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Abstract

We consider black hole formation in failed supernovae when a dense circumstellar medium (CSM) is present
around the massive star progenitor. By utilizing radiation hydrodynamical simulations, we calculate the mass
ejection of blue supergiants and Wolf—Rayet stars in the collapsing phase and the radiative shock occurring
between the ejecta and the ambient CSM. We find that the resultant emission is redder and dimmer than normal

supernovae (bolometric luminosity of 10*°-10#! erg s~

, effective temperature of ~5 X 10° K, and timescale of

10-100 days) and shows a characteristic power-law decay, which may comprise a fraction of intermediate
luminosity red transients (ILRTSs) including AT 2017be. In addition to searching for the progenitor star in the
archival data, we encourage X-ray follow-up observations of such ILRTs ~1-10 yr after the collapse, targeting the

fallback accretion disk.

Unified Astronomy Thesaurus concepts: Stellar mass black holes (1611); Transient sources (1957)

1. Introduction

The main channel by which black holes (BHs) form is
considered to be the gravitational collapse of massive stars.
Numerical studies agree that a progenitor with a compact inner
core can fail to revive the bounce shock (e.g., O’Connor &
Ott 2011). These failed supernovae will be observed as massive
stars suddenly vanishing upon BH formation, but their
observational signatures are not completely known. Previous
studies imply that the outcome depends on the star’s angular
momentum. Failed supernovae of stars with moderate or rapid
rotation are expected to form accretion disks around the BHs,
from which energetic transients are generated (Bodenheimer &
Woosley 1983; Woosley 1993; MacFadyen & Woosley 1999;
Kashiyama & Quataert 2015; Kashiyama et al. 2018; see also
Quataert et al. 2019).

For the dominant slowly rotating case, the collapsing star can
still leave behind a weak transient after BH formation. During
the protoneutron star phase before BH formation, neutrinos
carry away a significant fraction of the energy of the core,
around 10% of its rest mass energy (e.g., O’Connor &
Ott 2013). This results in a decrease in the core’s gravitational
mass, and generates a sound pulse, which can eventually
steepen into a shock and unbind the outer envelope of the star
upon shock breakout (Nadezhin 1980; Lovegrove & Woos-
ley 2013; Coughlin et al. 2018a, 2018b; Fernandez et al. 2018).

This work investigates the emission from mass ejection of
blue supergiant (BSG) and Wolf-Rayet (WR) progenitors that
fail to explode. As shown in Figure 1, we particularly consider
emission from the interaction between the ejecta and a dense
circumstellar medium (CSM), which is commonly introduced
to explain Type IIn supernovae (e.g., Grasberg & Nadez-
hin 1986). In our case, where the ejecta mass is expected to be

much lighter than normal supernovae, CSM interaction is still,
and even more, important to efficiently convert the kinetic
energy into radiation.’

We find that the resulting emission is similar to what has
been classified as intermediate luminosity red transients
(ILRTs) observed in the previous decades (Kulkarni et al.
2007; Berger et al. 2009; Botticella et al. 2009; Bond et al.
2009; Smith et al. 2009; Cai et al. 2018; Jencson et al. 2019;
Stritzinger et al. 2020; Williams et al. 2020). The origin of
ILRTs is unknown, with several interpretations such as
electron-capture supernovae or luminous blue variable-like
mass eruptions. We propose an intriguing possibility that BH
formation of massive stars can explain at least a fraction, if not
all, of ILRTsS.

This Letter is constructed as follows. In Section 2 we present
the details of our emission model and demonstrate that an ILRT
AT 2017be can be naturally explained with our model. In
Section 3 we estimate the detectability of these signals by
present and future optical surveys, and suggest ways to
distinguish this from other transients.

