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Abstract

The gravitational-wave detection by the LIGO-Virgo scientific collaboration shows that black hole and neutron star
(BH-NS) or BH-BH systems with a BH mass of tens of solar masses widely exist in the universe. Two main types
of scenarios have been invoked for the formation of BH-NS /BH systems, including isolated binary evolution in
galactic fields and dynamical interactions in dense environments. Here we propose that if the BH-NS/BH systems
are formed from isolated binary evolution, the supernova (SN) signal associated with the second core collapse
would show some identifiable features, due to the accretion feedback from the companion BH. Depending on the
binary properties, we show that the SN lightcurve could present a sharp peak around ~10 days, with luminosity
even at the level of the super luminous SNe (e.g., ~10* erg s—!) or present a plateau feature lasting for several tens
of days with regular luminosity of core collapse SNe. Comparing the event rate density of these special SN signals
with the event rate density of LIGO-Virgo detected BH-NS /BH systems could help to distinguish the BH-NS /BH

formation channel.

Unified Astronomy Thesaurus concepts: Supernovae (1668); Gravitational waves (678); Black holes (162);

Neutron stars (1108)

1. Introduction

With the first detection of binary black hole (BBH)
coalescence signal, GW150914 (Abbott et al. 2016), the
LIGO-Virgo scientific collaboration (LVC) opened up the field
of gravitational-wave astrophysics. In the first two observing
runs (O1 and O2), LVC discovered another nine BBH merger
events, providing an estimate of the BBH merger rate density
R = 53.2733% Gpc =3 yr~! (Abbott et al. 2019). During the third
observing run (O3), more BBH merger events were discovered
with some interesting special cases, such as coalescence with
asymmetric masses (e.g., GW190412, see Abbott et al. 2020b;
and GW190814, see Abbott et al. 2020a). Nevertheless, some
black hole and neutron star (BH-NS) candidate events at
various confidence levels have also been discovered (Anand
et al. 2020).

The formation channel of BH-NS/BH systems is still under
debated. Two main types of scenarios have been invoked for
the formation of BH-NS/BH systems, including isolated
binary evolution in galactic fields (Tutukov & Yungelson 1973;
Lipunov et al. 1997; Belczynski et al. 2016) and dynamical
interactions in dense environments (Sigurdsson & Hern-
quist 1993; Portegies Zwart & McMillan 2000; Rodriguez
et al. 2015). In the binary evolution scenario, the faster
evolving star first produced a BH through core collapse,
forming a BH+4-massive star binary. After a certain time delay,
the second core collapse event would lead to a BH-NS/BH
system formation. Two core collapses are likely to be
accompanied by two supernova (SN) explosions.

In this Letter, we propose that the second SN explosion will
be special because it has a very close black hole as its
companion star. When the SN material expands and approaches
the companion BH, a violent accretion process could trigger
strong feedback to the SN explosion. Here we show that once
the feedback is energetic enough, the second SN would present
some identifiable signatures. Comparing the event rate density
of these special SN signals with the event rate density of LIGO-

Virgo detected BH-NS/BH systems could help to distinguish
the BH-NS/BH formation channel.

2. Model Description

Consider a binary system with a massive star and a
companion BH (with a mass Mpy), where the orbital separation
is d. When the massive star explodes as an SN, a total mass of
M,; could be ejected with an explosion energy E,. Based on
numerical simulations of SN explosions, the density profile of
SN ejecta could be described by a broken power law (Matzner
& McKee 1999)
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where the transition velocity v, could be obtained from the
density continuity condition
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The numerical coefficients depend on the density power indices
as (Kasen et al. 2016)
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For core collapse SNe, the typical values of the density power
indices are 6 = 1, n = 10 (Chevalier & Soker 1989).

Here we assume that the SN ejecta undergoes a homologous
expansion, i.e., r = vt, where the inner boundary of the ejecta
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could be defined by the slowest ejecta,
Riin (t) = Riinyo + Vej,min £ 3)

where Vej, min 18 the minimum velocity of the ejecta and Ry o is
the initial radius of the innermost radius when the explosion
enters the homologous phase. Similarly, the outermost layer of
the SN ejecta should be

Rinax = Rinax,0 + Vejmax ? “4)

where Vej, max is the maximum velocity of the ejecta and Ry o is
the initial radius of the outermost radius in the homologous
phase.

