et al. 2011, but
see also Wyrzykowski et al. 2016; Wyrzykowski & Mandel 2019).

without fully disrupting the star (Rakavy & Shaviv 1967; Fra-
ley 1968; Woosley et al. 2002, 2007; Woosley 2017, 2019). This
phenomenon is the lower-mass analog of a PISN, a pulsational
pair-instability (PPI). The star may undergo multiple such pulses
until the combined e↵ects of pulsational mass loss, entropy loss
to neutrinos (step 5 in Figure 1), and fuel consumption stabi-
lizes the core (Woosley 2017; Marchant et al. 2019; Farmer et al.
2019; Leung et al. 2019). Ultimately, this star is likely to collapse
to a BH, possibly with an associated supernova (SN), at step 7 in
Figure 1.

Given the impact on the distribution of BH masses (Bel-
czynski et al. 2016; Woosley 2017; Marchant et al. 2019;
Stevenson et al. 2019), the recent direct detection of grav-
itational waves (Abbott et al. 2017; Abbott et al. 2019)
has revived the interest in PPI evolution. Moreover, the
follow-up of gravitational wave merger events is driving
large observational e↵orts in time-domain astronomy, with
new and upcoming facility such as the Zwicky Transient
Factory (Bellm 2014), Large Synoptic Supernova Survey
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Fig. 2. Final BH masses as a function of the initial He core mass. The scale in the horizontal direction is logarithmic. The colors in the background
indicate the approximate range for each evolutionary path, see also Section 3. The right panel shows the masses inferred from the first ten binary
BH mergers detected by LIGO/Virgo, with a red shade to emphasize the overlap between PPI and CC, and green and blue hatches to indicate the
fate of the progenitor in di↵erent BH mass ranges.

3. Overview of the evolution of the progenitors

Figure 2 shows the BH masses resulting from our grid as a
function of the initial He core mass (MHe,init, bottom axis)
and approximate maximum CO core mass reached during the
evolution (MCO, top axis). Both can decrease because of PPI
mass-loss episodes toward the end of the evolution. We es-
timate the BH mass as the mass coordinate where the bind-
ing energy of the collapsing star reaches 1048 ergs, to allow
for the possibility of mass loss during the CC from, either
a weak explosion (Ott et al. 2018; Chan et al. 2020), or
ejection of a fraction of the envelope due to neutrino losses
(Nadezhin 1980; Lovegrove & Woosley 2013). This estimate is
typically within a few 0.01 M� of the total final mass of the He
star. We do not account for other energy loss terms during the
core collapse, such as neutrinos themselves which might carry
away (part of) the core binding energy. This e↵ect is typically
estimated to be . 10% of the precollapse core rest mass en-
ergy (e.g., O’Connor & Ott 2011; Belczynski et al. 2016; Spera
& Mapelli 2017), and can shift our BH mass estimates further
down.

The colored background in the left panel of Figure 2 indi-
cates approximately the evolutionary path for the corresponding
mass range. The four possibilities are summarized as follows, in
order of increasing initial He core mass:

CC: Relatively low mass He cores end their lives in a core col-
lapse (CC, blue on the left of Figure 2) event without losing mass

to pair-production driven pulses. For these models, the layers
which are unstable to pair production (if any) are not massive
enough to cause an episode of mass ejection. In this mass range,
the outcome of core-collapse is most likely BH formation, pos-
sibly associated with a weak SN with large fallback (Ott et al.
2018; Kuroda et al. 2018; Chan et al. 2018, 2020). We return on
the “explodability” of our grid of models in Section 7.

PPI+CC: With increasing MHe,init, the pair instability becomes
progressively more violent. The energy release by thermonuclear
explosions causes significant radial expansion. Increasing fur-
ther in mass, models experience one or more mass loss episodes,
before the core is stabilized by the consumption of fuel and en-
tropy losses to neutrinos, and the stars finally collapse (PPI+CC,
green in Figure 2).

PISN: For 80 M� . MHe,init . 200 M�, our models are com-
pletely disrupted in a PISN, and produce no remnant (yellow
vertical area in Figure 2). Our lowest mass model going PISN
and leaving no remnant has MHe,init = 80.75 M�, corresponding
to a maximum CO core mass of ⇠ 55 M� (see also Farmer et al.
2019).

CC: For extremely massive cores, MHe,init & 200 M�, the
energy release by the explosive thermonuclear burning triggered
by the pair instability is insu�cient to fully disrupt the star. This
happens because most of that energy is used to photodisintegrate
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Figure 1. Properties of stellar models at the onset of col-
lapse, showing the enclosed mass as a function of stellar ra-
dius (top: models E15 and E20 of Heger et al. 2000; center:
models 200.0 and 250.25 of Renzo et al. 2020b), and an ex-
ample of the imposed specific angular momentum profile for
model 250.25 with p = 4.5, rb = 1.5⇥ 109 cm, and fK = 0.3
(cf. Eq. 2) compared to the corresponding Keplerian profile
(green solid line; bottom). The light (dark) shaded region in
the top panel represents the hydrogen envelopes of the E20
(E15) models. Such envelopes are absent in the models of
Renzo et al. (2020b).
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Figure 1. Properties of stellar models at the onset of col-
lapse, showing the enclosed mass as a function of stellar ra-
dius (top: models E15 and E20 of Heger et al. 2000; center:
models 200.0 and 250.25 of Renzo et al. 2020b), and an ex-
ample of the imposed specific angular momentum profile for
model 250.25 with p = 4.5, rb = 1.5⇥ 109 cm, and fK = 0.3
(cf. Eq. 2) compared to the corresponding Keplerian profile
(green solid line; bottom). The light (dark) shaded region in
the top panel represents the hydrogen envelopes of the E20
(E15) models. Such envelopes are absent in the models of
Renzo et al. (2020b).
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dJdisk
dt
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• fill the PISN mass gap “from above”
• compact massive progenitors >130 Msun