2. Our Emission Model
2.1. The Dense CSM

Past observations of Type IIn SNe found that the massive
star’s final years can be dramatic, with mass-loss rates of
107%-1 Mg yr~ (Klewe et al. 2012; Taddia et al. 2013). Such
mass loss may be common also for Type IIP supernovae
(270%; Morozova et al. 2018), which comprises about half of
all core-collapse supernovae. Although the detailed mechanism
is unknown, the huge mass loss implies energy injection greatly
exceeding the Eddington rate, or instantaneous injection with

> For red supergiants, hydrogen recombination in the ejecta is expected to
dominantly power the emission (Lovegrove & Woosley 2013), and a strong
candidate is already found (Adams et al. 2017).
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Figure 1. Schematic figure of the emission we consider in this work. The ejecta created upon BH formation collides with the CSM created from a mass eruption
~years before core collapse. The kinetic energy of the ejecta is efficiently converted to radiation, being observable as intermediate luminosity red transients. The
fallback of the outer layers of the envelope may form an accretion disk, that can be observable by X-rays 1-10 yr after core collapse.
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Figure 2. (Left panel) Example density profile at core collapse of the unbound CSM that was erupted by energy injection 8.6 yr before core collapse. For this
calculation, energy of 3.0 x 10 erg is injected in the base of the envelope for a timescale of 1.9 x 10*s, and the resulting total mass ejected is 1.9 x 1072 M.
(Right panel) Ejecta density profile for the “BSG-0.3" (light blue line, from the hydrodynamic simulation) and “BSG-0.3-rad” (dark blue line, from the radiation
hydrodynamic simulation). We use the data at 10% s after core collapse, when the ejecta have become nearly homologous.

timescales shorter than the outer envelope’s dynamical
timescale.

Kuriyama & Shigeyama (2020) studied the CSM resulting
from energy injection, for various progenitors while being
agnostic of the injection model. A notable finding was that the
inner part has a profile of roughly p(r) oc r~ ', shallower than
the commonly adopted wind profile (p(r) o< r2). An example
is in Figure 2, where we plot the density profile of a BSG
erupting a mass of 0.02M. at 8.6yr before core collapse.
Motivated by this, we assume the CSM profile to be a power
law p(r) = qr*, and take s = 1.5 as a representative value.
The profile may be even shallower inwards due to the stronger
gravitational pull from the central star. However, our assump-
tion should not severely affect the dynamics of CSM
interaction (given that the ejecta is heavier than the inner
CSM), since the CSM mass is concentrated where s = 1.5.

As neither the velocity nor mass-loss rate is constant, the
standard parameterization of using wind velocity and mass-loss
rate is not appropriate. Instead, we parameterize the dense CSM
with its mass Mcgym, and time fcgy between its eruption and
core collapse. Since the outer edge of the CSM is voutcsms,
where v, is the velocity of the outer edge, the CSM mass is
related to g by g = Mcsm(3 — ) (Vouclesm)® 2 /47, Because
the CSM is created from the marginally bound part, v, is of

order the escape speed at the stellar surface. For s = 1.5,

ey

g ~ 107 cgs Mcsm ( VoutIcsM )1'5
1072 M, ) \5 x 10 cm

Kuriyama & Shigeyama (2020) finds for their BSG and WR
(their WR-1) models g ~ 10°-10° cgs and
Voutfcsm ~ 5 % 1015 cm.

The optical depth is given as a function of radius by
7(r) = kqr'=5/(s — 1), where & is the opacity. The photo-
spheric radius where 7 = 1 is at 7, csm =~ [kg/(s — D]/ G=D,
For s = 1.5,

2 2
r ~2 x 10" cm r 1.
ph, CSM (0.2 cm?g~! 107 cgs @

For a low value of g that 5y csm is smaller than the
progenitor’s radius, ryn csm would instead be at the progeni-
tor’s surface.

2.2. Mass Ejection upon BH Formation

To model the mass ejection at the BH formation, we conduct
hydrodynamical and radiation hydrodynamical calculations on
the response of the pre-supernova star to core neutrino mass
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Table 1
Summary of the Pre-supernova Models and the Resulting Ejecta Properties Obtained from the Simulations
Name Rcc Mcc Rin Mi 6MG Mej (MC) Eej (erg) n
BSG-0.2 6.7 x 10'? 11.7 1.7 x 10° 3.9 0.2 0.076 4.0 x 10¥ 10
BSG-0.3 0.3 0.11 1.1 x 10* 10
BSG-0.4 0.4 0.16 22 x 10* 10
BSG-0.3-rad 0.3 0.096 6.0 x 10¥ 7
WR-0.3 2.9 x 10" 10.3 22 x 10° 8.9 0.3 40 x 1074 1.9 x 10% 10

Note. The radius and mass at core collapse are R.. and M, respectively. The inner boundary radius R;, and the enclosed mass M, i, are set at where the gravitational
timescale is approximately equal to the neutrino emission timescale. 6M(; is the gravitational mass loss by neutrinos. M., E.j, and n are the ejecta mass, energy, and

power-law index of the density profile of the outer ejecta respectively.

loss. The details of the simulations are in the Appendix. We
summarize the adopted parameters and resulting ejecta in
Table 1.