With the expansion, a good fraction of the SN material
would enter and be trapped by the gravitational potential of the
companion BH. If one takes a spherical coordinate with its
origin at the center of the BH, the gravitational binding energy
for an SN ejecta element with mass m would be Eg, =
GMgym/r. If this gravitational binding energy is larger than
the kinetic energy of this element L2, it will be trapped and
accreted by the central BH. We thus define an accretion radius
of the BH as
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)

When the outermost radius of SN ejecta reaches d — R, the
outer part of the SN ejecta with p; o< 7~" begins to fall into the
BH. The time for the falling process is set as
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In this phase, the material falling rate is
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where t, ~ d /v, is the characteristic time when the falling
region reaches down to the inner part of the ejecta, namely
when the velocity of falling ejecta element v becomes the
transition velocity vy.. The falling rate at the characteristic time
is
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When ¢ > t;, the density structure of the SN ejecta falling into
the BH starts to follow Pej X r=® so that the falling rate
becomes
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where feng ~ d/Vejmin is taken as the termination timescale of
the falling process. After t.nq, the accretion rate should not have
a sudden stop, since materials that are marginally bound to the
BH will continue outward on an eccentric orbit and eventually
fall back into the BH. Considering that there is no longer a
steady influx of material after #.,q and the feedback from the
disk may blow away some of the marginally bounded
materials, here we treat the tail of the accretion rate with an
exponential cutoff as M = My (tena/tir)’ e ¢ 'end)/%ena The
accretion timescale could be estimated as f,.. ~ f /v, where
a ~ 0.1-0.01 is the standard dimensionless viscosity para-
meter (Shakura & Sunyaev 1973) and # is the timescale for
material freely falling from R, to the BH, which is
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Obviously, the accretion timescale is much smaller than the
dynamical timescale. We thus take the fast accretion approx-
imation and assume the BH accretion rate M, roughly equals
the falling rate M. Note that some falling materials with small
intercept between their motion direction and the BH, may not
have sufficient angular momentum to form an accretion disk,
but rather fall into the black hole in a roughly spherical fashion.
According to the analytical results provided in Kumar et al.
(2008), materials moving with an intercept of R’ relative to the
BH could fall to an accretion orbit with 74 ~ R'(Q/)3,
where () is angular velocity of the material, €% is the local
Keplerian angular velocity. R’ with relevant 7., equaling to the
marginally stable orbit radius R,s (see definition in 12) could
be defined as the cross section radius for no-disk-formation
falling, which could be estimated as 1/R'?> = v2/GMpy Ry —
1/d?. For the parameter space used in this work, R’ is much
smaller than R,... We thus ignore this effect in the following
calculations. For cases with extremely slow ejecta velocity or
with extremely small orbital separation, the accretion rate could
be largely reduced, which is only a fraction of (RazCC — R/
R2, of the falling rate.

According to Equation (8), the accretion process is super-
Eddington. In this case, the accretion process could have strong
feedback to the SN explosion. Here we consider three feedback
mechanisms: (1) accretion disk radiation; (2) Blandford—Znajek
jet (Blandford & Znajek 1977); and (3) Blandford—Payne
outflow (Blandford & Payne 1982).

We treat the disk evolution as a multicolor blackbody, then
the effective temperature of the disk is (Strubbe & Qua-
taert 2009)

X

N2 127!
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S =N . an
where f=1 — (Rns/R)'/?, Rs = 2R,, and r, = GMpp/c.
Ry is the marginally stable orbit radius in units of 7, and is
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Figure 1. Examples of SNe lightcurves the accretion feedback power from the
companion BH is larger (upper penal) or comparable to (lower panel) the
radioactive heating power.

expressed as (Bardeen et al. 1972; Page & Thorne 1974)
Rus =3+ 27y — [3 — Z)(3 + Zi + 2212, (12)

where Zi=1+0-addD7A+a)?+ 1 - a)?,
Z, = 3a® + ZH)'/2. Here, a = Jgyc/(GMgy) is the BH spin
parameter. The disk luminosity is thus given by

ROL\[
Laige = 2 f 27RoT4.dR. (13)
R

In our case (super-Eddington accretion), we find that Lgg ~
0.2Lggq ~ 5 X 1038 erg Sil(MBH /20 M@).