• endowed with parametrized rotation 
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FIG. 7.ÈDensity in the central regions of model 14A 7.598 s after core collapse. A dense disk (red ; 109 g cm~3) of gas is accreting into the black hole. The
centrifugally supported torus has a radius of 200 km. Still higher densities exist in the disk inside the inner boundary of our calculation (50 km). Gas is
accreting much more readily along the polar axis because of the lack of centrifugal support and has left behind a channel with relatively low density (blue ; 106
g cm~3). Should energy be deposited near the black hole, this geometry will naturally focus jets along the rotational axis.

cosity was calculated using where r is the sphericall\ acs r,
distance from the origin and a was 0.1. Another calculation,
which assumed that with H the density scalel\ acs H,
height and a \ 0.1, gave about one-half as much energy to
the plumes. In practice the plumes shown in Figure 16
would result from using a larger value of a B 0.2 in the
latter expression.

The plumes (or wind) are thus artiÐcial in the sense that
they are generated by an ““ alpha viscosity.ÏÏ However, the
dissipation modeled by a may have a real physical originÈ
magnetic energy dissipation in and above the disk. Very

roughly, the MHD Ñux from the disk is a small fraction, say
1%È10% , of the magnetic energy density in the disk, B2/8n,
times the speed, about the speed of light in the innerAlfve" n
disk. The Ðeld itself might have an energy density 10% of
ov2. Then for density D1010 g cm~3, v D 1010 cm s~1 and a
disk area of 1013 cm, the MHD energy input is D1051 ergs
s~1.

The matter that is ejected has mostly been at high tem-
perature, and is initially composed of nucleons. AsT9 Z 10
these nucleons reassemble in nuclear statistical equilibrium,
and provided remains near 0.5, the freezeout composi-Y
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Fig. 1. Evolution of a massive He core undergoing (pulsational) pair instability evolution. Three final outcomes are possible: full disruption without
a compact remnant (4a.), formation of a BH because of the photodisintegration instability (4c.), or episodic mass loss (4b.) and final stabilization
of the core, followed by a regular core-collapse event.

getic enough to reverse the collapse into an explosion and disrupt
the star, (e.g., Bond et al. 1984; Fryer et al. 2001; Heger et al.
2003, step 4c in Figure 1). In these cases, the final fate is core
collapse (CC), forming a massive black hole (BH). Therefore, if
these stellar explosions do occur in nature, a “PISN black hole
mass gap” (also called “second mass gap”1) is expected between
the most massive BH that can be formed without encountering a
PISN fate and the least massive BH formed because of the pho-
todisintegration instability.

The most massive BHs below the gap result from the evo-
lution of He cores with final masses just below ⇠ 60 M� (e.g.,
Yoon et al. 2012; Woosley 2017; Farmer et al. 2019). In these
stars, the explosive burning of step 3 in Figure 1 releases less
energy and thus is only able to eject a fraction of the outer layers
of the star. This produces a mass-loss pulse (step 4b in Figure 1),
1 The “first gap” is the apparent lack of compact objects with masses
between the maximum neutron star mass, max{MNS} ' 2 M� and the
least massive BH known min{MBH} ' 5 M�, (e.g., Farr et al. 2011, but
see also Wyrzykowski et al. 2016; Wyrzykowski & Mandel 2019).

without fully disrupting the star (Rakavy & Shaviv 1967; Fra-
ley 1968; Woosley et al. 2002, 2007; Woosley 2017, 2019). This
phenomenon is the lower-mass analog of a PISN, a pulsational
pair-instability (PPI). The star may undergo multiple such pulses
until the combined e↵ects of pulsational mass loss, entropy loss
to neutrinos (step 5 in Figure 1), and fuel consumption stabi-
lizes the core (Woosley 2017; Marchant et al. 2019; Farmer et al.
2019; Leung et al. 2019). Ultimately, this star is likely to collapse
to a BH, possibly with an associated supernova (SN), at step 7 in
Figure 1.

Given the impact on the distribution of BH masses (Bel-
czynski et al. 2016; Woosley 2017; Marchant et al. 2019;
Stevenson et al. 2019), the recent direct detection of grav-
itational waves (Abbott et al. 2017; Abbott et al. 2019)
has revived the interest in PPI evolution. Moreover, the
follow-up of gravitational wave merger events is driving
large observational e↵orts in time-domain astronomy, with
new and upcoming facility such as the Zwicky Transient
Factory (Bellm 2014), Large Synoptic Supernova Survey
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Fig. 2. Final BH masses as a function of the initial He core mass. The scale in the horizontal direction is logarithmic. The colors in the background
indicate the approximate range for each evolutionary path, see also Section 3. The right panel shows the masses inferred from the first ten binary
BH mergers detected by LIGO/Virgo, with a red shade to emphasize the overlap between PPI and CC, and green and blue hatches to indicate the
fate of the progenitor in di↵erent BH mass ranges.