We find that the ejecta properties are roughly consistent with
Fernandez et al. (2018), with a double power-law density
profile

o 1) = 3/ (gl ™"
’ t30,/g) " r/(v)]™® (r/t < v, inner ejecta),
(3)

where g and v, are given by the ejecta mass M,; and energy E;
as

(r/t > vy, outer ejecta),

_ 1 2656 — &) — 5)Eej](”—3)/2 1/n “
o 4m(n — 8) [(3 — &) (n — 3)Mg]"—>/2 )

qi/2
- [2(5 —8)(n — 5)Eej] . )

(3 — O)(n — 3)M

A notable point is that while overall we find from the
hydrodynamical simulations that n ~ 10 (consistent with that
of successful supernovae; Matzner & McKee 1999), we find
from radiation hydrodynamical simulations (“BSG-0.3-rad”
model) that n ~ 7 and that the truncation of the outer ejecta for
v > 2500 km s~!. This is due to the leaking of radiation
incorporated in the “BSG—0.3-rad” model, which prevents the
radiative shock from pushing the ejecta to highest velocities
upon shock breakout. Due to the truncation at the transition
region between the inner and outer ejecta, a shallower profile of
the outer ejecta is obtained. We thus adopt n =7 as a
representative value, although stronger shocks may realize a
larger n close to the adiabatic case n ~ 10.

2.3. Emission from Ejecta—CSM Interaction

Collision of ejecta and CSM creates forward and reverse
shocks that heat the ambient matter and generate photons via
free—free emission. When it is the outer ejecta component (of
r/t > v,) that pushes the shocked region, the shock dynamics
can be obtained from self-similar solutions (Chevalier 1982).
This solution considers collision between a homologous ejecta
of profile p(r,t) =t3(r/gty™, and CSM of profile
p(r) = gr~° whose velocity is assumed to be negligible
compared to the ejecta. The radius and the velocity of the

contact discontinuity are obtained as

rsh(t) — (agn/q)l/(n—s)t(n—S)/(n—s)’ (6)

V(@) =(n —3)/(n —5) - rn /1, @)

where « is a constant determined by n, s, and the adiabatic
index - assumed to be constant of r and .

At each shock’s rest frame, kinetic energy of matter crossing
the shock becomes dissipated, with some fraction e converted
to radiation. As the two shocks propagate outwards, free—free
emissivity by shock-heated matter is reduced. Thus at early
phases when enough photons can be supplied € ~ 1, while at
later phases e should drop with time. The boundary is different
for the two shocks, as the densities in the two shocks’
downstreams are usually much different (Chevalier 1982).

An analytical model of the bolometric light curve incorpor-
ating this time-evolving efficiency but neglecting photon
diffusion was developed in Tsuna et al. (2019). The bolometric
light curve is a sum of two broken power laws (corresponding
to two shocks), with indices given by n and s as

t(fns+2n+6s715)/(n7.v) (6 ~ 1)’
Lot X9 o - - ®)
t(=2ns+3n+85—15)/(n—s) (e< 1),

where the difference comes from the time dependence
€ o tCmstnt29/(1=9) when € < 1. We refer to Tsuna et al.
(2019) for the full derivation of this luminosity.

Using this model we obtain bolometric light curves for
various parameter sets of the ejecta and CSM, as shown in the
top panels of Figure 3. We follow Tsuna et al. (2019) and set
6 =1 and v = 1.2. We define “BSG-ExMytznvsw” as a BSG
model with Eg = 10" erg, Mcsm = 10° Mo, fcsm = 2 T,
n =v, s = w, and similarly for WR models. The value of ¢ is
obtained from Equation (1), where we adopt vy, = 102 km s!
for BSG progenitors and v, = 103 km s~! for WR progeni-
tors. We also fix Mc; and adopt 0.1 M, for BSGs and 10"~ M,
for WRs. We obtain the mean mass per particle  using the pre-
supernova surface abundance listed in Ferndndez et al. (2018),
and set u = 0.846 for BSGs and p = 1.84 for WRs.