The BZ jet power could be estimated as (Lee et al. 2000;
Li 2000; Wang et al. 2002; McKinney 2005; Lei &
Zhang 2011; Lei et al. 2013; Liu et al. 2017)

Mgy

®

Lz = 1.7 x 10°%? ( ] BjisF(a)ergs™, (14)

where  F(a) = [(1 + ¢*)/4°1[(g + 1/q)arctang — 1] with
g=a/(1 ++1 —a?). By is the magnetic field strength
threading the BH horizon, which could be estimated by
equating the magnetic pressure on the horizon to the ram
pressure of the accretion flow at its inner edge (e.g., Moderski
et al. 1997),

Maccc
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where gy = (1 + 1 — az)rg is the radius of the BH horizon.
In our case, the BZ jet luminosity could be written as

1\
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where 7y, = 0.52a’F(a)/(1 + V1 — a*)?, we  have
Mgz = 0.0008 for a = 0.1, and 7, = 0.17 for a = 0.9. When
the SN expands to a radius of Rgy, it will roughly take
ty ~ 3000 s x Ly, 301 RY M| for the BZ jet to breakout
the SN material (Bromberg et al. 2011). Since the breakout
timescale is smaller than the termination timescale of the
accretion process, the BZ jet very likely penetrates through the
SN envelope. In this case, most of the BZ jet power would
dissipate outside of the SN instead of injecting energy into the
SN material. Therefore, the feedback effect from BZ power
could be neglected here.

On the other hand, the BP outflow luminosity could be
estimated as (Armitage & Natarajan 1999)

(B 1ins Ui
Lgp e ; (17

where s = Rpy7p is the marginally stable orbit radius. Q2 is
the Keplerian angular velocity at the marginally stable orbit
radius, which could be calculated as

c3 1
GMgn (RY*> + a)

(18)

ms —

The poloidal disk magnetic field B has a relationship with the
magnetic field strength threading the BH horizon By as
(Blandford & Payne 1982)

, —5/4
Brm = By ( "“) . (19)
'

In our case, we can derive the BP outflow luminosity as
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where ngp is efficiency, which depends on the BH spin
parameter

e = 1o VI at)l 2

R3/2

R o 1)

We have 7, =0.006 for a =0.1 and 7gzp = 0.013 for
a = 0.9. Comparing with the BZ jet, BP outflow is less
collimated, therefore most of the BP power could be injected
into the SN envelope.
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In this scenario, the SN bolometric luminosity can be
expressed by Arnett (1982)

,(ﬁ) rg (i)
Lx(®) = e ) [ 2 Lu@)eldar @)
0T
where 7, is the effective diffusion timescale,
ZHMej 172
Tm=\|— 5 (23)
Bve

where « is the opacity of the SN ejecta, 3 = 13.8 is a constant
for the density distribution of the ejecta. Here we take®

Lheat(t) = Laisk (1) + Lpp(?) + Lni(2), (24)

where Ly; is the heating power from the radioactive decay of
567
Ni.

3. Results

Depending on the orbital separation of the binary system d
and the SN properties, such as the ejecta mass M, and the
explosion energy Ej,, the accretion feedback power Lgisx + Lpp
could be larger, comparable or smaller than the radioactive decay
heating power. For the last case, the SN lightcurve would behave
as a normal core collapse SN. It is very difficult to justify the
existence of a companion BH. But for the first two cases, the SN
lightcurve could be significantly altered.

For instance, when the accretion feedback power is much
larger than the radioactive heating power, we find that the SN
lightcurve would show a sharp peak, whose luminosity could
reach the order of 10*ergs™!, as luminous as the super
Iuminous SNe (Gal-Yam 2019, for a review). Here we show an
example in Figure 1, where d = 1083 cm, M = 5 M,
Eq = 107! erg, vyin = 50 km s7!, Mgy = 20 M, a = 0.5,
and My; = 0.5 M, are adopted. In the literature, a newly
formed magnetar is commonly proposed to be the energy
source of SLSNe (Kasen & Bildsten 2010; Woosley 2010). For
comparison, we also plot the SN lightcurve when the heating
power is dominated by a magnetar with spin period P = 4.5
ms, and dipole magnetic field B = 2 x 10'* G. The lightcurve
of our model and the magnetar model are clearly different. For
our model, the accretion feedback would terminate when the
inner boundary of the ejecta passes over the BH, so that the SN
lightcurve would undergo a rapid decay after the peak, and then
change to the normal decay as powered by the radioactive
decay. But for the magnetar model, the energy injection always
continues, so that the SN lightcurve is always dominated by
magnetar power, which would undergo a relatively slow decay
after the peak. Such different lightcurve behaviors could help
us distinguish whether the SLSN is powered by our model or
the magnetar model.