3. Overview of the evolution of the progenitors

Figure 2 shows the BH masses resulting from our grid as a
function of the initial He core mass (MHe,init, bottom axis)
and approximate maximum CO core mass reached during the
evolution (MCO, top axis). Both can decrease because of PPI
mass-loss episodes toward the end of the evolution. We es-
timate the BH mass as the mass coordinate where the bind-
ing energy of the collapsing star reaches 1048 ergs, to allow
for the possibility of mass loss during the CC from, either
a weak explosion (Ott et al. 2018; Chan et al. 2020), or
ejection of a fraction of the envelope due to neutrino losses
(Nadezhin 1980; Lovegrove & Woosley 2013). This estimate is
typically within a few 0.01 M� of the total final mass of the He
star. We do not account for other energy loss terms during the
core collapse, such as neutrinos themselves which might carry
away (part of) the core binding energy. This e↵ect is typically
estimated to be . 10% of the precollapse core rest mass en-
ergy (e.g., O’Connor & Ott 2011; Belczynski et al. 2016; Spera
& Mapelli 2017), and can shift our BH mass estimates further
down.

The colored background in the left panel of Figure 2 indi-
cates approximately the evolutionary path for the corresponding
mass range. The four possibilities are summarized as follows, in
order of increasing initial He core mass:

CC: Relatively low mass He cores end their lives in a core col-
lapse (CC, blue on the left of Figure 2) event without losing mass

to pair-production driven pulses. For these models, the layers
which are unstable to pair production (if any) are not massive
enough to cause an episode of mass ejection. In this mass range,
the outcome of core-collapse is most likely BH formation, pos-
sibly associated with a weak SN with large fallback (Ott et al.
2018; Kuroda et al. 2018; Chan et al. 2018, 2020). We return on
the “explodability” of our grid of models in Section 7.

PPI+CC: With increasing MHe,init, the pair instability becomes
progressively more violent. The energy release by thermonuclear
explosions causes significant radial expansion. Increasing fur-
ther in mass, models experience one or more mass loss episodes,
before the core is stabilized by the consumption of fuel and en-
tropy losses to neutrinos, and the stars finally collapse (PPI+CC,
green in Figure 2).

PISN: For 80 M� . MHe,init . 200 M�, our models are com-
pletely disrupted in a PISN, and produce no remnant (yellow
vertical area in Figure 2). Our lowest mass model going PISN
and leaving no remnant has MHe,init = 80.75 M�, corresponding
to a maximum CO core mass of ⇠ 55 M� (see also Farmer et al.
2019).

CC: For extremely massive cores, MHe,init & 200 M�, the
energy release by the explosive thermonuclear burning triggered
by the pair instability is insu�cient to fully disrupt the star. This
happens because most of that energy is used to photodisintegrate
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• fill the PISN mass gap “from above”
• compact massive progenitors >130 Msun

• endowed with parametrized rotation 
profile
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Figure 1. Properties of stellar models at the onset of col-
lapse, showing the enclosed mass as a function of stellar ra-
dius (top: models E15 and E20 of Heger et al. 2000; center:
models 200.0 and 250.25 of Renzo et al. 2020b), and an ex-
ample of the imposed specific angular momentum profile for
model 250.25 with p = 4.5, rb = 1.5⇥ 109 cm, and fK = 0.3
(cf. Eq. 2) compared to the corresponding Keplerian profile
(green solid line; bottom). The light (dark) shaded region in
the top panel represents the hydrogen envelopes of the E20
(E15) models. Such envelopes are absent in the models of
Renzo et al. (2020b).
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is the specific angular momentum of a fluid element at474

the ISCO of the BH with mass M•, spin a• = cJ•/GM
2
• ,475

and gravitational radius rg = 2GM•/c
2 (Bardeen et al.476
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a result of the BH mass growth and can be more dra-702