For early times when ry < 7pn, csm, photons from the
shocked region diffuse through the CSM with timescale

ldiffoph’CSM dr T(r)- ©)]
Ree ¢
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Figure 3. Light curves for BSG and WR progenitors using our semianalytical model. The power-law feature extends until either the reverse shock reaches the inner
ejecta (i.e., vgh = Vy), or the shock reaches radius voufcsm. The range shown as dashed lines is where diffusion can be important, which modifies the light curve from a

power law.

where R, is the progenitor radius at core collapse. The shock
reaches ryp, csm at time

—1/(n=3) (n=5)/[(s— D(n—3)]
ag” K
tth( g ) ( 4 ) .0
q s—1

The analytical model is valid only for ¢ = min (g, Ipn) as it
neglects diffusion. The regime where ¢ < min(fgis, fpn) 1S
plotted in Figure 3 as dashed lines. As hydrogen is reduced
from solar abundance for these progenitors, we assume
k = 0.2 cm? g~!. The border is found to be < day for our
fiducial BSG (BSG:E48M-2t10n7s1.5) and WR (WR:E47M-
2t1n7s1.5) cases.

We crudely estimate the temperature of the emission. For
t < top, the effective temperature is
Tor ~ [Loot /(41 csmosp)]/*, where ogp is the Stefan—
Boltzmann constant. For ¢ > f;,, assuming the shocked region
is optically thick, Ty ~ [Lyo/ (473 058)]'/4. We show the
temperature evolution in the bottom panels of Figure 3. We
note that one cannot rely on the assumption x = 0.2 cm? g~ ! at
late phases when 7. < 5000 K, since hydrogen starts to
recombine and make the shocked region optically thin.
Afterwards the spectrum for the late phase should deviate
from a thermal one, and instead depend on the emission
spectrum from the shocked region.

For the fiducial BSG:E48M-2t10n7s1.5 case, the luminosity
and temperature scale with energy and time as

. |4/ N
Looi ~ 1 x 10% erg s7! | —2— e ——
108 erg 10 days

an

) 3/22 ; —21/44
Tr ~ 4 x 103 K| —2— S .12
" ( 10%8 erg ) ( 10 days ) (12

The dependence of T.g on the CSM parameters is not simple,
as the power-law index can change at around 10 days. Despite
uncertainties in the precise temperature and spectrum, we find
that the features (timescale of 10-100days, Iuminosity

~10% erg s7!, temperature ~5 x 10° K at 10days for our

fiducial model) are similar to ILRTS.

The power-law feature of the CSM interaction and the
resultant light curve is valid until either (i) the reverse shock
reaches the inner ejecta or (ii) the forward shock reaches the
outer edge of the dense CSM. If either occurs, the dissipated
kinetic energy and/or the radiation conversion efficiency
drops, resulting in a cutoff in the light curve. Case (i) occurs
when vy, & v,, at

\/2(5 — 8)(n — 5)(n — 5)°Ey (ag” )“/ s |
tCOI‘C ~ .

(3 — & — 3)°M, q
(13)
For the fiducial BSG:E48M-2t10n7s1.5 model,
~1/2 -2/3
feore ~ 250 days (H)‘i%rg) / (1 34251‘“;@] / ( 1’85;)
(14)

Case (ii) occurs when rg, = rgy, at
fout ~ (ozg"/q)’l/(”’3)réﬁfS)/(”’”. (15)
For the fiducial BSG:E48M-2t10n7s1.5 model,

E. —1/2 1/4
fou ~ 270 days | ——2— Mcsw fesm | (16)
10*8 erg 1072M,, 10 yr

48

The two timescales may constrain fcgy, Which may give us
some information on the progenitor’s activity just before core
collapse.

2.4. Comparison with Observed ILRTs

Intriguingly, we may have already detected these events as
ILRTs. We attempt to explain the observations of an ILRT AT
2017be (Adams et al. 2018) by our model with a BSG
progenitor.

Previously Cai et al. (2018) claimed that this transient is
likely to be an electron-capture supernova (ECSN). However,
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Figure 4. Fit of our failed BSG model to the luminosity evolution of the hot
component of AT 2017be. The solid (dashed) line is from the semianalytical
(numerical) light curve model in Tsuna et al. (2019). The power-law indices
n =7 and s = 1.5 match AT 2017be better than other sets of n and s in the plot
(assuming a time independent €), which predicts different power-law decays.
Our model fit is stopped at 80 days, when the light curve is expected to display
a cutoff (see the main text).

compared to the luminosity of a few x10* erg s~ for AT
2017be, light curves from ECSN are predicted to have a plateau
phase much brighter (of ~10%? erg s~!) lasting for 60~100 days
(e.g., Tominaga et al. 2013; Moriya et al. 2014). We propose
that a failed supernova, which has a much weaker explosion
than ECSN, can reproduce the observations of AT 2017be.