On the other hand, when the accretion feedback power is
comparable to the radioactive heating power, we find that the SN
lightcurve would show a plateau feature. Here we also show an
example for this case in Figure 1, whered = 3 x 10'3 cm, M, =
5M,, Eq = 107" erg, vpin = 50 km s™!, Mgy = 20 M., a =
0.5, and My; = 0.5 M, are adopted. For comparison, we also plot
the SN lightcurve when the heating power is dominated by a
magnetar with spin period P = 7.5 ms, and dipole magnetic field
B = 10" G. In this case, the SN lightcurve of our model would

3 R . .
For cases we are interested in, Lgp is always larger than Lgig.
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also undergo a rapid decay after the plateau feature, which is
clearly distinct from the magnetar model.

4. Conclusion and Discussion

In this Letter, we propose that if the BH-NS/BH systems
detected by LVC are formed from isolated binary evolution, the
SN signal associated with the second core collapse would show
some identifiable features, due to the accretion feedback from
the companion BH. When the feedback power is much greater
than the radioactive decay power, the SN lightcurve could
show a sharp peak as luminous as the SLSNe (e.g.,
~10* erg s7!). When the feedback power is comparable to
the radioactive decay power, the SN lightcurve could contain a
plateau feature. Finally, if the feedback power is much smaller
than the radioactive decay, no new features could show up.
Note that when the second core collapse leads to a massive BH,
it is expected that the SNe ejecta mass would be relatively low,
so that the special SNe feature discussed in this work would be
more significant in BH-NS progenitor systems or BH-BH
progenitor systems where the second produced BH having a
relatively low mass (e.g., BH-BH systems with asymmetric
masses). In some cases, the second core collapse may not even
make a successful SNe explosion, but only eject a small
fraction of outer envelop. In these cases, a super-Eddington
accretion process from the companion BH could still happen,
and a powerful disk wind can lead to optical transients with a
duration of a few days, and an absolute magnitude ranging
from about —11 to —14 (Kimura et al. 2017).

In addition, the accretion of the companion BH is likely to
produce a jet via the BZ mechanism.* The jet would pass
through the SN envelope and produce X-ray radiation through
internal dissipation and multiband afterglow radiation through
external dissipation. These signals will be the direct evidence to
identify whether an SN signal is related to the BH-NS/BH
system. However, due to the beaming effect of the jet, the
radiation can only be seen within the jet opening angle. In the
future, with the development of the X-ray and optical sky
survey project, the probability of jointly detecting a jet related
signal together with the SN signal will be greatly increased.

In principle, each binary evolution formed BH-NS/BH
system would be associated with such an SN signal that we
propose here, but only a small fraction could be identified,
depending on the modification degree of the lightcurve, and
essentially depending on the properties of the binary system,
such as the orbital separation d. For the examples shown in
Figure 1, the orbital separation d needs to be smaller than
3.5 x 103 cm, in order to make the companion BH feedback
larger than the radioactive decay power. From the observational
perspective, LVC gives a rough estimation for the event rate
density of BBH mergers, e.g., R = 5327335 Gpc3yr!
(Abbott et al. 2019). LVC detected BBH systems normally
have two black holes with several tens of solar masses.
According to the simplest estimation, the initial orbital
separation for these systems should be smaller than
1.14 x 10" cm, otherwise the merger delay time would be
larger than the Hubble time. Based on this, we can roughly
estimate that the event rate density for our proposed special SN

signals would be larger than 53.27333 Gpc—3 yr=!. In future

4 Note that some hydrodynamical simulations have been performed to explore
the jet formation process when an NS is the companion to a type Ic or type Ib
core collapse SN (Akashi & Soker 2020).
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works, systematically searching for these signals from the SNe
archive data to provide their event rate, would be helpful to
justify whether the LVC detected BH-NS/BH systems is
indeed originated from binary evolution channel.

In the end, we would like to point out some uncertainties for
our current results, which would require future complex
numerical simulations to fully address. For instance, when
the innermost ejecta go beyond the companion BH, material
that is marginally bound to the BH will continue outward on an
eccentric orbit and eventually fall back into the BH. Here we
adopt an exponential cutoff to describe the tail of the accretion
rate. If, however, the end of the accretion is slower, the decay
phase of the relevant sharp peak or plateau feature would
become shallower. On the other hand, as the accretion rate
increases, strong feedback from the disk may blow away the
loosely bound material, which may halt the accretion process
for a certain period. This intermittent accretion process could
alter the SNe lightcurve with some oscillation features. Finally,
if there is additional energy injection from the second SN
produced central remnant (magnetar wind injection if the
second remnant is a NS or fallback accretion injection if the
second remnant is a BH), the SN lightcurve behavior would
become even more complex, where multiple segments or even
multiple peaks may show up.’
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