matic in some cases than illustrated here. Outflows are703

first created in the regime of a main r-process with lan-704

thanide production, during which the bulk of the wind705

ejecta is produced. The remaining ⇡ 10M� of ejecta706

originate in a regime that mostly ejects ↵-particles and707

⇠0.1M� of 56Ni. The bottom panel of Fig. 3 illustrates708

56Ni production in this regime. Shown are the mass709

fraction of 56Ni produced in disk outflows according to710

Eq. (B14) as well as the mass fraction of ↵-particles in711

the accretion disk according to Eq. (B18). The verti-712

cal dashed line indicates the dissociation time tdiss after713

which < 50% of ↵-particles are dissociated into individ-714

ual nucleons in the accretion disk (Sec. 2.2, Appendix715

B). As a conservative estimate, for t > tdiss, we ignore716

any further production of 56Ni according to Eq. (B14) as717

the required free nucleons become unavailable. However,718

this represents only a slight correction in most cases, as719

by far the dominant amount of 56Ni is typically produced720

before t = tdiss.721

2.3.2. Parameter Study of Massive Collapsars722

Before systematically applying our model across the723

parameter space of massive collapsars, we first apply it724

to ‘ordinary’ collapsars of stars well below the PI mass725

gap, the results of which we describe in Appendix D. We726

use the progenitor models of Heger et al. (2000) as repre-727

sentative of typical stellar progenitors of canonical long728

GRBs (MacFadyen &Woosley 1999). Our results for the729

nucleosynthesis yields of the disk outflows as a function730

of the parameters {fK, rb} which enter the progenitor731

angular momentum profile (Fig. 16), broadly agree with732

those previously presented in Siegel et al. (2019), though733

some quantitative di↵erences arise due to our more de-734

tailed treatment of di↵erent regimes of BH accretion (see735

Appendix D for a discussion). Our low-mass collapsar736

models also exhibit BH accretion timescales and energet-737

ics of putative jet activity in agreement with long GRB738

observations. We can therefore claim a rough “calibra-739

tion” of our model across the adopted parameter space740

of progenitor angular momentum properties, allowing741

for more confidence when extrapolating to the regime of742

more massive collapsars described below.743

Figs. 4 and 18 summarize our results for the ejecta744

and GRB properties for model 250.25 as a representa-745

tive example of a stellar model above the PI mass gap,746

in the parameter space {fK, rb}. The top panel of Fig. 4747

shows that, even for a progenitor mass M? = 150M�748

at the onset of collapse (that is, well above the PI mass749

gap), the final BH remnant can populate the entire mass750

gap between ⇠ 55M� � 130M� (for typical parameter751

values), depending on the rotation profile at the onset752

Figure 4. BH masses and disk wind ejecta properties
across the parameter space of progenitor rotational pro-
files (envelope Keplerian fraction fK and break radius rb;
see Fig. 1, bottom panel) for model 250.25. Shown are
the final BH mass (top), the total ejected mass in heavy
(A > 136) r-process elements including lanthanides (center
top), light (A < 136) r-process material (center bottom), and
56Ni (bottom). Red contours indicate the inferred primary
mass of GW190521, together with its 90% confidence limits
(85+21

�14
M�; Abbott et al. 2020). Cyan contours delineate fi-

nal BH masses of 60M� and 130M�, which approximately
correspond to the lower and upper end of the PI mass gap.
⌅ [TODO:maybe say what p is used here? Maybe

red countours only on top panel –seems not relevant

in the others] ⌅
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a result of the BH mass growth and can be more dra-702

matic in some cases than illustrated here. Outflows are703

first created in the regime of a main r-process with lan-704

thanide production, during which the bulk of the wind705

ejecta is produced. The remaining ⇡ 10M� of ejecta706

originate in a regime that mostly ejects ↵-particles and707
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B). As a conservative estimate, for t > tdiss, we ignore716

any further production of 56Ni according to Eq. (B14) as717

the required free nucleons become unavailable. However,718
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by far the dominant amount of 56Ni is typically produced720

before t = tdiss.721

2.3.2. Parameter Study of Massive Collapsars722

Before systematically applying our model across the723

parameter space of massive collapsars, we first apply it724

to ‘ordinary’ collapsars of stars well below the PI mass725
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sentative of typical stellar progenitors of canonical long728

GRBs (MacFadyen &Woosley 1999). Our results for the729

nucleosynthesis yields of the disk outflows as a function730

of the parameters {fK, rb} which enter the progenitor731

angular momentum profile (Fig. 16), broadly agree with732

those previously presented in Siegel et al. (2019), though733

some quantitative di↵erences arise due to our more de-734

tailed treatment of di↵erent regimes of BH accretion (see735

Appendix D for a discussion). Our low-mass collapsar736

models also exhibit BH accretion timescales and energet-737

ics of putative jet activity in agreement with long GRB738

observations. We can therefore claim a rough “calibra-739

tion” of our model across the adopted parameter space740

of progenitor angular momentum properties, allowing741

for more confidence when extrapolating to the regime of742

more massive collapsars described below.743

Figs. 4 and 18 summarize our results for the ejecta744

and GRB properties for model 250.25 as a representa-745

tive example of a stellar model above the PI mass gap,746

in the parameter space {fK, rb}. The top panel of Fig. 4747

shows that, even for a progenitor mass M? = 150M�748

at the onset of collapse (that is, well above the PI mass749

gap), the final BH remnant can populate the entire mass750

gap between ⇠ 55M� � 130M� (for typical parameter751

values), depending on the rotation profile at the onset752

Figure 4. BH masses and disk wind ejecta properties
across the parameter space of progenitor rotational pro-
files (envelope Keplerian fraction fK and break radius rb;
see Fig. 1, bottom panel) for model 250.25. Shown are
the final BH mass (top), the total ejected mass in heavy
(A > 136) r-process elements including lanthanides (center
top), light (A < 136) r-process material (center bottom), and
56Ni (bottom). Red contours indicate the inferred primary
mass of GW190521, together with its 90% confidence limits
(85+21

�14
M�; Abbott et al. 2020). Cyan contours delineate fi-

nal BH masses of 60M� and 130M�, which approximately
correspond to the lower and upper end of the PI mass gap.
⌅ [TODO:maybe say what p is used here? Maybe

red countours only on top panel –seems not relevant

in the others] ⌅

Ejecta composition reflects accretion process 
in massive collapsars

• Various nucleosynthesis regimes, see also 
Siegel, Barnes, Metzger 2019, Nature

• Ejecta contains high-opacity, 
lanthanide-rich material, XLa~ 10-4–10-2
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Figure 2. Collapse evolution for a representative stellar
model 250.25 with typical rotation parameters p = 4.5,
fK = 0.3 and rb = 1.5⇥109 cm. Top: fallback rates Ṁfb onto
the BH (direct; blue), onto an accretion disk (yellow), and
total (green), as a function of the total cumulative collapsed
mass Mfb. Dotted lines indicate the corresponding evolution
when ignoring the e↵ect of a jet. Center and bottom: evo-
lution of angular momenta (center) and masses (bottom) as
determined by Eqs. (9)–(14).