We consider ejecta of mass 0.1 M, energy 5.3 x 10*" erg,
and n =7 colliding with a CSM of s=1.5. We set
g = 1.2 x 10® cgs, corresponding to Mcgy of

Vout IcSM 3/2
Mcsm ~ 1.6 x 1072 M@( e ) . (17)
cm

Figure 4 shows the calculated light curve, with a comparison
between that obtained in Cai et al. (2018) from the ‘“hot
component” of their two-component SED fit.°

The solid black line is from the aforementioned analytical
model, and the dashed black line is from a numerical model
also introduced in Tsuna et al. (2019) that takes into account
diffusion. The numerical curve is just meant to be a
demonstration of the validity of the analytical model. The
exact luminosity and timescale at peak is questionable due to
the likely absence of the fastest component in the ejecta (see
Section 2.2), which is not taken into account in the simulation.
Nonetheless the late phases of the light curve that we compare
here should be robust.

We find that the power-law feature of the observed light
curve is naturally reproduced by our model, which predicts
profiles of n = 7 and s = 1.5, while other power-law curves
based on different ejecta and CSM profiles do not. The best-fit
values of n and s matching with what we expect a priori gives
support to our model.

The observed light curve shows a cutoff from ~100 days.
We test if this cutoff can be explained by our model. Plugging
the values we assumed for the ejecta and CSM into
Equations (13) and (15), we find 7. ~ 80 days and

 The explosion date is assumed to be 15 days before the observed r-band
peak (Cai et al. 2018).

Tsuna et al.

touw ~ 130 days(veu tcsm/10cm)' /8. Thus we can explain
the cutoff at around 100 days if vyyfcsv = 101 c¢cm. This
constraint and vy, of order 100 km s~! implies that the mass
eruption occurred years before core collapse. This timescale is
consistent with proposed mechanisms for mass eruption
(Quataert & Shiode 2012; Moriya 2014; Smith & Arnett 2014).

In fact, if this mass eruption was due to energy injection
from the interior of the star, the eruption itself can be luminous,
with peak luminosity of 10%°-10*' erg s~! (Kuriyama &
Shigeyama 2020). This may have been detectable, as was the
case for outbursts observed years before the terminal explosion
in, e.g., SN 2006jc (Pastorello et al. 2007) and 2009ip
(Mauerhan et al. 2013). Unfortunately pre-explosion images
for AT 2017be are insufficient to test this or identify the
progenitor star.

We compare our model to other ILRTs whose bolometric
light curves were available, and find that AT 2019abn
(Williams et al. 2020) can be consistent with our model. Its
bolometric light curve shows a shallow power-law decay until
~50days since discovery, followed by a nearly exponential
cutoff. However, the power-law index (ocfo'z—fo'3, consider-
ing the uncertainty on the explosion epoch) is shallower than
that predicted from n = 7 and s = 1.5 (o<t %*). This can be
reconciled by adopting a shallower s of 0.3-0.9, or steeper n of
8-9. The latter requires a stronger explosion to preserve the
faster part of the ejecta. Qualitatively, this may also explain AT
2019abn having an order of magnitude higher luminosity than
AT 2017be. Although some ILRTs have identified progenitors
that disfavor a BSG or WR origin (Prieto et al. 2008;
Thompson et al. 2009; Kochanek 2011), our model may
comprise a nonnegligible fraction of ILRTs.

3. Discussion

We estimate the local event rate of these events. If we use the
local (successful) core-collapse supernova rate
Rsn ~ 7 x 107> Mpc=3 yr~! (Li et al. 2011), the all-sky event
rate R of failed supernovae within distance d is

3
| as
30 Mpc

R=fx %ﬂﬁRSN ~ 0.8 yr-! (i)(

0.1

where fis the fraction of failed BSG/WR explosions among all
core collapse.