have a direct impact on disk accretion, it has minor indi-675

rect consequences on nucleosynthesis in the disk winds676

due to its e↵ect on the BH mass (cf. Eq. (26)). For677

somewhat larger values of rb, the situation changes and678

direct fallback onto the BH may extend to late times679

even in the presence of a jet, due to the overall lower680

angular momentum budget of the progenitor star out-681

side the polar cone with opening angle ✓jet. For more682

Figure 3. Top: accretion rate at which ejecta is being pro-
duced as a function of cumulative ejecta mass for model
250.25 with p = 4.5, fkep = 0.3, and rb = 1.5 ⇥ 109 cm.
The nucleosynthesis regimes according to Eq. (26) are color-
coded. Bottom: corresponding mass fraction of 56Ni syn-
thesized in disk outflows and of 4He in the accretion disk.
The vertical dashed line refers to the time tdiss at which
only 50% of ↵-particles are dissociated in the disk. For
t > tdiss we ignore further 56Ni production in the outflows.
⌅ [TODO:explain red dashed line on top panel] ⌅

extreme scenarios, fallback onto the disk may become683

close to non-existent.684

As soon as the disk forms, most angular momentum685

resides in the disk rather than the BH in this model686

(cf. Fig. 2, center panel). The majority of this is being687

blown o↵ in the ejecta, while a subdominant amount is688

transferred to the BH as disk matter gradually accretes689

through the ISCO onto the BH. For significantly larger690

values of rb this trend reverses, and most angular mo-691

mentum is transferred to the BH rather than the ejecta692

as less material accretes through a disk.693

The top panel of Fig. 3 shows the history of ejecta694

production in the model discussed above. Shown is the695

instantaneous accretion state Mdisk/tvisc of the disk as a696

function of the cumulative ejected wind mass, together697

with the nucleosynthesis regimes defined in Eq. (26).698

This evolution shows a ‘sweep’ through most nucleosyn-699

thesis regimes, typical of the models considered here.700

Nucleosynthesis regimes change during the evolution as701

56Ni

full r-process

light r-process

representative model

Mej, r-p ~ 1–20 Msun

Mej, Ni56 ~ 0.05–1 Msun

MBH ~ 60–130 Msun

• At high accretion rates, flow neutronizes
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a result of the BH mass growth and can be more dra-702

matic in some cases than illustrated here. Outflows are703
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gap, the results of which we describe in Appendix D. We726
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models also exhibit BH accretion timescales and energet-737

ics of putative jet activity in agreement with long GRB738

observations. We can therefore claim a rough “calibra-739

tion” of our model across the adopted parameter space740

of progenitor angular momentum properties, allowing741

for more confidence when extrapolating to the regime of742

more massive collapsars described below.743

Figs. 4 and 18 summarize our results for the ejecta744

and GRB properties for model 250.25 as a representa-745

tive example of a stellar model above the PI mass gap,746

in the parameter space {fK, rb}. The top panel of Fig. 4747

shows that, even for a progenitor mass M? = 150M�748

at the onset of collapse (that is, well above the PI mass749

gap), the final BH remnant can populate the entire mass750

gap between ⇠ 55M� � 130M� (for typical parameter751

values), depending on the rotation profile at the onset752

Figure 4. BH masses and disk wind ejecta properties
across the parameter space of progenitor rotational pro-
files (envelope Keplerian fraction fK and break radius rb;
see Fig. 1, bottom panel) for model 250.25. Shown are
the final BH mass (top), the total ejected mass in heavy
(A > 136) r-process elements including lanthanides (center
top), light (A < 136) r-process material (center bottom), and
56Ni (bottom). Red contours indicate the inferred primary
mass of GW190521, together with its 90% confidence limits
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�14
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in the others] ⌅

parameter space scan

Mej ~ 10–60 Msun

Beloborodov 2003, Siegel & Metzger 2017, Siegel+ 2019
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Figure 7. The bolometric light curves of the models
in Tab. 2, compared to prototypical SNe 2011fe (Type
Ia), 2002ap (Type Ic-bl), 2013ab (Type II-p), and 2018zd
(electron-capture). The superKN light curves are dimmer
than SNe Ia, but at some epochs can approximate the light
curves of SNe Type Ic-bl and Type IIp.

duce. As would be expected from simple Arnett-style982

(Arnett 1982) arguments, higher masses are generally983

associated with longer light-curve durations. This can984

be seen in the progression from model A to model D.985

However, as model E demonstrates, the shape of the986

light curve also depends on the presence of 56Ni in the987

ejecta. While the mass of r -process material burned988

in superKN outflows greatly exceeds that of 56Ni, the989

energy generated by the 56Ni decay chain, per unit mass,990

exceeds that of r -process decay by orders of magnitude991

(e.g., Metzger et al. 2010; Siegel et al. 2019). When992

56Ni is present, it can be the main source of radiation993

energy for the transient. As a result of the long half-life994

of the 56Ni daughter 56Co (⌧Co
1/2 ⇡ 77 days), the energy995

generation rate for 56Ni-producing systems is declining996

slowly just around the time the light curves reach their997

maxima. The e↵ect is a more extended light curve (see998

Khatami & Kasen 2019 and Barnes et al. 2021 for more999

detailed discussions).1000

Model E, which produces no 56Ni, has a relatively1001

short (⇠month) duration, despite its high mass (Mej =1002

60M�), owing to the steep decline of the r -process ra-1003

dioactivity that is its only source of energy. The qual-1004

itative di↵erence between models that burn even small1005

amounts of 56Ni and models that burn none points to1006

the importance of a careful treatment of nucleosynthesis1007

in disk outflows.1008

As is apparent from Fig. 7, the diversity of superKN1009

light curves allows them to mimic other types of SNe.1010

While superKNe do not produce su�cient 56Ni to ap-1011

proach the luminosity of SNe Ia, they can, at various1012

epochs, mimic the bolometric light curves of SNe Ic-bl,1013

SNe IIp as well as electron-capture SNe. However, the1014

high opacity of the r -process-enriched ejecta pushes the1015

superKN emission to redder wavelengths than what is1016

observed for other classes of SNe. This is illustrated in1017

Fig. 8, which shows the normalized spectra for models1018

A through E at bolometric peak.1019

Unlike other types of SNe, most of the superKN flux1020

emerges at near- and even mid-infrared wavelengths.1021

This is likely due to a combination of lower radioactive1022

heating per unit ejecta mass, as well as the high opacity1023

from r -process elements (particularly lanthanides and1024

actinides) and the high Mej, which work in concert to1025

increase the optical depth across the ejecta and push the1026

photosphere out to the exterior where temperatures are1027

cooler.1028

A second distinguishing feature of superKNe is their1029

broad absorption features. These are a product of our1030

assumed ejecta velocities (vej = 0.1c), which are higher1031

than what is inferred for all supernova other than the1032

hyper-energetic SNe Ic-bl. And while SNe Ic-bl pro-1033

duce spectra with similarly wide absorption features, in1034

the case of Ic-bl these features are found at much bluer1035

(4000 Å. � . 8000 Å) wavelengths. Thus, despite their1036

bolometric similarities, superKNe are spectroscopically1037

unique among SNe.1038

The peak photospheric temperatures of superKNe ⇠1039

1000 K are also similar to those required for solid con-1040

densation, suggesting the possibility of dust formation1041

in the ejecta (e.g., Takami et al. 2014; Gall et al. 2017).1042

Insofar as the optical/NIR opacity of ⇠µm sized dust1043

is roughly comparable to that of lanthanide-enriched1044

ejecta, dust formation would not qualitatively impact1045

the appearance of the transient. However, this does im-1046

ply potential degeneracy between the photometric sig-1047

natures of superKNe and other dust-enshrouded explo-1048

sions unrelated to r-process production, including stel-1049

lar mergers (e.g., Kasliwal et al. 2017). This degeneracy1050

with dusty transients can generally be broken by the pre-1051

dicted broad spectral features of superKNe (vej ⇠ 0.1c).1052

4. DISCOVERY PROSPECTS1053
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Figure 8. The flux per unit wavelength at bolometric
peak for each of the five models defined in Tab. 2. All
spectra have broad absorption features consistent with a
high-velocity outflow, and a low-temperature, pseudo-black
body spectrum, consistent with a high-opacity composition.
These spectra distinguish superKNe from other classes of
SNe, which are much bluer, and from other dust-enshrouded
explosions, in which broad absorption features are absent.