Overall, the signal has luminosity of order 10 erg s~! and
timescale of order 10 days. For a blackbody emission of 5000
K and luminosity 10%° erg s~!, the AB magnitude in the V and
R bands are ~ —11 mag. The Zwicky Transient Facility (ZTF;
Bellm et al. 2019) and the Legacy Survey of Space and Time
(LSST; Ivezic et al. 2008), with its survey having a sensitivity
of 21 and 25 mag in these bands and cadence of 3 days, can in
principle detect them out to ~25Mpc and ~100Mpc
respectively.

Once a failed supernova candidate is found, it is important to
distinguish this from other origins. A smoking gun may be the
identification of the progenitor from archival data, as was done
using archival Hubble Space Telescope images in Gerke et al.
(2015). This may be possible if the source is out to <30 Mpc
(Smartt 2009).

Another smoking gun may be X-ray emission, if a fraction of
the outer envelope falls back to the BH with sufficient angular
momentum to create an accretion disk. Fernandez et al. (2018)
claims from simple estimates that this can occur for BSG and
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WR progenitors. Failed supernovae from these progenitors not
only have large fallback but also small M., making them
suitable targets to X-ray newborn BHs. Extrapolating the
fallback rate obtained by Ferndndez et al. (2018) with the
standard M oc /3 law, we find that the accretion rate persists
above the Eddington rate of a 10 M, BH for 30 yr for BSGs
and 1 year for WRs. For an X-ray emission of Eddington
luminosity from a 10M; BH, the flux is
Fx ~ 1 x 107" erg s71(d/30 Mpc)~2, within reach for cur-
rent X-ray telescopes once the ejecta become transparent to
X-rays. The opacity to soft X-rays is mainly controlled by the
photoelectric absorption by oxygen, whose cross section is
~107" cm? at 1 keV for electrons in the K-shell. The oxygen
column density of the ejecta is

XOMej/l 6mp
4 (vejt)2

_ -2
~10%! cm‘z( Xo ) Me; ( % ) ’ L.
0.01/10.1 M, J\10%km s~! yr
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The oxygen mass fraction X, is ~0.01 for BSGs which roughly
follow the solar abundance, but higher (~0.1) for WR stars. For
BSG (WR) ejecta of Mg~ 0.1 My, vej~ 103 km s~!
(Mej ~ 10 Mo, vej ~ 3 x 10> km s~'), N, becomes ~10"
cm 2 at 10 (1) yr, and afterwards the ejecta are transparent to
X-rays. We thus encourage X-ray follow-up observations of
ILRTs detected in the past decades, including AT 2017be.

When the ejecta is still optically thick to X-rays, injection of
X-ray (and possible outflow from the accretion disk) can heat
the ejecta. This may rebrighten the ejecta, analogous to what is
proposed in Kisaka et al. (2016) in the context of neutron star
mergers. The detailed emission will depend on when the
fallback matter can create an accretion disk.
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work is also supported by JSPS KAKENHI grant Nos.
JP19J21578,  JP17K14248, JP18H04573, 16H06341,
16K05287, 15H02082, and 20K04010, MEXT, Japan.

Appendix
Details of the Simulation of Mass Ejection upon BH
Formation

The hydrodynamical and radiation hydrodynamical calcula-
tions were done by Lagrangian codes developed in Ishii et al.
(2018) and Kuriyama & Shigeyama (2020) respectively. For
both of the two codes we use the same pre-collapse progenitor
model as Fernandez et al. (2018), and have modeled the
neutrino mass loss by reducing the gravitational mass in the
core by éMg, which is varied between the most conservative
(~0.2 M) and most optimistic (~0.4 M) cases adopted in
Fernandez et al. (2018). The outer boundary of the computa-
tional region is the progenitor’s surface, and the inner boundary
Fin 18 set to be the radius where the freefall timescale is equal to
the timescale of neutrino emission 7,. This is justified by the
fact that for matter at r < ry,, the freefall timescale is so short
that it fails to react to the gravitational loss by neutrino
emission and is swallowed by the BH, whereas the matter at

Tsuna et al.

r > ry, has enough time to react. We determine r;, from the

equation /7 / GM, i, = 7,, where G is the gravitational
constant and M, j, is the enclosed mass within r;,. Following
Ferndndez et al. (2018), we set 7, to 3s. We also follow
Fernandez et al. (2018) and include a prescription to remove
the innermost cells that fall onto the core much faster than the
local sound speed.
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