In this section we explore the discovery prospects of1054

superKNe with future optical/infrared transient surveys1055

and via late-time infrared follow-up observations of en-1056

ergetic long GRBs. We then discuss how superKN emis-1057

sion could be enhanced by circumstellar interaction for1058

collapsars embedded in AGN disks.1059

4.1. Volumetric Rates1060

We begin by estimating the volumetric rate of su-1061

perKNe. One approach is to scale from the observed1062

rates of ordinary collapsars. The local (redshift z ' 0)1063

volumetric rate of classical long GRBs is ⇡ 0.6 � 21064

Gpc�3yr�1 (Wanderman & Piran 2010), which for an1065

assumed gamma-ray beaming fraction fb = 0.006 (Gold-1066

stein et al. 2016), corresponds to a total collapsar rate1067

of ⇡ 100 � 300 Gpc�3 yr�1. Under the assumption1068

that ordinary collapsars originate from stars of initial1069

mass MZAMS & 40M�, then the more massive stars1070

MZAMS & 250M� which generate helium core masses1071

above the PI mass gap (MBH & 130M�) will be less1072

common by at least a factor ⇠ (40/250)↵�1
⇠ 0.1� 0.31073

for an initial-mass function (IMF) dN?/dM? / M
�↵
? ,1074

where we consider values for the power-law index be-1075

tween ↵ = 2.35 for a Salpeter IMF and a shallower value1076

↵ ⇡ 1.8 (Schneider et al. 2018). This optimistically as-1077

sumes that (i) stars that massive exist (e.g., de Koter1078

et al. 1997; Crowther et al. 2016), and that (ii) these1079

can form helium cores such that MHe ' MZAMS, for1080

instance because of rotational mixing (e.g., Maeder &1081

Meynet 2000; Marchant et al. 2016; de Mink & Mandel1082

2016) or continuous accretion of gas (e.g., Cantiello et al.1083

2021; Jermyn et al. 2021; Dittmann et al. 2021). Various1084

processes act to remove mass from a massive star during1085

its evolution, and generally the more massive the star,1086

the larger its mass loss rate. Some of these mechanisms1087

(e.g., continuum-driven stellar winds and eruptive mass1088

loss phenomena, see also Renzo et al. 2020a) might oc-1089

cur even at low metallicity.1090

With the above estimate and caveats, we obtain an1091

optimistic maximum local rate of superKNe from mas-1092

sive collapsars of ⇠ 10 � 100 Gpc�3 yr�1. On the1093

other hand, the long GRB rate increases with redshift1094

in rough proportion to the cosmic star-formation rate1095

(SFR / (1 + z)3.4 for z . 1; e.g., Yüksel et al. 2008)1096

and hence the maximum rate of superKNe is larger at1097

redshift z & 1 by a factor ⇠ 10 than at z ' 0, corre-1098

sponding to a maximum superKN rate of ⇠ 100� 10001099

Gpc�3 yr�1 at z & 1.1100

The superKN rate question can be approached from1101

another perspective: What is the minimum birth-rate1102

of BHs in the PI mass gap to explain GW190521-like1103

merger events (Sec. 5.3) via the massive collapsar chan-1104

nel? The rate of GW190521-like mergers at z ' 0 was1105

estimated by LIGO/Virgo to be ⇠ 0.5 � 1 Gpc�3 yr�1
1106

(Abbott et al. 2020). This rate is smaller than the max-1107

imum superKN rate estimated above, consistent with1108

only a small fraction of BHs formed through this chan-1109

nel ending up in tight binaries that merge due to gravi-1110

tational waves at z ⇡ 0.1111

4.2. Discovery with Optical/Infrared Surveys1112

We now evaluate the prospects for discovering su-1113

perKNe with impending wide-field optical/infrared sur-1114

veys.1115

First, we explore the expected observable rates within1116

the Legacy Survey of Space and Time (LSST) conducted1117

with the Vera Rubin Observatory. LSST is currently set1118

to commence in early 2024 and will explore the southern1119

sky in optical wavelengths to a 5� stacked nightly visit1120

• representative models span a range of light curve morphologies

• red colors and distinctive spectra with and broad lines (v ~ 0.1c)

• r-process + 56Ni powered transients on timescales ~tens of days (‘scaled-up NS merger’)



Super-Kilonovae detection prospects

• Targeted follow-up of very bright long GRBs in the IR with Roman, JWST 

• Blind searches with Optical/IR surveys (Rubin/Roman)14 Siegel et al.

Table 2. SuperKN Light Curve Models and Survey Detection Rates

Model
Mej vej MNi Mlrp XLa R(a)

Rubin
R(b)

Roman

(M�) (c) (M�) (M�) (10�3) (yr�1) (yr�1)

a 8.6 0.1 0.019 0.83 1.4 0.01 0.02

b 31.0 0.1 0.012 8.28 17.0 0.03 0.4

c 35.6 0.1 0.087 23.2 4.0 0.1 2

d 50.0 0.1 0.53 9.59 0.53 0.1 4

e 60.0 0.1 0.0 5.6 0.17 0.2 0.01
(a),(b)Detection rates per year by Rubin Observatory and Roman, respectively for an assumed z = 0 superKN rate of 10 Gpc�3

yr�1 (see Sec. 4.2 for details).

We performed for the models of Tab. 2 one-904

dimensional radiation transport calculations carried out905

with Monte Carlo radiation transport code Sedona906

(Kasen et al. 2006; Kasen et al. in prep.). We adopted907

for each model a density profile such that the mass ex-908

ternal to the velocity coordinate v follows a power-law,909

910

M>v /

✓
v

vmin

◆�↵

, v � vmin. (31)911

Above, the minimum ejecta velocity vmin is determined912

by the characteristic velocity vej = (2Ekin/Mej)1/2 (with913

Ekin the ejecta kinetic energy), and the choice of power-914

law index ↵,915

vmin =

✓
↵� 2

↵

◆1/2

vej. (32)916

We take ↵ = 2.5 and vej = 0.1c for all models, consistent917

with predictions of accretion disk outflow velocities (e.g.918

Fernández et al. 2015; Siegel et al. 2019).919

The opacity of the outflowing gas, and therefore the920

nature of the transients’ electromagnetic emission, is921

sensitive to the abundance pattern in the ejecta. Specif-922

ically, lanthanides and actinides, and to a lesser extent923

elements in the d -block of the periodic table, contribute924

a high opacity, while the opacities of s- and p- block el-925

ements is significantly lower (Kasen et al. 2013; Tanaka926

et al. 2020).927

In this work, we predict the synthesis of helium, 56Ni,928

and light and heavy r -process material, but do not carry929

out detailed nucleosynthesis calculations, e.g. by post-930

processing fluid trajectories. The composition of each931

model is then solely a function of its Mej, MNi, Mlrp,932

and XLa. We assume that heavy (A > 136) r -process933

material is 41% lanthanides and actinides by mass, equal934

to the solar value of MLa/MA>136. The remainder is935

split between d -block and s/p-block elements (54% and936

5% by mass, respectively). For light r -process material,937

XLa = 0. We estimated it comprises 95% (5%) d -block938

(s-/p-block) elements by mass.939

The composition adopted for our radiation transport940

models is limited by both our imperfect knowledge of the941

details of nucleosynthesis and incomplete atomic data of942

the sort necessary to calculate photon opacities in the943

ejecta. Lanthanide and actinide mass (MLa) is divided944

among lanthanide elements following the solar pattern,945

with one adjustment: because the required atomic data946

is not available for atomic number Z=71, we redistribute947

the solar mass fraction of Z=71 to Z=70.948

Atomic data is also unavailable for most of the d -949

block elements produced by r -process (whether heavy or950

light). We thus distribute d -block mass evenly among951

elements with Z = 21�28 (excluding Z = 23 for lack of952

data), artificially increasing the mass numbers to A ⇠ 90953

to avoid overestimating the ion number density. All r -954

process s- and p-block material is modeled by the low-955

opacity filler Ca (Z = 20). 4He and 56Ni (as well as its956

daughter products 56Co and 56Fe) are straightforward957

to incorporate into the composition.958

Our radiation transport simulations include radioac-959

tivity from both the 56Ni decay chain and from the r -960

process. We explicitly track energy loss by �-rays from961

56Ni and 56Co, and assume that positrons from 56Co de-962

cay thermalize immediately upon production. We model963

r -process radioactivity using the results of Lippuner964

& Roberts (2015) for an outflow with (Ye, sB, ⌧exp) =965

(0.13, 32kB, 0.84 ms), with sB the initial entropy per966

baryon and ⌧exp the expansion timescale. To account for967

thermalization, we adjust the absolute radioactive heat-968

ing rate following the analytic prescription of Barnes969

et al. (2016).970

3.2.2. Radiation Transport Results971

The bolometric light curves of models A through E are972

presented in Fig. 7. For comparison, we also show the973

light curves of typical SNe of various subtypes: Type Ia974

SN 2011fe (Tsvetkov et al. 2013), Type Ic-bl SN 2002ap975

(Tomita et al. 2006), Type IIp SN 2013ab (Bose et al.976

2015), and the electron-capture SN 2018dz (Hiramatsu977

et al. 2021) .978

The superKN light curves exhibit considerable diver-979

sity, which is not surprising given the large ranges of980

ejecta and radioactive masses these systems may pro-981

• scaled-up, beaming corrected GRB rate using Salpeter IMF, out to z = 0.1 

• 10 deg2 Roman WFI survey with filters F062, F158 and F184 to ~27th mag

• detection = at least 3 SNR>3 points

Uncertainties: intrinsic event rates, stellar structure, accretion dynamics & wind 
composition/mixing, …

Rubin: sensitive to 
56Ni-rich, light r-
process models

Roman: sensitive to 
lanthanide-rich models
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Super-Kilonovae detection prospects depend 
on survey strategy

need survey with a cadence of ~1–2 months for planned (realistic) depths of ~26–27 mag
to detect several Super-Kilonovae per year
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Super-Kilonovae are multimessenger events

20 Siegel et al.

Figure 10. Disk frequency evolution (Eq. 18) for three
progenitor models (250.25, 220.25, 200.25) with rotation
parameters p = 4.5, rb = 1.5 ⇥ 109 cm, and overall small
(fK = 0.3; top) or large (fK = 0.6; bottom) Keplerian an-
gular momentum parameter. Plotted is twice the orbital an-
gular frequency, which corresponds to the gravitational-wave
frequency of the m = 2 density mode of the gravitationally
unstable disk. The frequency evolution is largely controlled
by fK, with all models reflecting the ‘sad-trombone’ nature
of the gravitational-wave signal.

perKN events are expected to occur once every ⇠3 years1386

for our fiducial local superKN rate of 10 Gpc�3 yr�1
1387

(Sec. 4.1). Figure 11 shows the time evolution of the plus1388

and cross polarization strain calculated for the fiducial1389

progenitor model (Fig. 2) assuming a face-on orienta-1390

tion of the collapsar disk (◆ = 0). The maximum char-1391

acteristic strain hc (typically hc ⇠ 10�24
� 10�22) and1392

the frequency range of the gravitational wave emission1393

vary considerably across the {fK, rb} parameter space1394

(Figs. 19 and 20, Appendix E).1395

SuperKN collapsars are multi-band gravitational-1396

wave sources. Figures 12 and 14 compare the1397

gravitational-wave signal in frequency space to the sen-1398

sitivity of advanced LIGO (aLIGO), Cosmic Explorer1399

(CE), Einstein Telescope (ET), DECi-hertz Interferom-1400

eter Gravitational wave Observatory (DECIGO), and1401

Big Bang Observer (BBO). Gravitational-wave emission1402

typically starts at a few tens of Hz in the frequency band1403

of aLIGO, CE, and ET, and subsequently drifts into the1404

Figure 11. Plus and cross polarization strain amplitudes of
the l = m = 2 mode of gravitational waves resulting from the
gravitationally unstable collapsar disk of the fiducial model
shown in Fig. 2 with p = 4.5, fK = 0.3 and rb = 1.5⇥109 cm,
assuming a face-on orientation of the accretion disk (◆ = 0).
The emission starts a few seconds after the onset of collapse
and persists for several seconds until viscous draining of the
disk dominates fallback accretion and the disk becomes sta-
ble again at around 9 s after the onset of collapse.

Figure 12. Amplitude spectral density (ASD) of
gravitational-wave emission from the collapsar disk, shown
for three progenitor models (250.25, 220.25, 200.25) and
stellar rotation parameters p = 4.5, fK = 0.3, rb = 1.5 ⇥
109 cm at an assumed source distance of 200Mpc. The
shaded region for each curve shows the unphysical frequency
regime above the maximum disk frequency as plotted in
Fig. 10, which is ignored in the SNR calculations. Shown for
comparison are the measured or predicted noise curves for
aLIGO, CE, ET, DECIGO, and BBO with sensitivity curve
data from https://dcc.ligo.org/LIGO-T1500293/public and
Yagi & Seto (2011).

deciherz regime of DECIGO and BBO as the disk ex-1405

pands. The relative strain amplitude in these two di↵er-1406

ent bands encodes information about the total mass and1407

mass profile of the progenitors (Fig. 12). Lighter pro-1408

genitors typically give rise to louder gravitational-wave1409

signals over a narrower frequency band for the same ro-1410

tation profile.1411

• Gravitational instabilities in the accretion disk give rise to gravitational-wave 
emission observable with 3rd generation GW observatories 
(Cosmic Explorer, Einstein Telescope)

• GW frequency decreases as disk expands: distinctive “sad-trombone“ GW signal



Conclusions

• Roman may be able to detect “Super-Kilonovae“ and thus witness the birth 
of BHs in the PISN mass gap

• Roman to observe/constrain the fate of massive stars and extreme 
r-process nucleosynthesis events

• Roman WFI Ia survey to detect 1-20 Super-KNe over 5 yr

• If mission lifetime long enough (~10 yrs), likely to overlap with ET & CE to detect 
multimessenger GW—SuperKNe events
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